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Abstract

The successful standard model of cosmology, A-Cold Dark Matter (ACDM), is
supported by a massive amount of extremely precise observations, which it is able
to reproduce with great accuracy. Nonetheless, ACDM is a phenomenological model
which does not answer some of the most fundamental questions about the Universe,
such as the nature of dark matter or dark energy. Moreover, when this model is used
to interpret the observations, there are some persistent tensions between independent
experiments that, in the case of being free of unaccounted-for systematics, would

require a different model in order to be solved.

This doctoral thesis collects both published and on going research addressing these
issues. Concretely, three main different topics are covered: the tension on the Hubble
constant between the direct measurements using the distance ladder and the inferred
value obtained from observations of the Planck collaboration when ACDM is assumed;
the role of primordial black holes as seeds of the supermassive black holes, or as
candidates for being a significant fraction of the dark matter; and the potential of
radio-continuum surveys and intensity mapping experiments, with the corresponding

optimal strategies to probe ACDM and constrain deviations from it.

Therefore, the work collected here aims to investigate both the tensions of ACDM
and the questions left unanswered in a critical way, from an agnostic point of view.
In addition, it intends to set the basis for future research on these lines when more
precise observations become available, and contribute to future tests of the standard

model of cosmology in regimes that have not been probed so far.






Resumen

La cosmologia es la disciplina cientifica que estudia el Universo como un todo, con el
fin de entender su origen, composicion y evolucion. Por tanto, esta ciencia involucra el
estudio de procesos fisicos a todas las escalas, yendo desde la fisica de particulas hasta
la distribucién de materia en las escalas mas grandes del Universo. Actualmente, la
cosmologia estd viviendo un momento de esplendor, pues en las tltimas décadas ha
pasado de ser una disciplina principalmente tedrica, sin observaciones con las que
contrastar los modelos, a tener acceso a una cantidad ingente de observaciones. Esto
ha permitido realizar medidas con una precisién imprecedente, dando paso a lo que

se conoce como ‘cosmologia de precisién’.

Este gran esfuerzo observacional ha confirmado y promovido también la cosmologia
tedrica, aumentando de manera significativa nuestro conocimiento sobre el cosmos en
todas las fases de su evolucién. Todo este conocimiento ha sido recogido en lo que se
conoce como el modelo cosmoldgico estandar, ACDM (A + materia oscura fria, por
sus siglas en inglés). Este modelo se basa en la teoria del Big Bang, asumiendo que
la Relatividad General es una descripcion correcta de la gravedad a todas las escalas,
y determina que la materia oscura fria (materia no relativista que interacciona con
el resto del Universo uinicamente de manera gravitacional) conforma la mayor parte
de la materia existente en el Universo. Ademas, describe la expansién acelerada del

Universo en sus ultimos estadios de evoluciéon con una constante cosmolégica.

ACDM reproduce con éxito la gran mayoria de las observaciones. Sin embargo,
todavia hay ciertas discrepancias entre experimentos que, de confirmarse que no estan
producidas por errores sistematicos en las medidas, serian una prueba irrefutable de
la necesidad de otro modelo cosmoldgico. En cualquier caso, existe una diferencia
entre modelizar y entender, y ACDM es un modelo fenomenoldgico. Como tal, deja
sin responder muchas preguntas acerca de la naturaleza del Universo. Por ejemplo,
no incluye una descripcién microscépica de qué genera la expansién acelerada del
Universo, o sobre la naturaleza de la materia oscura.

Esta tesis (cuyo titulo en castellano es ‘Cosmologia al limite de A-Cold Dark
Matter’), recoge parte de mi investigacién, centrada en el estudio de las pequenas
incongruencias presentes en el modelo cosmolégico estandar. Ademads, se discuten y

proponen posibles estrategias para optimizar el desempeno de futuros experimentos.



El Capitulo [1] presenta una introduccién a la cosmologia, los pilares basicos del
modelo cosmoldgico estandar y las observaciones que han permitido confirmarlo y
establecerlo. Ademads, también se discuten las tensiones existentes entre distintos
experimentos, asi como el estado actual de las cuestiones tedricas que atin no han

sido respondidas.

En el Capitulo 2] se discute la tensién entre las medidas directas de la velocidad de
expansién del Universo (Hp) y los valores que se infieren a partir de observaciones
del fondo de radiacién de microondas cuando se utiliza ACDM para reconstruir la
evolucion del Universo. Ademads, se incluye una reconstruccion independiente de
cualquier modelo de la expansion del Universo en sus ultimos estadios de evolucion,
lo que permite compararlo con ACDM e identificar las posibles fuentes de la tension
en Hy. En este Capitulo también se presenta el concepto de la regla de distancias
estandar a bajo redshift (asi como su medida correspondiente) y un método estadistico
para analizar al mismo tiempo observaciones de distintos experimentos de una
manera conservadora, sin importar el grado de tensién entre dichos experimentos

y considerando la posible presencia de errores sistematicos en las medidas.

El Capitulo [3[se centra en el estudio de los agujeros negro primordiales como posibles
candidatos para conformar una fraccién significativa de la materia oscura, asi como
para explicar el origen de los agujeros negros supermasivos que se han detectado en
momentos tempranos de la evolucién del Universo. En concreto, se discute el impacto
que tendria el hecho de que la materia oscura estuviera compuesta de agujeros negros
primordiales en el resto de pardmetros cosmoldgicos. Ademds, se presenta una via
para identificar agujeros negros primordiales en el caso de que estos fueran las semillas

de los agujeros negros supermasivos.

El Capitulo [ por el contrario, trata sobre el prometedor potencial que tienen
los experimentos de mapeo y cartografiado de la estructura a gran escala para
avanzar nuestro conocimiento del Universo. En concreto, se discuten dos tipos de
experimentos ligeramente distintos a los cartografiados de galaxias espectroscépicos
y fotométricos: cartografiados de galaxias utilizando el continuo de la emisién en radio
y experimentos de mapeos de intensidades. Estos dos tipos de experimentos permiten
observar el cielo a mayor velocidad y son sensibles también a fuentes mucho menos
brillantes que los cartografiados de galaxias espectroscopicos y fotométricos. Ademas,

mediante la utilizacion de técnicas de mapeo de intensidad, es posible observar



momentos de la evolucién del Universo que no han podido ser observados hasta el
momento, porque otras técnicas observacionales son incapaces de acceder a ellos. En
este Capitulo, por tanto, se estudia el potencial de dichos experimentos, proponiendo
estrategias para optimizar el andlisis de sus observaciones y los correspondientes

resultados.

Finalmente, todo el trabajo incluido en esta tesis se pone en comun en el Capitulo
donde ademés se presentan las principales conclusiones de mi investigacion y se
proponen diferentes maneras de profundizar en ella y continuarla. Es en este Capitulo
donde quedan patentes las sinergias entre distintos tipos de experimentos y donde se
puede ver que el resto de Capitulos no son extractos de investigaciones aisladas.
Al contrario, pese a centrarse en distintos temas de la cosmologia actual, todos
los trabajos cientificos incluidos en esta tesis se complementan entre ellos porque
tienen un mismo objetivo global: la comprensién y resolucion de las tensiones y
problemas abiertos que conlleva ACDM. Por esta razon, todos mis trabajos estan
interrelacionados y son necesarios para una comprension global de los problemas

discutidos en esta tesis.

La investigacion recogida en esta tesis, asi como los resultados que se presentan, seran
de utilidad para futuros proyectos cientificos. En particular, este trabajo contribuye
a la mejor comprensién de lo que necesita el modelo ACDM para describir mejor
el Universo, asi como posibles soluciones para sus problemas y estrategias para
explotar observaciones tomadas por experimentos futuros, con el fin de optimizar

sus resultados y asi maximizar nuestro conocimiento y comprension del Universo.
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1. Introduction

Cosmology is the science that studies the Universe as a whole, with the aim of
understanding its origin, composition and evolution. Involving all ranges of scales,
from particle physics to the distribution of matter at the largest causally connected
distances, and beyond, cosmology takes a statistical approach, and assumes that the
Universe we live in is the evolution of a single realization drawn from all possible
initial conditions, which have a certain probability distribution function, given by
the cosmological model.

We currently live in a golden era for cosmology. During the last few decades,
there has been a tremendous experimental effort to probe our Universe, reaching
an astonishing level of precision and establishing cosmology as a robust science, the
so-called “precision cosmology”. During these years, cosmology has transitioned
from a data-starved to a data-driven science. This transformation possibly
started with the first measurement of the Cosmic Microwave Background (CMB)
temperature anisotropies by the COBE collaboration in 1992 (Smoot et al., |1992).
Subsequently, other CMB experiments took over, such as balloon experiments, as
BOOMERANG (Netterfield et al. 2002) and MAXIMA-1 (Hanany et al., 2000)
which improved the measurement of the temperature anisotropies; or ground-based
telescopes as DASI, which detected the CMB polarization anisotropies for the first
time (Kovac et al., 2002), and ACBAR, which measured the high multipoles of the
temperature angular power spectrum with the highest precision at the time (Kuo
et al., 2004), among many others. CMB experiments have reached astonishing
precision with satellite telescopes like WMAP (Bennett et al., 2013; Hinshaw et al.)
2013)) and the very recent Planck (Planck Collaboration et al., 2018), which has
exploited almost all the accessible information in the primary CMB temperature
anisotropies). After them, the observational effort will continue with the CMB
Stage 4 (Abazajian et al., 2016), a joint strategy from the Bicep/Keck, SPT, ACT,
Polarbear and Simons Observatory collaborations with the aim to build multiple
ground-based telescopes coordinately to push CMB cosmology to the next level,

especially focusing on polarization measurements.
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Likewise, other cosmological probes target the late Universe. Among these, one

of the first and most important probes are standard candles such as supernovae

type Ia (SNela), which provided the fist evidence of the accelerated expansion of

the Universe (Riess et al. [1998; |[Perlmutter et al. 1999), and nowadays constrain
the evolution of dark energy (Betoule et al., [2014; Scolnic et al., [2018). Soon after

the first evidence of the accelerated expansion of the Universe, galaxy clustering

and Baryon Acoustic Oscillations (BAO) became a cornerstone of cosmology. BAO
are standard rulers, which yield an extremely robust geometric measurement of

the expansion history of the Universe. The BAO peak was first detected in the

galaxy number count perturbations by the SDSS (Eisenstein et al.), 2005) and

2dF (Cole et al., 2005) collaborations. Subsequent experiments have improved

the BAO scale measurements from galaxy number counts, reaching percent level

precision (Alam et al. 2017b). The BAO scale has also been measured at earlier

times using the distribution of quasars and the Lyman-« forest (Gil-Marin et al.l
2018; de Sainte Agathe et al., 2019; Blomqvist et al., |2019). The future of galaxy

surveys is promising, with planned experiments that will soon start observing as

DESI, Euclid and SKA, which will survey the largest volumes ever, pushing the

envelope of observational cosmology (DESI Collaboration et al., |2016a; |Amendolal

et al) 2018; [Square Kilometre Array Cosmology Science Working Group et all
2018). Finally, weak lensing experiments also study the Large Scale Structure (LSS),

directly inferring the matter distribution thanks to galaxy shear, rather than using

the distribution of galaxies or other brilliant sources. Cosmic shear was measured
at large scales and exploited for cosmology for the first time by the CFHTLens
collaboration (Heymans et al) [2012; [Erben et al., 2013; Kilbinger et al., [2013),
followed by KiDS (Hildebrandt et all |2017) and DES (Troxel et al., |2018)).

All these kinds of experiments target different physical phenomena, so their

measurements are sensitive to different parameter combinations of a given
cosmological model. Some parameters present degeneracies: an ensemble of values
for a given set of parameters predicting the very same targeted cosmological
observable. This is one of the reasons why having several independent cosmological
probes is a great advantage for cosmology. Individually, each experiment cannot
break their own parameter degeneracies, but thanks to the combination of various

kinds of experiment, these degeneracies can be broken. This boosts the precision
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of the parameter inference in a joint analysis. Moreover, if two experiments reach

consistent conclusions, the obtained results are confirmed and more robust. Each
experiment is sensitive to its own observational systematic errors and its theoretical
framework rely on a series of assumptions, which, if incorrect, may lead to theoretical
systematic errors. Therefore, given that the systematic errors of an experiment are
usually independent from those of other experiments, combining several experiments
provides also a test for possible unnacounted-for systematics.

All this effort has confirmed (and fostered) theoretical research, greatly increasing
our understanding of many physical processes and the Universe as a whole, from
its very beginning in the inflationary stages, to the present and the accelerated
expansion. All this has been embedded in a concordance model of cosmology, which
reproduces the observations almost perfectly. Nonetheless, there is a difference
between modeling and understanding, and there are still many unanswered questions
regarding the true nature of the evolution and composition of the Universe. Some of
these will be discussed in this dissertation, which collects part of my research, focused
on pushing the limits of the standard cosmological model and its assumptions,
regarding also existing tensions between experiments. This way, under the umbrella
of agnosticism, the work reported here contributes to the quest for answers to the
open questions in cosmology: how was the Universe in its initial stages? What

causes the accelerated expansion of the Universe? What is dark matter made of?

1.1 The standard model of cosmology: ACDM

Models are used to describe reality in a simpler way. While some models may
be useful and faithful to reality, none is strictly true. Any model has a number of
assumptions and pillars over which it is built. Finally, all models have a set of free
parameters to be determined by maximizing the fidelity of the reproduction of the
observations.

Building upon the postulates of special relativity (the laws of physics are the
same in all inertial reference frames, where the speed of light in vacuum, c, is always
constant and has the same value), cosmology assumes the so-called cosmological
principle, which states that there is no preferred location in the Universe. This

means that, at sufficiently large scales, the Universe is homogeneous and isotropic.
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Another pillar of modern cosmology is General Relativity (GR) as a correct

description of gravity at any scale. Nonetheless, this is not a blind assumption or
axiom, given the great success of GR in every test performed to date at scales up to
the size of the Solar System. In addition, GR successfully describes observations of
strong gravity processes, such as the gravitational waves detected so far by the LIGO
and Virgo collaborations (Abbott et al.,|2016blal 201 7a,cb)), even the extremely well
measured neutron star merger together with its electromagnetic counterpart (Abbott
et al.l 2017a,b), which has ruled out several modified gravity theories thank to the
precise measurement of the speed of the gravitational waves (see e.g., |[Ezquiaga &
Zumalacarregui (2017))). Besides, the recent Event Horizon Telescope observations
are also consistent with GR (Event Horizon Telescope Collaboration et al., [2019)).
Applying the cosmological principle to Einstein’s Equations, the Friedman-Lemaitre-
Robertson-Walker metric is obtained. The line element, ds, given by this metric in

spherical coordinates is:

2

ds® = —c2dt* + a*(t) ( + r2d6? + r? sin® d¢2> ; (1.1)

1 — kr?
where t denotes time, 7, # and ¢ are the spherical spatial coordinates, and x describes
the curvature of the spatial section of the Universe (k = 1, 0, —1 for a closed, flat and
open Universe, respectively). This metric introduces the scale factor a describing
how the spatial sector of the metric evolves with time. Then, the time evolution of
a describes the expansion history of the Universe. Using this metric, and assuming
that all kind of matter or radiation behaves as a perfect fluid with energy density p

and pressure p, one can obtain the Friedman equations:

. 2 .
- (2) =S8 Sat LTl o
where a dot is the time derivative operator, H is the Hubble parameter, G is
the gravitational constant, and A is the cosmological constant, who was initially
introduced by Einstein to obtain a static Universe.
For a null cosmological constant, the critical density of the Universe, p., can be
defined as the energy-density for which the spatial sector of the Universe is flat. In

turn, the energy density of matter or radiation can be normalized by p., obtaining
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the density parameters. Extrapolating also this definition to the curvature and the

cosmological constant, we obtain:

_ 3H?(a), ()= Pila)
pela) = —<—==  Qla) (@) "
Ofa) = —F. _ A |
g H?(a)’ AT 3H2(a)

w9
]

where the subscript
to one of them, and > Q;(a) + Q. (a) + Qa(a) = 1 by definition.

Although a fundamental assumption of cosmology, the cosmological principle can

denotes matter, radiation, or any individual specie belonging

be tested, too. For instance, galaxy surveys and CMB observations show evidence
of the Universe being very close to isotropic at scales beyond 100 Mpc (Hajian &
Souradeepl, 2003} |Planck Collaboration et al. [2016b; Sugiyama et al., 2018} [Marinoni
et al., [2012)). On the other hand, homogeneity can be tested observing certain types
of galaxies, whose stellar population evolution is assumed to be known, at different
times (Heavens et al., 2011; Hoyle et al.,|2013) or studying directly the homogeneity
of galaxy number counts (Gongalves et al.; 2018). Moreover, both isotropy and
homogeneity can be even tested at the same time (Jimenez et al., 2019a).

We can probe the Universe at different times because observing further away
is equivalent to observing earlier in time, given the finite speed of light. However,
determining the distance to a brilliant source is highly non trivial, since there is
no way to directly measure when the detected radiation was emitted. In 1929,
Edwin Hubble detected that the measured spectral emission from distant cepheids
(variable stars whose period and intrinsic luminosity are related, so that they can be
used as standard candles) located in all directions was shifted to lower frequencies.
This was an evidence of them moving away from Earth. This shift, known as
redshift, is related to the emitted and observed frequencies (z + 1 = Vem/Vobs)-
Hubble’s measurement was the first evidence that the Universe was not static, but
was expanding at a rate given by the Hubble constant Hy. Moreover, since this
redshift is produced by the expansion of the Universe, it is directly related with the
scale factor: a = 1/(1+ z).

Having evidence that the Universe is expanding means that Einstein’s value for

A cannot be the correct. The trivial case, A = 0, corresponds to ¢ < 0, which



1. INTRODUCTION

means a decelerating expansion of the Universe. This was the paradigm until the

late 1990s, when the acceleration of the expansion of the Universe was detected
for the first time by two independent teams thanks to SNela observations (Riess
et al., [1998; Perlmutter et al. [1999). SNela, being standard candles, provide a
direct measurement of the accelerated expansion, since they enable relative distance
measurements. Likewise, standard rulers, such as BAO, also yield relative distance
and Hubble parameter measurements, hence they also allow to directly probe the
expansion history of the Universe, as predicted by Seo & Eisenstein (2003) and shown
by the first BAO detections by [Eisenstein et al.| (2005) and (Cole et al.| (2005). On
the other hand, indirect measurements of the accelerated expansion of the Universe
can be extracted from CMB observations (see e.g., Planck Collaboration et al.| (2018},
2016a) for the latest results) and cross-correlations of galaxy clustering and CMB,
through the Integrated Sachs-Wolfe effect (Giannantonio et al., 2008; Ho et al., |2008;
Giannantonio et al., 2014)).

The only way to model an accelerated expansion is to introducing a new
component with negative pressure, i.e., with a negative equation of state parameter
w at late times (where w relates the density and pressure of a perfect fluid: p = wp).
This fluid was called dark energy. Taking into account that non-relativistic matter
is pressureless, that w, = 1/3 for radiation and relativist matter, and that the
efficient equation of state for the curvature energy density is —1/3, one can rewrite
the Hubble parameter by joining Equations and . Assuming a general

equation of state parameter for dark energy:

H?(z) = H? [QM 1+2°+Q 1+2)"'+Q.1+2)7+

14+ w(z
+Qx exp {3/0 Tydz}} ,

where Q,7, €., Q. and Qx are the density parameters of all non-relativistic

(1.4)

matter, all relativistic matter and radiation, curvature and dark energy at z = 0,
respectively. Nonetheless, state-of-the-art observations favor the simplest model of
dark energy, in which the cosmic acceleration is described by the same cosmological
constant introduced in Equation (1.2]), which has w = —1 (hence, dark energy

energy-density is constant). Moreover, CMB and BAO measurements joint analyses
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are consistent with a flat spatial sector (Planck Collaboration et al. 2018; |Alam
et al., 2017b). Equation (|1.4) shows that at different times (specified by z), the

expansion of the Universe is dominated by a specific kind of component, which

defines the domination eras. For instance, the redshift range for which ,,(2) ~ 1
is called matter domination epoch, and so on.

Another pillar of modern cosmology relates to the nature of matter. There is
plenty of evidence, ranging from galaxy dynamics to gravitational lensing and CMB
anisotropies, among others, that most of the matter of the Universe is not made of
baryons. The only observed interaction of this component of matter, so-called dark
matter, is gravitational. However, one of the preferred candidates of dark matter to
date also involves weak interactions.

Most of the cosmological probes, especially LSS and CMB, only need to assume
whether this dark matter is relativistic (hot), non-relativistic (cold), or has an
intermediate mass such as it is relativistic at early times and becomes non-relativistic
in the radiation dominated era (warm). While cold dark matter clusters in a bottom-
up hierarchy, hot dark matter clusters before at the largest scales to form smaller
structures later, i.e., it follows a top-down hierarchical structure formation. On
the other hand, since relativistic particles free stream out of overdensities smearing
them, warm dark matter produces a cutoff in the growth of structures at small scales.
This non-negligible free streaming length entails a smoothing of massive halo cores
(increasing core radii and lowering its density), a reduction of the characteristic
density of low mass halos, and an overall reduction of the abundance of low mass
halos, which in turn delays ionization. Massive neutrinos have a similar effect,
although smaller in comparison due to its low abundance. Thanks to this rich
phenomenology, cold dark matter is very favored by LSS observations, ruling out
hot dark matter and strongly constraining warm dark (Lopez-Honorez et al., [2017}
[rsic et al 2017).

The standard model of cosmology and its main alternatives assume that in the
very early Universe there were scalar primordial curvature perturbations produced
by a period of exponential expansion denominated as inflation. In the simplest

slow-roll inflation, these scalar perturbations follow a Gaussian distribution, with
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an almost scale-independent power spectrum given by:

Po(k) = A, (kﬁo)n”, (1.5)

where A, is the amplitude of the power spectrum of scalar curvature perturbations
at a pivot scale kg, and n, is the spectral index. Inflation is expected to generate
tensor perturbations, too. However, their amplitude could be vanishingly small, and
they have not been detected yet.

Primordial perturbations grow under gravitational forces as the Universe evolves.
Eventually, perturbations collaps and may host galaxies and clusters of galaxies.
This growth is described by a set of coupled differential equations (Einstein-
Boltzmann equations) which involve the evolution of the density perturbations of
every kind of fluid interacting among them, accounting for the expansion of the
Universe. Therefore, the expansion history and the growth of perturbations are
connected, a relation which in GR is fully determined (as first noticed by Starobinsky
(1998)).

Using the Einstein-Boltzmann equations, transfer functions, T'(k,z), can be
derived, such as 0;(k, z) = Ti(k, z)do(k), where ¢; is the overdensity of the i fluid,
and 0y denotes the primordial perturbations. This formalism is based on linear
perturbation theory, so it breaks down in scales where non-linear gravitational
collapse dominates the evolution of overdensities. This way, in the linear regime,

the total power matter spectrum, F,,, is given by:

Pm(kvz) = (ZE(k,Z)) PO(k)v (16>

where the sum is over all matter and radiation species.

The standard cosmological model builds upon all these pillars and encodes the
simplest accurate description of the Universe. This model is called A-Cold Dark
Matter (ACDM), since it considers that dark matter is cold and that the cosmic
acceleration is well described by a cosmological constant, A. Furthermore, it uses
GR to model gravity and assumes the cosmological principle. It also considers
massive neutrinos, taking the measured lower limit of the sum of neutrino masses,
0.06 eV, as a fiducial value.
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ACDM is a very powerful model, which can reproduce a plethora of cosmological

probes with only six free parameters: the abundance of baryons and cold dark
matter, which can be parametrized with the density parameters €2, and Qcqm,
respectively; the Hubble constant, Hy; the spectral index of the primordial
power spectrum, n,; the amplitude of primordial power spectrum of the scalar
perturbations at the pivot scale, Ay; and the optical depth due to reionization, Tyeio-
Yet, in light of state-of-the-art observations, ACDM is not a completely satisfactory

model both from a phenomenological and theoretical point of view.

1.2 Observational discrepancies assuming ACDM

From the phenomenological point of view, we can test the consistency between
different experiments and cosmological probes. If ACDM is an accurate description
of the Universe, all results from every observation or experiment must coincide within
the statistical uncertainties, if the analyses are free of non-accounted for systematic
errors. Therefore, discrepancies between different data sets might be a smoking gun
for failures or limitations in the model. This would motivate the inclusion of new
physics in the cosmological model, or the relaxation of some of the assumptions
discussed in Section [l

As the observations improve, there has been claims of inconsistencies between
data sets. Some have disappeared after revisiting the data analysis or increasing the
statistics, such as the case of the optical depth to reionization between WMAP and
Planck (Planck Collaboration et al., 2016d)), the matter content and amplitude of the
power spectrum between Planck CMB power spectrum and Sunyaev-Zeldovic galaxy
cluster number counts (Douspis et al. [2019)), or between the expansion history
measured by the BAO obtained from galaxy number counts and from the Lyman-a
forest (de Sainte Agathe et al., 2019; Blomqvist et al.,2019), among others. However,
since a few years ago, there are some persistent tensions when ACDM is assumed.

Among them, the largest discrepancy is between the local, direct measurement
of Hy from SHOES collaboration (Riess et al., 2011; Riess et al., [2016) and the
inferred value from Planck observations assuming ACDM. Note that the physics
and the analyses behind both measurements are completely different. On one hand,

SHOES directly measures the expansion rate of the Universe today (i.e., Hy), building
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a distance ladder using coincident geometric and relative distance indicators. For

instance, parallaxes are used to calibrate nearby cepheids as standard candles, which
in turn are used to calibrate distances to more distant SNela. This way, absolute
distances up to = 100 Mpc can be precisely measured. The distance ladder provides
a determination of H, independent on cosmology. However, it does depend on
astrophysics, mainly regarding the homogeneity and standardization of distance
calibrators. On the other hand, Planck probes the Universe at z ~ 1000 and
fits a six-parameter cosmological model (in the case of ACDM), extrapolating its
measurements to the present Universe to infer local quantities such as Hy. This
makes the Hy value inferred from CMB observations extremely dependent on the
cosmological model. Fortunately, other observations, such as BAO, help to constrain
the Universe at low redshift, which makes the parameter inference from a joint
analysis more robust. Rather than disappearing with time, independent analyses
and better observations, this tension is growing and has recently surpassed the 40
level (Riess et al., [2019).

Although the largest discrepancy on Hy involves SHOES and Planck
collaborations, there are other probes to measure H, s. Some examples
include strong lensing time delays (Suyu et al) 2017; [Bonvin et al., 2017),
BAO combined with a determination of 2, assuming standard Big Bang
Nucleosynthesis (Aubourg et al., 2015; |Addison et al. 2017), gravitational waves
with electromagnetic counterparts used as standard sirens (Abbott et al., 2017),
and cosmic clocks (Jimenez & Loeb)|, |2002; Moresco et al., 2016). A comprehensive
list of measurements of Hy can be found in Bernal & Peacock| (2018]). Surprisingly,
the results seem to be clustered in two different groups: observations probing physics
depending on the early Universe favor Hy ~ 68 km/s/Mpc (e.g., CMB anisotropies,
BAO+, from Big Bang Nucleosynthesis), while strictly low redshift probes favor
Hy ~ 73 km/s/Mpc (e.g., distance ladder, strong lensing time delays). Apparently,
the cosmic clocks are the only exception to this trend. Therefore, this discrepancy
might be also interpreted as a tension between the early and the late Universe within
ACDM.

Another recurrent discrepancy, although smaller, is related with the growth of
structures. As discussed above, in a GR framework, the expansion history fully

determines the growth of structures. Therefore, CMB observations are also used to
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infer the amplitude of perturbations at low redshift, parametrized with og (the

root mean square of the overdensities within 8 A~'Mpc). On the other hand,
weak lensing experiments yield strong constraints on the parameter combination
03087 (Kilbinger et al., 2013; Hildebrandt et al. 2017; Troxel et al., 2018). While
there are mild tensions between different weak lensing experiments, there is a ~ 20
discrepancy between the values inferred by Planck and weak lensing experiments.
Although the tension on 0387 is smaller than that on H,, the fact that weak
lensing measurements involve only low redshift physics supports the hypothesis of a
potential discrepancy between high and low redshift observations.

There have been attempts to reconcile the Hy and UgQ%f tensions at the same
time with deviations from ACDM, although none of them has obtained satisfactory
results to date. In most cases, when one tension is relieved, the other becomes
worse. Some examples are more massive neutrinos (Planck Collaboration et al.,
2018), interactions between dark matter and neutrinos (Di Valentino et al., 2018)),
or self-interacting neutrinos with a delayed onset of their free streaming (Kreisch
et al., 2019).

1.3 Theoretical open questions of ACDM

Even if ACDM perfectly reproduced all possible observations, hence providing
a perfect description of the Universe, this model is still a phenomenological model,
especially regarding two of the largest unknowns: the nature of dark energy and

dark matter.

1.3.1 Dark energy

The detected accelerated expansion of the Universe at late times is well described
by a cosmological constant in the Einstein Equations. While vacuum energy
would be the straightforward explanation for the negative pressure that triggers
the accelerated expansion, the cosmological constant measured value corresponds to
a density parameter 2y &~ 0.65 — 0.7, which is extremely small compared with the
predictions of quantum field theory.

Nonetheless, a cosmological constant might be a simplification of a more

elaborated physical picture. In Einstein Equations it is also possible to model
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the accelerated expansion introducing extra fields to the energy momentum tensor

or modifying the Einstein tensor, efficiently modeling dynamical dark energy or
modifying GR, respectively. One of the attractive points of the former is that the
extra field could be related with inflation and then connect the two epochs of the
Universe with accelerated expansion in a single concept.

On the other hand, GR has been directly tested with superb precision at
scales smaller than the Solar System and it is completely consistent with the
gravitational waves detected so far and the most precise observation of a black
hole. However, there is no direct evidence beyond these scales and phenomena.
Beyond these regimes, GR is extrapolated. Therefore, what seems like an accelerated
expansion if GR is assumed, might be a hint of gravity deviating from the GR
description. State-of-the-art observations of both CMB and LSS have not found any
deviation from GR yet (Planck Collaboration et al., 2018)). But, generally, modified
gravity theories change also the clustering and induce a non-zero anisotropic stress.
Therefore, LSS probes should add complementary information to discriminate
between modifications of GR and dynamical dark energy, especially when combining
galaxy clustering and gravitational lensing (Pullen et al., 2015} [Singh et al., |2019;
Alam et al.} 2017a)).

1.3.2 Dark matter

ACDM models dark matter as a pressureless fluid (i.e., cold, non-relativistic)
which only interacts with gravity, but does not assume anything else about its
nature. For example, in N-body simulations, dark matter is usually modeled as
collisionless particles. In any case, this description lacks information about the
microscopic nature of dark matter. This is why there is an on going worldwide
experimental effort to pursue dark matter detection and probe the dark matter
nature.

In general, there are three strategies to identify particle dark matter: direct
detection, which aims to detect interactions between dark matter and baryonic
detectors; indirect detection, which looks for baryonic products of dark matter-
dark matter processes (i.e., annihilations or decays); and detection in particle
colliders, attempting to generate dark matter particles as product of collisions

between standard model particles.
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During the last decades, the preferred dark matter candidate has been the

Weakly Interactive Massive Particles, or WIMPs, that are connected to the standard
model particles through gravity and weak interactions. However, while experiments
increase their sensitivity, WIMPs have yet to be detected, with increasingly stronger
upper limits on the scattering cross-section between dark matter and baryonic
detectors, in the case of direct detection, or annihilation cross-sections or decaying
lifetimes, in the case of indirect detection. This lack of detection of WIMPs has
shifted the attention to other dark matter particle candidates, such as, for example,
axion-like particles (whose experimental stage is less mature at this point).

However, dark matter does not need to be necessarily a particle. The only
observational evidence of dark matter is at galactic scales and above, so dark matter
could also be composed of compact objects. Compact objects would behave in a
completely different way at very small scales, but beyond a certain scale, the cold-
matter fluid description is equally valid. In this family of candidates, Primordial
Black Holes (PBHs) have drawn special attention.

PBHs form in the collapse of large density peaks in the very early Universe,
mainly in the radiation dominated epoch. The concept of PBH was introduced in the
sixties (Zel’dovich & Novikov, [1967) and soon after was suggested as a dark matter
candidate (Chapline, 1975). However, increasingly stringent constraints (Alcock
et al., 1998; [Flynn et all [1996; Carr & Sakellariadou, (1999; |Wilkinson et al.,
2001) gave way to particle dark matter theories. Nevertheless, the gravitational
wave detections by LIGO+VIRGO collaborations from binary black hole mergers
(Abbott et al.| (2016b) and subsequent detections) have brought back the focus on
the possibility that PBHs make up a significant fraction of the dark matter (Bird
et al., 2016; Sasaki et al., 2016]).

The abundance of PBHs is usually parametrized by the ratio between the
density parameters of PBHs and the whole of dark matter: fppg = Qppu/Qdm.
The possible PBH masses range spans over several order of magnitudes, and
therefore PBHs as dark matter involve an wide variety of phenomena. The physical
processes that allow to constrain fpgy or eventually detect PBHs include: Hawkings
evaporation, gravitational lensing, radiation due to gas accretion, dynamical effects

and gravitational waves, among others.

13



1. INTRODUCTION

The renewed interest on PBHs as dark matter has motivated a reassessment

of most of the observational constraints on fpgy. For example, |Ali-Haimoud &
Kamionkowski (2017) rederived CMB constraints from the CMB, accounting for
Compton drag, CMB cooling and ionization cooling, as well as using a more precise
estimate of the relative velocities between baryons and PBHs. This new model
predicts smaller PBH accretion rates, what significantly weakens the constraints
found previously (Ricotti et al.,|2008). Another example are the constraints coming
from ultra-faint dwarf galaxies, whose stellar system were thought to expand in
the presence of massive PBHs due to dynamical heating (Brandt, 2016). However,
this reasoning ignores that too massive PBHs (or an astrophysical intermediate
mass black holes) would stabilize the system and avoid its expansion (Silk, 2017a).
This makes these constraints much less robust, especially the one coming from
Eridanus II (one of the strongest constraints of this kind), since there is evidence
of a massive compact object at its center (Li et al. 2017). One last enlightening
example involves the constraints from femtolensing of gamma ray bursts. This
constraint (Barnacka et al., |2012) ignored that gamma ray bursts are not suitable
for femtolensing surveys due to their large sizes, hence these results are incorrect
and the constraints completely vanish (Katz et al., [2018]).

Therefore, these revisions have changed considerably the picture regarding the
constraints on PBHs as dark matter candidate. Currently, there are two strong
limits on the possible masses for a significant fpgy with a somewhat narrow mass
distribution. If the PBHs were light enough (Mpgy < 1076M,, where Mppy and
Mg, are the PBH mass and the solar mass, respectively), Hawkings evaporation
would have left a significant background emission at high energies that has not been
detected. In turn, in the large mass end, there are strong limits on the PBH mass due
to accretion (the accretion rate scales as Mzgy). CMB anisotropies provide strong
constraints on the PBH abundance for masses Mppy = 10® — 10 M, (Ali-Haimoud
& Kamionkowski, 2017)).

While the renovated interest on PBH was initially focused on Mpgy ~ 30Mg
(mostly to match gravitational wave detections), new constraints, from SNela
lensing (Zumalacarregui & Seljakl [2018a), and inferred from the expected PBH
merger rate (Ali-Haimoud et al. [2017), seem to disfavor PBHs as a significant

fraction of the dark matter in this mass range. On the other hand, as a result of
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the revision of older constraints, there are now two mass ranges where fpgy ~ 1 is
completely unconstrained: 1071°My < Mpgy < 1071 My, and 1073 Mg < Mppy <

1071%M,. These two mass ranges are separated by the constraints coming from the

observed distribution of white dwarfs: PBHs would disrupt white dwarfs as they pass
through, producing the ignition of a thermonuclear runaway which would lead to a
supernovae explosion, as pointed out by (Graham et al. (2015)). Stronger constraints
coming from microlensing studies (Niikura et al., 2017, |2019; |Alcock et al., [1998)
limit the abundance of PBHs at M > 10719M,,.

In any case, even if a significant fraction of dark matter made up by PBHs
was to be ruled out by coming observations, the detection of PBHs would be
extremely informative. Since PBHs would only form if very high density peaks
were present in the primordial Universe, they are intimately related with the
primordial power spectrum at very small scales. Precisely, constraints on PBHs and
eventual detections involve one of the few observational probes of the primordial
Universe (Josan et al) 2009; Bugaev & Klimai, 2009). In addition to this, a small
fraction of very massive PBHs might make up for the intermediate massive black
holes that might be present at the center of dwarf galaxies (Silkl 2017b)).

Moreover, PBHs might be the solution to another open problem in astrophysics.
Supermassive black holes are the nuclei of most galaxies, but there are observations
pointing to these black holes being too massive at too high redshift (~ 10°M, at
z ~ 7) (Fan et al.| 2001; [Wu et al., 2015; Mortlock et al., 2011; Banados et al., |[2018)).
Supermassive black holes could be the evolution of population III stars remnants,
formed at z ~ 20 with M ~ 100M. However, these stars would need continuous
supercritical accretion in order to grow fast enough (Madau & Rees| 2001} Inayoshi
et al., 2016). This possibility is unlikely because the abundance of quasars with
supercritical accretion at high redshifts is very constrained (Salvaterra et al. |[2012).
On the other hand, intermediate mass black holes of masses around 103 — 10°M,
(referred to as seeds in this context) would suffice to seed the supermassive black
holes. These seeds might be formed due to the gravitational collapse of pristine
gas clouds which do not fragment forming ordinary stars, so that all the mass
directly collapses in a single black hole. These seeds are called direct collapse black
holes, and form around z ~ 15 with M ~ 105 — 10°M, (Bromm & Loeb| 2003}
Volonteri et all 2008 Agarwal et all 2014)). Although direct collapse black holes
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could perfectly be the origin of the most massive supermassive black holes at early

times, the conditions to trigger their formation are very special, and it is unlikely
that they could explain the general population of supermassive black holes (Dijkstra
et al. |2014; [Latif et al.| 2015). Nonetheless, if the high mass tail of the distribution
of PBHs reaches ~ 103 — 10*M,, PBHs could become the seeds of supermassive
black holes, even with an extremely small fpgg ~ 1078 — 107%. This turns them

into a valid candidate.

1.4 Objectives and structure of the thesis

This doctoral thesis collects some of my research in the form of the corresponding
publications, as well as on going research. The main objective of this research is to
study some of what in my view are the existing loose ends of ACDM. Specifically
the work presented is mostly focused on the discrepancy of Hy between high and low
redshift observables, the role of PBHs as candidates for dark matter or seeds of the
supermassive black holes, and the future strategies to probe deviations from ACDM
observing the LSS with intensity mapping experiments and radio-continuum galaxy
surveys.

This thesis is organized as follows. In Chapter [2| the tension on Hj is
exhaustively studied, seeking for possible explanations either in the late or early
Universe, using both model-independent approaches and analyses that consider
the existence of possible unnacounted-for systematics. This Chapter includes the
publications Bernal et al.| (2016b)); Verde et al. (2017) and Bernal & Peacock! (2018).
Chapter [3| is focused on PBHs and their role as dark matter or as seeds of the
supermassive black holes. Consequences in the remaining cosmological parameters
and strategies to test these hypotheses are explored; the articles |Bernal et al.
(2017, |2018)) are included. In Chapter [4] the potential of radio-continuum galaxy
surveys is discussed, focusing on the gains of probing the largest accessible scales.
In addition, the use of intensity mapping observations for cosmology is studied,
exploiting that this kind of experiments can observe redshifts in which LSS has
neither been measured yet nor are accesible by galaxy surveys. This Chapter
includes the published article [Bernal et al. (2019) and two manuscripts currently

under collaboration review (Bernal et al., [2019alb). Finally, Chapter [5| summarizes

16



1. INTRODUCTION

the conclusions and the relevance of the work presented in this thesis, as well as

future prospects and possible paths to continue this research.

In addition to the published work collected in thesis, further research co-authored
by me can be found in Bernal et al| (2016a)); DESI Collaboration et al| (2016al]b);
Bellomo et al| (2018); [Kalus et al| (2019a)); [D’Eramo et al| (2018) and
Kilometre Array Cosmology Science Working Group et al.| (2018).

17



18



2. Tensions in the Expansion

history of the Universe

This Chapter contains the research reported in Bernal et al.| (2016b)), Verde
et al| (2017) and Bernal & Peacock| (2018). These publications are related with
the existing tension between the inferred value of Hy using CMB observations by
the Planck satellite assuming ACDM and the direct measurement from the SHOES
collaboration, derived using the distance ladder.

In Bernal et al| (2016b) three avenues to study this tension are discussed:
modifying the physics in the early cosmology without changing the late cosmology;
varying the late time expansion history assuming standard high redshift physics;
and a completely model-independent reconstruction of the cosmic expansion at low
redshift without any assumption about the early-times physics. This work, done in
collaboration with Licia Verde and Adam G. Riess, was published in the Journal of
Cosmology and Astroparticle Physics (JCAP) in October 2016.

In Verde et al.| (2017), the two anchors of the cosmic distance ladder (Hy and the
sound horizon at radiation drag, rs, for the direct and inverse cosmic distance ladder,
respectively) are measured in a model independent way using different combinations

of data sets from low redshift observations. Moreover, the low redshift standard ruler
h

s

low redshift standard ruler is measured with a ~ 2% error. This work, written in

is defined as r!', and constrained. Using only BAO and SNela measurements, the
collaboration with Licia Verde, Alan F. Heavens and Raul Jimenez, was published
in the Monthly Notices of the Royal Astronomical Society (MNRAS) in January
2017.

In Bernal & Peacock| (2018)), a flexible methodology is introduced: BACCUS
(BAyesian Conservative Constraints and Unkown Systematics). This formalism
allows to carry out joint analyses of different data sets to infer the parameters of a
model in a conservative way, no matter the level of discrepancy between the data. It
uses parameters which model the effect of unknown systematics and then marginalize

over them. After describing the methodology, this framework is applied to all low
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redshift observations constraining H, to obtain conservative constraints on it. This

research, performed in collaboration with John A. Peacock, was published in the

Journal of Cosmology and Astroparticle Physics on July 2018.
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Abstract. We perform a comprehensive cosmological study of the Hy tension between the di-
rect local measurement and the model-dependent value inferred from the Cosmic Microwave
Background. With the recent measurement of Hy this tension has raised to more than 3o.
We consider changes in the early time physics without modifying the late time cosmology.
We also reconstruct the late time expansion history in a model independent way with mini-
mal assumptions using distance measurements from Baryon Acoustic Oscillations and Type
Ia Supernovae, finding that at z < 0.6 the recovered shape of the expansion history is less
than 5% different than that of a standard ACDM model. These probes also provide a model
insensitive constraint on the low-redshift standard ruler, measuring directly the combination
r¢h where Hy = h x 100 Mpc‘lkm/s and rg is the sound horizon at radiation drag (the stan-
dard ruler), traditionally constrained by CMB observations. Thus rs and Hy provide absolute
scales for distance measurements (anchors) at opposite ends of the observable Universe. We
calibrate the cosmic distance ladder and obtain a model-independent determination of the
standard ruler for acoustic scale, rs. The tension in Hj reflects a mismatch between our
determination of rg and its standard, CMB-inferred value. Without including high-¢ Planck
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CMB polarization data (i.e., only considering the “recommended baseline” low-£ polarisation
and temperature and the high ¢ temperature data), a modification of the early-time physics
to include a component of dark radiation with an effective number of species around 0.4
would reconcile the CMB-inferred constraints, and the local Hy and standard ruler determi-
nations. The inclusion of the “preliminary” high-¢ Planck CMB polarisation data disfavours
this solution.
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1 Introduction

In the last few years, the determination of cosmological parameters has reached astonishing
and unprecedented precision. Within the standard A - Cold Dark Matter (ACDM) cosmo-
logical model some parameters are constrained at or below the percent level. This model
assumes a spatially flat cosmology and matter content dominated by cold dark matter but
with total matter energy density dominated by a cosmological constant, which drives a late
time accelerated expansion. Such precision has been driven by a major observational effort.
This is especially true in the case of Cosmic Microwave Background (CMB) experiments,
where WMAP [1, 2] and Planck [3] have played a key role, but also in the measurements of
Baryon Acoustic Oscillations (BAO) [4, 5], where the evolution of the cosmic distance scale
is now measured with a ~ 1% uncertainty.

The Planck Collaboration 2015 [3] presents the strongest constraints so far in key pa-
rameters, such as geometry, the predicted Hubble constant, Hy, and the sound horizon at
radiation drag epoch, rs. These last two quantities provide an absolute scale for distance
measurements at opposite ends of the observable Universe (see e.g., [6, 7]), which makes
them essential to build the distance ladder and model the expansion history of the Universe.
However, they are indirect measurements and as such they are model-dependent. Whereas
the Hy constraint assumes an expansion history model (which heavily relies on late time
physics assumptions such as the details of late-time cosmic acceleration, or equivalently, the
properties of dark energy), rs is a derived parameter which relies on early time physics (such
as the density and equation of state parameters of the different species in the early universe).

This is why having model-independent, direct measurements of these same quantities
is of utmost importance. In the absence of significant systematic errors, if the standard
cosmological model is the correct model, indirect (model-dependent) and direct (model-
independent) constraints on these parameters should agree. If they are significantly in-
consistent, this will provide evidence of physics beyond the standard model (or unaccounted
systematic errors).

Direct measurements of Hy rely on the ability to measure absolute distances to > 100
Mpec, usually through the use of coincident geometric and relative distance indicators. Hy
can be interpreted as the normalization of the Hubble parameter, H(z), which describes the



expansion rate of the Universe as function of redshift. Previous constraints on Hy (i.e. [8])
are consistent with the final results from the WMAP mission, but are in 2-2.50 tensions with
Planck when ACDM model is assumed [9-11]. The low value of Hy found, within the ACDM
model, by the Planck Collaboration since its first data release [12], and confirmed by the latest
data release [3], has attracted a lot of attention. Re-analyses of the direct measurements of
Hj have been performed ([13] including the recalibration of distances of [14]); physics beyond
the standard model has been advocated to alleviate the tension, especially higher number of
effective relativistic species, dynamical dark energy and non-zero curvature [7, 15-19].

In some of these model extensions, by allowing the extra parameter to vary, tension
is reduced but this is mainly due to weaker constraints on Hy (because of the increased
number of model parameters), rather than an actual shift in the central value. In many
cases, non-standard values of the extra parameter appear disfavoured by other data sets.

Recent improvements in the process of measuring Hy (an increase in the number of
SNela calibrated by Cepheids from 8 to 19, new parallax measurements, stronger constraints
on the Hubble flow and a refined computation of distance to NGC4258 from maser data)
have made possible a 2.4% measurement of Hy: Hy = 73.24 4+ 1.74 Mpc~tkm/s [20]. This
new measurement increases the tension with respect to the latest Planck-inferred value [21]
to ~ 3.40. This calibration of Hy has been successfully tested with recent Gaia DR1 parallax
measurements of cepheids in [22].

Time-delay cosmography measurements of quasars which pass through strong lenses is
another way to set independent constraints on Hy. Effort in this direction is represented by
the HOLiCOW project [23]. Using three strong lenses, they find Hy = 71.91%3 Mpc~tkm/s,
within flat ACDM with free matter and energy density [24]. Fixing Qs = 0.32 (motivated by
the Planck results [3]), yields a value Hy = 72.8 + 2.4 Mpc~'km/s. These results are in 1.7
and 2.50 tension with respect to the most-recent CMB inferred value, while are perfectly
consistent with the local measurement of [20].

In addition, in [25], it is shown that the value of Hy depends strongly on the CMB
multipole range analysed. Analysing only temperature power spectrum, tension of 2.30
between the Hy from ¢ < 1000 and from ¢ > 1000 is found, the former being consistent with
the direct measurement of [20]. However, ref. [26] finds that the shifts in the cosmological
parameters values inferred from low versus high multipoles are not highly improbable in a
ACDM model (consistent with the expectations within a 10%). These shifts appear because
when considering only multipoles ¢ < 800 (approximately the range explored by WMAP) the
cosmological parameters are more strongly affected by the well known ¢ < 10 power deficit.

Explanation for this tension in Hy includes internal inconsistencies in Planck data sys-
tematics in the local determination of Hy or physics beyond the standard model. These
recent results clearly motivate a detailed study of possible extensions of the ACDM model
and an inspection of the current cosmological data sets, checking for inconsistencies.

In figure 1, we summarize the current constraints on Hy tied to the CMB and low-
redshift measurements. We show results from the public posterior samples provided by
the Planck Collaboration 2015 [3], WMAP9 [1] (analysed with the same assumptions of
Planck),! the results of the work of Addison et al. [25] and the quasar time-delay cosmography
measurements of Hy [24], along with the local measurement of [20]. CMB constraints are
shown for two models: a standard flat ACDM and a model where the effective number of

!The values of 7; in WMAP’s public posterior samples were computed using the approximation of [27],
which differs from the values computed by current Boltzmann codes and used in Planck’s analysis by several
percent, as pointed in the appendix B of ref. [28]. As WMAP’s data have been re-analysed by the Planck
Collaboration, the values reported here are all computed with the same definition.
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Figure 1. Marginalised 68% and 95% constraints on Hy from different analysis of CMB data, obtained
from Planck Collaboration 2015 public chains [3], WMAP9 [1] (analysed with the same assumptions
than Planck) and the results of the work of Addison et al. [25] and Bonvin et al. [24]. We show the
constraints obtained in a ACDM context in blue, ACDM+ N.g in red, quasar time-delay cosmography
results (taken from HOLICOW project [24], for a ACDM model, with and without relying on a CMB
prior for Qyr) in green and the constraints of the independent direct measurement of [20] in black.
We report in parenthesis the tension with respect to the direct measurement.

relativistic species Neg is varied in addition to the standard ACDM parameters. Of all the
popular ACDM model extensions, this is the most promising one to reduce the tension.
Assuming ACDM, the CMB-inferred Hy is consistent with the local measurement only when
£ < 1000 are considered (the work of Addison et al. and WMAP9). However when BAO
measurements are added to WMAP9 data, the tension reappears, but at a lower level (2.80).

On the other hand, rs is the standard ruler which calibrates the distance scale measure-
ments of BAO. Since BAO measure Dy /rs (or Dy/rs and Hrg in the anisotropic analysis)
the only way to constrain r¢ without making assumptions about the early universe physics
is combining the BAO measurement with other probes of the expansion rate (such as Hy,
cosmic clocks [29] or gravitational lensing time delays [23]). When no cosmological model is
assumed, Hy and rg are understood as anchors of the cosmic distance ladder and the inverse
cosmic distance ladder, respectively. As BAO measurements always depends on the product
Hyrs (see Equations (5.1), (5.2) and (5.3)), when the Universe expansion history is probed
by BAO, the two anchors are related by Hyrs = constant. This was illustrated in [30] and
more recently in [31], where only weak assumptions are made on the shape of H(z), and
in [6], where the normal and inverse distance ladder are studied in the context of ACDM and
typical extensions.

While the model-independent measurement of rs [30] is consistent with Planck, the
model-dependent value of [6] is in 20 tension with it. Both of these measurements use
Hy ~ 73.0 + 2.4Mpc~'km/s, so, this modest tension is expected to increase with the new
constraint on Hy.

In this paper we quantify the tension in Hy and explore how it could be resolved —
without invoking systematic errors in the measurements— by studying separately changes in
the early time physics and in the late time physics



We follow three avenues. Firstly, we allow the early cosmology (probed mostly by the
CMB) to deviate from the standard ACDM assumptions, leaving unaltered the late cosmol-
ogy (e.g., the expansion history at redshift below z ~ 1000 is given by the ACDM model).
Secondly, we allow for changes in the late time cosmology, in particular in the expansion
history at z < 1.3, assuming standard early cosmology (i.e., physics is standard until recom-
bination, but the expansion history at late time is allowed to be non-standard). Finally, we
reconstruct in a model-independent way, the late-time expansion history without making any
assumption about the early-time physics, besides assuming that the BAO scale corresponds
to a standard ruler (with unknown length). By combining BAO with SNela and Hy measure-
ments we are able to measure the standard ruler in a model-independent way. Comparison
with the Planck-derived determination of the sound horizon at radiation drag allows us to
assess the consistency of the two measurements within the assumed cosmological model.

In section 2 we present the data sets used in this work and in section 3 we describe
the methodology. We explore modifications of early-time physics from the standard ACDM
(leaving unaltered the late-time ones) in section 4 while changes in the late-time cosmology
are explored in section 5. Here we present the findings both assuming standard early-time
physics and in a way that is independent from it. Finally we summarize the conclusions of
this work in section 6.

2 Data

The observational data we consider are: measurements of the Cosmic Microwave Background
(CMB), Baryon Acoustic Oscillations (BAO), Type Ia Supernovae (SNela) and direct mea-
surements of the Hubble constant H.

We consider the full Planck 2015 temperature (TT), polarization (EE) and the cross
correlation of temperature and polarization (TE) angular data [3], corresponding to the
following likelihoods: Planck high ¢ (30 < ¢ < 2508) TTTEEE for TT (high ¢ TT), EE and
TE (high ¢ TEEE) and the Planck low¢ for TT, EE, TE and BB (lowP, 2 < ¢ < 29). The
Planck team [3, 32] identifies the lowP + high ¢ TT as the “recommended baseline” dataset
and the high ¢ polarisation (high ¢ TEEE) as “preliminary”, because of evidence of low level
systematics (~ (uK)? in £(¢ 4+ 1)C;). While the level of systematic contamination does not
appear to affect parameter estimation, we nevertheless present results both excluding and
including the high ¢ polarisation data. In addition, we use the lensing reconstruction signal
for the range 40 < L < 400, which we refer to as CMB lensing. For some models we use the
publicly available posterior samples (i.e., public chains) provided by the Planck collaboration:
ACDM, ACDM+ Ng (a base ACDM model with an extra parameter for the effective number
of neutrino species) and ACDM +YEBN (a base ACDM model with an extra parameter for
the primordial Helium abundance). In addition, we use the analysis of WMAP9 data with
the same assumptions of Planck, which is publicly available along with the rest of Planck
data. We also use the results of Addison et al. [25], where the Planck’s temperature power
spectrum is analysed in two separate multipole ranges: ¢ < 1000 and ¢ > 1000.

We use constraints on BAO from the following galaxy surveys: Six Degree Field Galaxy
Survey (6dF) [33], the Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Sur-
vey (SDSS-MGS) [34], the LOWZ and CMASS galaxy samples of the Baryon Oscillation
Spectroscopic Survey (BOSS-LOWZ and BOSS-CMASS, respectively) [5], and the reanal-
ysed measurements of WiggleZ [35]. These measurements, and their corresponding effective
redshift z.g, are summarized in table 1. Note that for BOSS-CMASS there is an isotropic



Survey Zef ~ Parameter Measurement

6dF [33] 0.106 rs/Dy 0.327 £0.015
SDSS-MGS [34] 0.15 Dy /rs 4.47+0.16
BOSS-LOWZ [5]  0.32 Dy /rs 8.59 +0.15
WiggleZ [35] 0.44 Dy /g 11.6 £ 0.6

BOSS-CMASS [5] 0.57 Dy /g 13.79 +£0.14
BOSS-CMASS [5] 0.57 Da/rs 9.524+0.14

BOSS-CMASS [5]  0.57 Hr, 14750 + 540
WiggleZ [35] 06  Dy/rs 15.0 0.7
WiggleZ [35] 0.73  Dy/rs 16.9+0.6

Table 1. BAO data measurements included in our analysis, specifying the survey that obtained each
measurement and the corresponding effective redshift z.g. In the case where we change the late time
cosmology, we use the isotropic measurements. We take into account the correlation between the
anisotropic measurements of BOSS-CMASS and among the values from WiggleZ.

measurement (Dy /rs) and an anisotropic measurement (D4 /rs, Hrs), which, of course, we
never combine. When we use the anisotropic values from BOSS-CMASS in section 4, we
take into account that they are correlated (their correlation coefficient is 0.55). We use the
covariance matrix for the measurements of WiggleZ as indicated in ref. [35]. We consider
that the measurements of BOSS-CMASS and WiggleZ are independent, although the regions
covered by both surveys overlap. We can do so because this overlap includes a small fraction
of the BOSS-CMASS sample and the correlation is very small too (always below 4%) [5, 36],
hence the constraints which come from both surveys are fairly independent. The BOSS
collaboration also provides a BAO measurement at z ~ 2.5 obtained from Lymana forest
observed in Quasars spectra. We do not include this measurement because, as it will be clear
later, our approach relies on having BAO and SNela data covering roughly the same redshift
range. Considering an extra BAO point at high redshift would have increased the number of
parameters needed to describe the expansion history without improving constraints in any
of the quantities we are interested in.

The publicly available Planck 2015 posterior sampling uses a slightly different BAO
data set (see ref. [3] for details). However the small difference in the data set does not drive
any significant effect in the parameter constraints.

For SNela cosmological observations, we use the SDSS-II/SNLS3 Joint Light-curve
Analysis (JLA) data compilation [37]. This catalog contains 740 spectroscopically confirmed
SNela obtained from low redshift samples (z < 0.1), all three seasons of the Sky Digital
Sky Survey II (SDSS-II) (0.05 < z < 0.4) and the three years of the SuperNovae Legacy
Survey (SNLS) (0.2 < z < 1) together with nine additional SNela at high redshift from HST
(0.8 < z < 1.3). We use the compressed form of the JLA likelihood (appendix E of ref. [37]).

Finally, we use the distance recalibrated direct measurement of Hy from [20], which is
Ho = 73.24 £ 1.74 Mpc~'km/s.

3 Methods

We use the public Boltzmann code CLASS [38, 39] and the Monte Carlo public code Monte
Python [40] to analyse the CMB data sets discussed in section 2 when for the selected model



there are no posterior samples officially provided by the Planck collaboration. We modify the
codes to include the parametrized extra dark radiation, ANeg and the effective parameters
to describe its behaviour, ¢2 and ¢2,, (section 4) additional parameters to the Planck “base”
model.? We adopt uniform priors for all the parameters, except for AN.g, for which we
sample ANZ,. (see section 4). We only set a lower limit in the sampling range for A, ng, 7
and ANgg (0.0 in all cases but for 7, which is 0.04). The prior in 7 has virtually no effect
on the reported constraints and is justified by observations of the Gunn-Peterson effect, see
e.g., ref. [41]. Our sampling method of choice when CMB data are involved is the Metropolis
Hastings algorithm; we run sixteen Monte Carlo Markov Chains (MCMC) for each ensemble
of data sets until the fundamental parameters reach a convergence parameter R — 1 < 0.03,
according to the Gelman-Rubin criterion [42].

When interpreting the low redshift probes of the expansion history (see section 5), we
use a different methodology. We aim to reconstruct H(z) (the main observable related with
the expansion of the Universe) in the most model-independent way possible, but still requiring
a smooth expansion history. For this reason the Hubble function is expressed as piece-wise
natural cubic splines in the redshift range 0 < z < 1.3. We specify the spline function
H™e°(2) by the values it takes at N “knots” in redshift. These values uniquely define
the piecewise cubic spline once we ask for continuity of H'™"(z) and its first and second
derivatives at the knots, and two boundary conditions. We require the second derivative to
vanish at the exterior knots. Thus, our free parameters are the values of H™"(zy,,0t), where
Zknot are the redshifts correspondent to the “knots”. We also consider cases in which we
vary the sound horizon at radiation drag and the curvature of the Universe (via ). The
location of the knots is arbitrary and we place them at z = [0,0.2,0.57,0.8,1.3] to match the
BAO data constraining power and encompass the SNela redshift range. When SNela are not
included, we limit the fit of H™"(z) to the range 0 < z < 0.8 (and vary one less parameter).

We set uniform priors for all the parameters, with limits which are never explored by the
MCMC. We use the public emcee code [43], which implements the Affine Invariant Markov
Ensemble sampler as sampling method [44] to fit the splines to the cosmological measurements
discussed in the previous section. To obtain the likelihood of each position in the parameter
space, we integrate the correspondent H'*“°"(z) to compute Dy (z) and luminosity distance
Dp(2) and calculate the x? for BAO and SNela, respectively. In addition, we fit H**°"(z = 0)
to the direct measurement of Hy. We run 500 walkers for 10000 steps each and remove the
first 400 steps from each walker (as burn-in phase), as this interval corresponds to several
autocorrelation times.

In section 5.1, we quantify the tension between the different joint constraints on the
plane Hy-r following [10]. This method is based on the evidence ratio of the product of the
distributions with respect to the —ideal , and ad hoc— case when the maxima, of the posteriors
coincide (maintaining shape and size).

Then, if we call P4 to the posterior of the experiment A and £ to the ‘unnormalized’
evidence, and with a bar we refer to the shifted case,

gmaX:maX ppd
- ImaxA B [ PaPpdx

£ [ PaPpdx’ (3:1)

T is the degree of tension and can be interpreted in the modified Jeffrey’s scale. The odds
for the null hypothesis (i.e. both posteriors are fully consistent) are 1 : 7.

2The Planck “base” model is a flat, power law power spectrum ACDM model with three neutrino species,
with total mass 0.06eV).
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Figure 2. 68% and 95% confidence joint constraints in the Ho-YPBN parameter space for Planck 2015
using temperature and polarization power spectra (left) and without include high ¢ polarization data
(right). The vertical bands correspond to the local Hy measurement [20]. The horizontal black dashed
lines correspond to the measurement (mean and 1 and 2 o) of the primordial abundance of [45], and in
magenta of [46], both from chemical abundances in metal-poor HII regions. The red dotted horizontal
line is the 2 o upper limit of the recent measurement of initial Solar helium abundance of [47].

4 Modifying early Universe physics: effect on Hy and 7

It is well known that there are two promising ways to alter early cosmology so that the tension
between CMB-inferred value and measured value of Hy is reduced. These are changing the
early time expansion history and changing the details of recombination.

Changes in the details of nucleosynthesis can be captured by changes in the primordial
Helium mass fraction, parametrised by YPBBN. In the standard analyses, since the process of
standard big bang nucleosynthesis (BBN) can be accurately modelled and gives a predicted
relation between YI?BN, the photon-baryon ratio, and the expansion rate, the value of YI?BN
is computed consistently with BBN for every model sampled, but one can also relax any
BBN prior and let YPI?BN vary freely, which has an influence on the recombination history
and affects CMB anisotropies mainly through the redshift of last scattering and the diffu-
sion damping scale. The effect of this extra degree of freedom on the inferred value of H
can be seen in figure 2 (obtained using the publicly released Planck team’s MCMC), the
local Hy measurement [20], and the measurements (mean and 1 and 2 o) of the primordial
abundance of [45] and [46] (which is less conservative) from chemical abundances in metal-
poor HII regions and the conservative 95% upper limit of the measured initial Solar helium
abundance of [47].

Even varying YI?BN without a BBN prior, the joint Hy- I?BN constraints are in a ~
2.70 disagreement (when using lowP and high ¢ TTTEEE) with the new measurement of
Hy [20]. If high ¢ polarization data is not included, the tension is reduced because of the
larger error bars. However, the constraints from Planck are not in agreement with both
Hy and primordial abundance measurements at the same time, even considering the more
conservative measurement of [45].

Changes on the early time expansion history are usually enclosed in the parameter Neg:
the effective number of relativistic species. For three standard neutrinos Neg = 3.046,% [48].
In fact light neutrinos are relativistic at decoupling time and they behave like radiation:
changing N.g changes the composition of the energy density, changing therefore the early

3The number of (active) neutrinos species is 3, the small correction accounts for the fact that the neutrino
decoupling epoch was immediately followed by e*e™ annihilation.
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Figure 3. Confidence regions (68% and 95%) of the joint constraints in the Hoy-Neg parameter
space for Planck 2015 data (blue) and Planck 2015 + BAO data (green) using full temperature and
polarization power spectra (left) and without including high ¢ polarization data (right). Here all
species behave like neutrinos when perturbations are concerned. The vertical bands correspond to
the local Hy measurement [20].

expansion history. This has been called “dark radiation” but it can mimic several other
physical effects see e.g., [49-60]. For example a model such as the one proposed in [51]
of a thermalized massless boson, has a AN.g between ~ 0.57 and 0.39 depending on the
decoupling temperature [3].

If we define ANgg as Neg — 3.04, it is well known that a ANy > 0 would increase
the CMB-inferred Hj value, bringing it closer to the locally measured one. This can be
appreciated in figure 3, where we show the results of Planck 2015 for a model where Neg is
an additional free parameter and the extra radiation behaves like neutrinos. In the Hy-Neg
parameter space we show the joint 68% and 95% confidence regions for Planck 2015 data
(blue) and Planck 2015 + BAO data (green) obtained from the Planck team’s public chains,
both using polarization and temperature power spectra (left) or just temperature power
spectrum and lowP (right). The vertical bands correspond to the local Hy measurement [20].

A high value of Negg (ANeg ~ 0.4) would alleviate the tension in Hy and still be allowed
by the Planck lowP and high ¢ temperature power spectra and BAO data as pointed out
in [20]. The “preliminary” high ¢ polarization data, disfavours such large ANeg (at ~ 20
level), as polarization constrains strongly the effective number of relativistic species.

This is however not the full story. State-of-the-art CMB data have enough statistical
power to measure not just the effect of this Neg on the expansion history but also on the
perturbations. Neutrino density /pressure perturbations, bulk velocity and anisotropic stress
are additional sources for the gravitational potential via the Einstein equations (see e.g., [61—
63]). The effect on the perturbations is described by the effective parameters sound speed and
viscosity ¢, %, [64-67]. Neutrinos have {cZ,c%.} = {1/3,1/3}, but other values describe
other physics, for example a perfect relativistic fluid will have {1/3,0} and a scalar field
oscillating in a quartic potential {1,0}. Different values of ¢2 and 2, would describe other
dark radiation candidates. This parametrisation is considered flexible enough for providing
a good approximation to several alternatives to the standard case of free-streaming particles
e.g., [68, 69].

Recent analyses have shown that if all Neg species have the same effective parameters
2, c2, Planck data constraints are tight [3, 70]: ¢ = 0.3240 + 0.0060, c2,, = 0.327 £ 0.037
(with fixed Neg = 3.046; Planck 2015). Moreover, the Neg constraints are not significantly
affected compared to the standard case: N.g = 3.22f8:§§ ([70]) against Neg = 3.13 £ 0.31



Negr Cz C%is Hy
lowP+TTTEEE 2.96 £0.23 | 0.324 +0.006 | 0.33 +£0.04 | 67.2+t1.9
lowP +TTTEEE+ lensing 2.91£0.21 | 0.325+0.006 | 0.33£0.04 | 67.0 £ 1.8

lowP +TTTEEE+lensing+BAO | 2.94 +0.18 | 0.325 £ 0.006 | 0.33 £0.04 | 67.2£1.3

Table 2. Marginalised mean and 68% confidence level errors for the parameters of interest for the
different combinations of data.

(Planck 2015) at 68% confidence level, both using CMB temperature data and CMB lensing.
We update the results of [70] by using Planck 2015 power spectra (lowP + high ¢ TTTEEE)
instead of Planck 2013. Results can be seen in table 2. Using state-of-the-art observations,
the constraints on are even tighter than in [70] and are driven by the high ¢ polarisation data.
As the polarisation analysis is “preliminary” these results should be considered preliminary
too. In all the cases studied, there is no significant shift in the central value of Hy. There is no
evidence for the main component of the relativistic species behaving differently from a stan-
dard neutrino, and this extension does not alleviate the tension in Hy significantly (tension
is reduced only because extending the model results in a slightly larger uncertainty in Hp).
The fact that when leaving c2, c?,is as free parameters in the analysis one recovers tight
constraints consistent with {1/3,1/3} and Neg = 3.04 is a good confirmation of the exis-
tence of a cosmic neutrino background. However, this does not exclude the possibility of
the existence of extra relativistic species (i.e., dark radiation) with different behaviour than
neutrinos. Their presence could be masked in the analysis by the dominant component, the
cosmic neutrino background. Thus next, we shall assume that there are three neutrino fam-
ilies in the Universe (i.e., that the 3.04 effective species have {c2, ¢ }={1/3,1/3}) and that
any extra dark radiation AN.g component has free effective sound and viscosity parameters.
We have modified the publicly available CLASS code [38, 39] to implement this. In figure 4
we show the qualitative effects on the CMB power spectra of the parameters describing this
extra dark radiation component.

Given that for ANgg ~ 0 there is almost no difference in the likelihood for different
values of ¢2 and cZ_, the MCMC tend to be stuck in that zone of the parameter space.t
To prevent it, we sample ANGQff instead. We find that, once 3.046 standard neutrinos are
fixed, the presence of extra relativistic species, even giving freedom to the behaviour of
their perturbations, is not favoured by the data. The constraints on cyis, ¢s are very weak
because of the strong upper limit on ANeg. The results are summarized in table 3, with the
upper limits of AN.g at 95% of confidence level. We also report the values for the Qy — o3
combination, as this is very similar to what galaxy clusters or weak gravitational lensing
constrain. While AN.g and oy are slightly correlated (an increase of 0.5 in ANeg increases
og by 0.03) the constraint on the Qy — og combination do not depend on the limits on A Neg-.
The joint constraints on ANgg and Hy are shown in figure 5.

Should the low-level systematic present in the polarisation data be found to be sub-
dominant in the published error-budget, this finding implies that there is not much room
for an extra component in the early universe whose density scales with the expansion like
radiation but whose perturbations have the freedom to behave like a perfect fluid, a neutrino,

4For the parameters ¢2;, and ¢ we limit the sampling to the range [0.0,1.1]. That is because values higher
than one are not physical and this way we also optimize the performance of the analysis, since we do not
explore the parameter space where these values are allowed to be very large in the region close to ANeg = 0.
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Figure 4. CMB temperature (left), temperature and polarization cross correlation (right) and polar-
ization (bottomn) power spectra predictions for ACDM (red) and the following extensions: one more
neutrino (blue), one scalar field (green), two scalar fields (black) and a illustrative case with extreme
(non physical) values of c2 and c2,, with AN = 0.1 (orange).

ANg c? 2 Hy ((21\/1/0.3)0‘5 os
lowP+ TTTEEE <0.36 0255097 | 0.12503% [68.9555 |  0.855003
lowP+ TTTEEE+CMB lensing <0.340.247015 ] 0.49 £0.33 [ 68.9732 | 0.8370 07
lowP+ TTTEEE+CMB lensing+BAO | < 0.28 [ 0.2679:9% | 0.28%9:45 | 68.779:6|  0.8479:0L
lowP + TT <0.76 | 0.25709% | 0.84702) [70.6735 |  0.8470:0%
lowP+ TT+CMB lensing <0.770.275997 | 0.8150:30 [71.3755 | 0.8270:0%
lowP+ TT+CMB lensing+BAO | < 0.44|0.20%920 | 0.9701  [69.0t09| 0.84+9:0L

Table 3. Marginalised constraints for the parameters of interest for the different combinations of
data. We report the the upper limit for ANeg (95% confidence level) and the highest posterior
density intervals for the rest of the parameters.
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Figure 5. Marginalized 68% and 95% confidence level constraints in the AN.g-Ho plane. Left:
Planck data including full temperature and polarization power spectra. Right: excluding high ¢
polarisation. We report results using Planck 2015 power spectra (blue), adding CMB lensing (red)
and adding also BAO (green). The vertical black bands correspond to the local Hy measurement [20].
Note the change in the scale of the y axis in each plot.

a scalar field or anything in between. This offers a useful confirmation of one of the key
standard assumptions on which the standard cosmological model is built. Also in this more
general model, of the CMB data, it is the high-¢ polarisation what disfavor high values of
Hjy. On the other hand, the freedom on the nature of the extra relativistic species produces
a small shift in Hy towards higher values and, when high ¢ polarization data of the CMB
are not included, our constraints are fully compatible with the direct measurement (right
panel of figure 5). However, when BAO data are included, the constraint on AN.g is tighter,
because the degeneracy with .

5 Changing late-time cosmology

The CMB is sensitive to both late and early cosmology. When fitting the CMB power
spectrum simultaneous assumptions about the early and late cosmology must be made, with
the implication that the physics of both epochs are entwined in the resulting constraints.
Then, it is difficult to determine what physics beyond ACDM would be the responsible
of possible deviations from the model. Exploring non-standard late cosmology evolution,
possibly in a minimally-parametric or model independent way is in general complicated if
CMB constraints are to be included. There is however a way to analyse CMB data so that
it is sensitive only to early cosmology as shown in [71-73]: the resulting constraints do not
depend on late-time physics and can therefore be included when analysing late-time data in
a model-independent way. The latest CMB Planck data were analysed in this way in [74],
where a variety of models of the early Universe are studied. Here we use their results —
obtained assuming standard early-time physics (i.e. a flat Universe composed of baryons,
radiation, standard neutrinos, cold dark matter and dark energy in the form of cosmological
constant from deep in the radiation era down to recombination)— in the form of a constraint
on the sound horizon at radiation drag: r<* = 147.00 + 0.34 Mpc.

To reconstruct H(z), we use BAO and SNela data along with the measured value of
Hy and &Y. The only assumptions made are that the expansion history of the Universe is
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smooth and continuous, that the spatial section of the Universe is flat, that SNela form an
homogeneous group such as they can be used as standard candles and that the sound horizon
at radiation drag, rs, is a standard ruler which calibrates the cosmic distance scale given by
BAO observations ([6, 30, 31]). We also consider the case in which the assumption about the
geometry of the Universe is relaxed. With this minimal assumptions, Hy and 74 are treated
only as the calibration of the cosmic distance ladder and they are related by Hyrs = constant.

Without any assumption about the geometry of the Universe, the comoving distance y
is related to the Hubble parameter by

C z dz/
x(z) = msk (v |Qk|HO/0 H(z’)> ) (5.1)

where Sk(x) = sinh(z), = or sin(z) for Qx > 0, = 0 or < 0, respectively. Then, the angular
diameter distance and the luminosity distance are

DA =L D) = ). -2

BAO observations provide measurements of Dy, which is related to H(z) by

?edz \? v
Dy(z) = |ez(1+ 2)* DA(Z)QH(Z)il] g lcz (~/0 Hc(lz/)> H(Z)I] , (5.3)

where the last identity is true only when flatness is assumed. While it is customary to
parametrise dark energy properties via the equation of state parameter w(z), it should be
evident that the observable quantity is H(z). Afterwards, to convert H(z) into w(z) a model
for dark energy must be assumed as well as a value for £2,,:

H(x) = (14 2)3/2\/ O + Qo exp [3 /0 T () dz’} , (5.4)

142

here Qpg is the density parameter for the dark energy and flatness is assumed.

For our model-independent reconstruction of the late-time expansion history where the
Hubble parameter is expressed in piece-wise natural cubic splines, H(z) is specified by the
values it takes at N “knots” in redshift; N = 4 for BAO only analysis and N = 5 when
SNelA are included. This parametrisation allows for smooth and relatively generic expansion
histories. As indicated in [37] for the compressed data set of supernovae, we allow an offset in
the absolute magnitude compared with the standard value, AM, treated as a free (nuisance)
parameter.

We summarize the results of our analysis (mean and 68% confidence intervals) in table 4.
In the following figures (figures 6-8) we show the best fit of our reconstruction of H(z) (black
line), the 68% confidence region obtained by plotting the curves corresponding to 500 points
of the chain randomly selected from the 68% with highest likelihood (red) and the Hubble
parameter corresponding to the ACDM prediction using the best fit values of Planck 2015
with lensing [3] (blue). The dashed blue line is the ACDM prediction using Hy = 73.0
Mpc~tkm/s instead of the Planck 2015 inferred value. In the plots, data are shown in green
and the predictions of the observables using H""(z) in black (bestfit) and red (68% region).
In this case we show ratios with respect ACDM prediction for clarity. The vertical grey lines
mark the position of the “knots”.
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Data sets H(z=0) | H(z=02) | Hz=0.57) | H(z=0.8) | H(z=1.3) s AM
Hy+BAO+75™Y 723+£1.7| 729+£1.9 | 96.4+£25 | 102.5414.0 - - -

Ho+SN 73.2+1.8 | 81.0+£25 | 99.3+44 | 107.0+£9.0 | 161.9+73.1 0.10 £ 0.06
Ho+BAO +r8™ 48N | 69.4+1.0 | 75.5+1.2 | 940+ 18 | 101.246.2 | 150.1+62.9 - —0.03£0.03

Hy+BAO(*)+SN 73.1+£1.8| 80.6+24 | 101.5£3.8 | 109.3+7.6 | 143.7+£59.7 |136.8+£4.0| 0.10£0.06
Ho+BAO+r"Y 4 SN(0) | 69.6t11 | 75.6 1.2 | 94.04+4.1 | 101.14+11.2 | 147.1+£89.3 —0.03 £0.04

Hy+BAO(*)+SN(o) 734735 | 83.04£3.0 | 111.9+8.9 | 130.0+£17.8 | 237.9+123.4 | 133.0£4.7| 0.10 +0.06
BAO+rEY SN (o) 66.3717 | 75.1+£1.1 | 101.245.7 | 118.1+£13.9 | 215.9 +112.0 - —0.11£0.05

Table 4. Marginalized mean and 68% confidence regions for the parameters included in the recon-
struction for each of the combinations of data sets we consider. When reporting asymmetric errors,
we report the highest posterior density value for Hy. The last column corresponds to AM, the offset
in the absolute magnitude compared with the standard value. We report it here to show that the
supernovae absolute magnitude is not significantly shifted away from its value determined internally
by external the data. the “*” symbol indicate that no CMB-derived 74 prior is used. The symbol “o”
indicates that Qy is left as a free parameter.
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Figure 6. Left: results of the reconstruction of H(z) using the direct measurement of Hy of [20]
and the BAO data set. Right: BAO data included in the reconstruction. We plot (Dy/r¢)ré®Y data
points and the Dy obtained with the corresponding H™®°"(z).

Figure 6 shows the reconstruction of H™"(z) and Dy (z) for the analysis of BAO and
Hy [20] data with the 7™ prior. While in a ACDM model H(z) is monotonically increasing
with redshift, here H™"(z) is almost constant in the range 0 < z < 0.2 to match the local
H, determination to the distance measurements which are “anchored” by r&®", predicting
a sharper acceleration at low redshift. Given that the lowest redshift sampled by the BAO
data is z = 0.106, Hy is determined mostly by the direct measurement of [20]. Using the
formalism described in section 3, we can quantify the significance of this feature with respect
to the Planck 2015 ACDM H (z) distribution. We consider various redshifts (z = 0, 0.2 and
0.57 which we select to coincide with the knots) yielding a multivariate distribution. With
this choice the odds of obtaining the same results are 1:49. Although the results would be
different depending on the chosen redshifts, we consider that this choice is representative and
the results will not vary qualitatively with another reasonable choice. This applies for all the
cases studied here.

In figure 7 we show the results for the reconstruction of H(z) using SNela and Hy.
We show H™°"(z) and the distance modulus. The redshift sampling of SNIa data is much
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Figure 7. Left: results of the reconstruction of H(z) using the direct measurement of Hy of [20] and
the SNela data set. Right: SNela data included in the reconstruction (green). We plot the distance
modulus, p, obtained with the corresponding H'™"(z). The plotted errorbars correspond to the
square root of the diagonal of the covariance matrix (we account correctly for the actual correlation
among bins in the analysis).

180 T T T T T T T 1.015
- e . _ 110 i
— 160+ — Planck+lensing ACDM = 1010
& ]
= - ACDM (H,=T73Mpc'km/s) 8 L
£ 140 -~ _ 1005
= < Z
= a
Q = g
8. 1201 S g .
& = N
1oor < 095 = 0.995
= =
= e a — D) 0.990
0.901
$ & data
oLL I L L I L L | | )
00 02 04 06 08 1.0 12 0.0 0.2 0.4 0.6 0.8 0.985
z z

Figure 8. Left: results of the reconstruction of H(z) using the direct measurement of Hy of [20], BAO
and SNela data set with a CMB-derived ¢ prior. Middle and right: observational data included in the
reconstruction (green), as in the previous cases, and the prediction using the corresponding H"°"(z).

denser than BAO: this constrains the shape of H'"(z), but not the normalisation (as the
analysis marginalises over the supernovae absolute magnitude) which is anchored at Hy ~ 73
Mpc~tkm/s by the Hy measurement. The reconstructed shape is very close to the ACDM
until the data sampling is sparser (z 2 0.6) and errors grow. The odds of SNela reconstructed
H(z) shape compared to the one obtained using only BAO, Hy and 7™ are 1:52.

Finally, when using the combination Hy, SNela and BAO with our 7™ prior (figure 8),
SNela observations constrain the shape of H™®"(z) but the normalization tries to fit Hy
and BAO (via r&) at the same time. The Hy measurement has a 2.4% error, but the
rSa“y determination a 0.23% error: the statistical power of the BAO normalisation shifts the
recovered H™°"(z = 0) to lower values compared to the local determination (and closer to
the Planck-inferred value under a ACDM model). Remarkably, given the freedom that the
cubic splines have, our reconstruction of H(z) is close to the ACDM prediction. In this case,
the odds compared to the shape obtained using only BAO, 7™ and Hy are 1:6, as this is
an intermediate solution between the standard ACDM shape with low Hy and the wiggly
reconstruction obtained above.

— 14 —



160,

= R16
Tf;\r]y

130H = Standard ruler

= |ate Universe

12: T
) 65

70
H, (Mpc 'km/s)

Figure 9. Without an absolute distance scale, such as an Hy determination, the low redshift standard
ruler measurement constrains the combination r¢h, and thus rsHy which appears as a (purple) band.
This measurement does not include the prior on 768 . The local Hy measurement (gray) can be used
to break the degeneracy (yielding the blue confidence regions).

To summarise, when using the local Hy measurement and BAO data normalised to the
CMB-derived & under standard early Universe assumptions, the reconstruction indicates
a sharp increase in the cosmic acceleration rate (H(z) ~constant) at z < 0.2, where the BAO
data have little statistical power. A dark energy equation of state parameter w < —1 (or
dropping recently below —1) would fit the bill. However, when including SNela the shape
of the expansion history is constrained not to deviate significantly from that of ACDM (at
z < 0.6 where there are many data points) and thus only the normalisation can adjust, taking
a value intermediate between the low and high redshift “anchors”, as Hgrs ~ constant. Thus
a phantom dark energy is not favoured by the data. Below we will show that relaxing the
flatness assumption does not change the results qualitatively.

5.1 Reconstruction independent from the early-time physics

To remove the dependence on the early Universe assumptions introduced by the high redshift
BAO anchor, we now treat ry as a free parameter in our analysis without including the prior
of the early Universe of 7™, We consider the data set combination Hy, BAO(*) and SNela
(hereafter the “*” symbol indicate that no CMB-derived ™™ prior is used).

This is illustrated in figure 9. The low redshift standard ruler measurement constrains
the combination rsh which is reported here as a band in the Hy-rs plane, constraining Hors =
constant. This constraint only relies on the BAO yielding a standard ruler (of unknown
length), on SNe being standard candles (of unknown luminosity), on spatial flatness and on
a smooth expansion history. The local Hy measurement or the early-time rs “anchors” can be
used to break the degeneracy. The rs measurement relies on early-time physics assumptions
(i.e. the value of Neg, YI?BN, recombination physics, epoch of matter-radiation equality etc.).
The H{ measurement relies on local calibrators of the cosmic distance ladder.

The constraints on our parameters are reported in table 4 and the reconstruction results
are shown in figure 10, using the same conventions as in previous plots. Once we free the
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Figure 10. Left: reconstructed of H(z) using the direct measurement of Hy of [20], BAO(*) and SNela
data set and letting rg vary as a free parameter. Middle and right: observational data included in the
reconstruction (green), as in previous cases, and the prediction using the corresponding H™°"(z).

CMB-anchor of BAO (no r¢ prior) the reconstruction is similar to that with only SNela:
H™°(2) is very similar to the ACDM prediction (with Hy ~ 73 Mpc~lkm/s). H™%(z = 0)
is in ~ 2.90 tension with the value obtained by Planck 2015 [3], which assumes ACDM. This
procedure yields a model-independent estimate of ry = 136.7 4+ 4.1 Mpc; remarkably, with
an error small enough to raise a tension of 2.60 with Planck 2015-derived value assuming
ACDM, and 2.50 if we compare with &Y of [74]. This tension in rs between the model
independent measurement and the CMB-inferred value is entirely due to the tension in Hy, via
the relation Hyrs = constant. As in previous cases, this data combination disfavours a recent
sharp acceleration given by the shape of H™"(z) using Hy and BAO, with odds of 1:65.

It is interesting to note that the reconstructed shape of H""(z) is constrained to be
very close to the ACDM-predicted shape. This is illustrated in figure 11 for the combination
SNela, BAO(*) and Hp: the maximal deviations at z < 0.6, where the data have most of
their statistical power, are at the 5% level.

For completeness, in figure 12, we show different CMB constraints on rg compared with
our measurement (black bands). Only when Neg is free and only Planck temperature and
lowP data are used, the constraint is modestly consistent (~ 2¢). In the other cases, the
tension is significant, except for the analysis of Planck 2015 temperature power spectrum
limited to ¢ > 1000 [25]. However, as discussed by these authors, most of the parameters
obtained using only this ¢ range are in tension with Planck 2015 ¢ < 1000 and WMAP9
constraints.’

It is illustrative to show the joint constraints for Hy and rg, which we do in figure 13.
The vertical band is the local Hy measurement and the blue contours are the constraints
obtained in this work. As said before, Hy and rg are related by Hyrs &~ constant and they
are perfectly anticorrelated in our measurement. Here the perfect degeneracy is lifted by the
measurement of Ho. In the same way, if the prior r<¥ is included instead Hy from [20], the
constraint on Hy will be approximately® HIr™ /re ~ 68 Mpc~'km/s, with the superscript
m meaning “measured”, recovering a value of Hy close to the Planck-inferred value.

We also show the results of Planck using temperature and polarization power spectra
(left) and only temperature power spectrum and lowP (right) for a ACDM model (red) and

®Note that the tensions in each case (in parenthesis in figure 12) are very similar in most of the cases
although by eye it may not be obviously apparent. This is because the error on the low redshift determination
is much larger and dominates the comparison.

This relation is not exact because the prior r¢™ is applied at various redshift and in combination with
the BAO measurements.
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Figure 11. Reconstructed shape of the expansion history F(z) = H(z)/Hj, normalised to a standard
ACDM expansion (with Planck-inferred density parameters), each with its corresponding value of Hy.
At z < 0.6 where the data have most statistical power, maximal deviations are at the 5% level.
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Figure 12. Marginalised 68% and 95% constraints on rg for different analysis of CMB data, obtained
from Planck Collaboration 2015 public chains [3], WMAP9 [1] (analysed with the same assumptions
than Planck) and the results of the work of [25] (TT, ¢ > 1000 and ¢ < 1000) and [74] (early only).
We show the constraints obtained in a ACDM context in blue, ACDM+ N.g in red, the constraints
obtained by analysing the CMB without any assumption of late universe physics (taken from [74]) in
green. The result from this work is shown as a gray band.
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logT Odds Jeffrey’s modified scale | Gaussian tension

Planck ACDM (T+P) 4.75 | 0.0086 (1:116) strong 3.7
Planck ACDM (TT) 4.31 0.013 (1:76) strong 3.5
Planck ACDM+Neg (T+P) | 3.55 0.029 (1:34) strong 3.1
Planck ACDM+N.g (TT) | 2.02 | 0.13 (1:8) positive 2.1
WMAP ACDM 3.59 0.027 (1:37) strong 3.1

Table 5. Two dimensional tension between the low redshift joint constraints on Hy — rs and a set of
CMB-derived constraints. See section 3 for details.
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Figure 13. Marginalized constraints in the Hy-75 plane (68% and 95% regions) for the cases discussed
in the text. Planck data includes high ¢ polarization in the left panel and does not in the right one.
Color-coded are the corresponding values of Neg in the case of ACDM+Neg.

a model which varies Neg (green); and of WMAPY for a ACDM model (analysed in the
same way as Planck, purple). It is possible to appreciate how, as CMB experiments derive
constraints assuming a model, the correlation is different and it depends strongly on the
adopted model (i.e ACDM vs. ACDM+Ng).

In table 5, we report the tension in the Hyp-r5 plane between our measurement and CMB
experiments for different models (computed as explained in section 3), expressed as log T,
the odds of full consistency and the tensions in terms of number of ¢ (computed assuming
gaussianity). Only for a model with extra dark radiation and discarding Planck’s high ¢
polarisation data the two constraints are in acceptable agreement (i.e., the tension is not
considered strong). From figure 13 it is possible to appreciate that within ACDM, excluding
polarisation data makes the CMB-derived Hy value more consistent with the local Hy, but
mainly because of an increase of the error bars; however including or excluding polarisation
data does not alter significantly the 5 determination. To make the local Hy determination,
the low-redshift estimate of the combination rsh and the CMB rg determination fully con-
sistent with each other, rg should be significantly lowered. Among the ACDM extensions we
explored, the only one that achieves this is allowing Neg ~ 3.4.

Finally, we also explore the case where the curvature of the Universe is not fixed to
Q. = 0.In this case, ) remains largely unconstrained, and still broadly consistent with
zero. There is no significant shift in the rest of parameters, but the error bars are larger.
The constraints are summarized in the bottom rows of table 4. Given the freedom of our
expansion history reconstruction, to obtain useful constraints on ) more data would be
needed (see for example, [30, 31] where curvature constraints are reported). In the near
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future, anisotropic measurements of the BAO feature from on-going and forthcoming surveys
could also be used.

6 Discussion and conclusions

The standard ACDM model with only a handful of parameters, provides an excellent de-
scription of a host of cosmological observations with remarkably few exceptions. The most
notable and persistent one is the local determination of the Hubble constant Hy, which, with
the recent improvement by [20], presents a ~ 30 tension with respect to the value inferred by
the Planck Collaboration (assuming ACDM). The CMB is mostly sensitive to early-Universe
physics, and the CMB-inferred Hy measurement thus depends on assumptions about both
early time and late-time physics. A related quantity that the CMB can measure in a way that
does not depend on late-time physics is the sound horizon at radiation drag, rs. This mea-
surement however is still model-dependent in that it relies on standard assumptions about
early-time physics. On the other hand the local measurement of Hy is model-independent as
it does not depend on cosmological assumptions. As this work was nearing completion, new
quasar time-delay cosmography data became available [24]. Within the ACDM model these
provide an Hy constraint centered around 72 Mpc™tkm/s, with a 4% error and thus shows
reduced tension.

The two parameters rs and Hy are strictly related when we consider also BAO obser-
vations. Expansion history probes such as BAO and SNIla can provide a model-independent
estimate of the low-redshift standard ruler, constraining directly the combination rgh (with
Hy = h x 100 Mpc~'km/s). Thus rs and Hy provide absolute scales for distance measure-
ments (anchors) at opposite ends of the observable Universe. In the absence of systematic
errors in the measurements, if the standard cosmological model is the correct model, indirect
(model-dependent) and direct (model-independent) constraints on these parameters should
agree. The tension could thus provide evidence of physics beyond the standard model (or
unaccounted systematic errors).

We have performed a complete cosmological study of the current tension between the
inferred value of Hy from the latest CMB data (as provided by the Planck satellite) [3] and
its direct measurement, with the recent update from [20]. This reflects into a tension between
cosmological model-dependent and model-independent constraints on 7.

We first have explored models for deviations from the standard ACDM in the early-
Universe physics. When including CMB data alone (or in combination with geometric mea-
surements that do not rely on the Hy anchor such as BAO) we find no evidence for deviations
from the standard ACDM model and in particular no evidence for extra effective relativistic
species beyond three active neutrinos. This conclusion is unchanged if we allow additional
freedom in the behaviour of the perturbations, both in all relativistic species or only in the
additional ones.

Therefore we put limits on the possible presence of a Universe component whose mean
energy scales like radiation with the Universe expansion but which perturbations could be-
have like radiation, a perfect fluid, a scalar field or anything else in between. On the other
hand the value for the Hubble constant inferred by these analyses and other promising modifi-
cations of early-time physics, is always significantly lower than the local measurement of [20].
Should the low-level systematics present in the high ¢ “preliminary” Planck polarisation data
be found to be non-negligible, the TEEE data should not be included in the analysis. In
this case, including only the “recommended” baseline of low ¢ temperature and polarisation
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data and only temperature for high ¢, the tight limits relax and the tension disappears for
a cosmological model with extra dark radiation corresponding to AN.g ~ 0.4. However the
tension appears (but at an acceptable level) again when BAO data is included. The con-
straints on the effective parameters which describe the behaviour of the extra radiation in
terms of perturbations are too weak to discriminate among the different candidates.

Another possible way to reconcile the CMB-derived Hj value and the local measure-
ment is to allow deviations from the standard late-time expansion history of the Universe.
Rather than invoking specific models we have reconstructed the expansion history in a model-
independent, minimally parametric way. Our method to reconstruct H(z) does not rely on
any model and only require minimal assumptions. These are: SNela form a homogeneous
group and can be used as standard candles, r¢ is a standard ruler for BAO corresponding
to the sound horizon at radiation drag, the expansion history is smooth and continuous and
the Universe is spatially flat. When only using BAO, and the Hy measurement with an
early Universe ry prior, the reconstructed H(z) shows a sharp increase in acceleration at low
redshift, such as that provided by a phantom equation of state parameter for dark energy.
However when SNela are included, the shape of H(z) cannot deviate significantly from that
of a ACDM, disfavouring therefore the phantom dark energy solution. When the CMB rg
prior is removed, this procedure yields a model-independent determination of rg (and the
expansion history) without any assumption on the early Universe. The ry value so obtained
is significantly lower than that obtained from the CMB assuming standard early-time physics
(2.60 tension). When we relax the assumption about the flatness of the Universe, the curva-
ture remains largely unconstrained and the error on the other parameters grow slightly. We
do not find significant shifts in the rest of the parameters.

Of course this hinges on identifying the BAO standard ruler with the sound horizon
at radiation drag. Several processes have been proposed that could displace the BAO fea-
ture, the most important being non-linearities, bias e.g., [75, 76] and non-zero baryon-dark
matter relative velocity [77-79]. These effects however have been found to be below current
errors [80-82] and below the 1% level. It is therefore hard to imagine how these effects could
introduce the 5 — 7% shift required to solve the tension.

In summary, because the shape of the expansion history is tightly constrained by current
data, in a model-independent way, the Hy tension can be restated as a mis-match in the
normalisation of the cosmic distance ladder between the two anchors: Hy at low redshift
and rg at high redshift. In the absence of systematic errors, especially in the high ¢ CMB
polarisation data and/or in the local Hy measurement, the mismatch suggest reconsidering
the standard assumptions about early-time physics. Should the “preliminary” high ¢ CMB
polarisation data be found to be affected by significant systematics and excluded from the
analysis, the mismatch could be resolved by allowing an extra component behaving like dark
radiation at the background level with a ANgg ~ 0.4. Other new physics in the early Universe
that reduce the CMB-inferred sound horizon at radiation drag by ~ 10 Mpc (6%) would have
the same effect.
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1 INTRODUCTION

ABSTRACT

Assuming the existence of standard rulers, standard candles and standard clocks, requiring
only the cosmological principle, a metric theory of gravity, a smooth expansion history and
using state-of-the-art observations, we determine the length of the ‘low-redshift standard
ruler’. The data we use are a compilation of recent baryon acoustic oscillation data (relying
on the standard ruler), Type la supernovae (as standard candles), ages of early-type galaxies
(as standard clocks) and local determinations of the Hubble constant (as a local anchor of the
cosmic distance scale). In a standard A cold dark matter cosmology, the ‘low-redshift standard
ruler’ coincides with the sound horizon at radiation drag, which can also be determined —
in a model dependent way — from cosmic microwave background observations. However,
in general, the two quantities need not coincide. We obtain constraints on the length of the
low-redshift standard ruler: 7! = 101.0 & 2.3 h~' Mpc, when using only Type la supernovae
and baryon acoustic oscillations, and r; = 150.0 & 4.7 Mpc when using clocks to set the
Hubble normalization, while r¢ = 141.0 & 5.5 Mpc when using the local Hubble constant
determination (using both yields r¢ = 143.9 & 3.1 Mpc). The low-redshift determination of the
standard ruler has an error, which is competitive with the model-dependent determination from
cosmic microwave background measurements made with the Planck satellite, which assumes
that it is the sound horizon at the end of baryon drag.

Key words: supernovae: general —cosmology: distance scale—large-scale structure of the
Universe.

these probes can give only relative measurements of the expansion
history. The quantities r; and H provide absolute scales for distance

We build on the idea presented in Sutherland (2012) and Heavens,
Jimenez & Verde (2014) that relatively low redshift measurements
of the cosmic expansion history H(z) can be used, in combina-
tion with measurements of the baryon acoustic oscillation (BAO)
feature, to determine the length of a standard ruler in a model-
independent way. Type Ia supernovae are standard(izable) candles
yielding a luminosity—distance-redshift relation. The BAO feature
is probably the best-understood standard ruler in the Universe.
However, it has the drawback that the comoving length of the
ruler, the sound horizon at radiation drag rs, is usually calibrated at
z > 1000 relying on cosmic microwave background (CMB) obser-
vations and theoretical assumptions. Without knowing the length of
the ruler or the brightness of the candles or the Hubble parameter,

* E-mail: rauljimenez@g.harvard.edu

© 2017 The Authors

measurements (anchors) at the opposite ends of the observable Uni-
verse. But while the CMB r¢ determination depends on several as-
sumptions (standard gravity, standard radiation content, negligible
isocurvature perturbations, standard scaling of matter and radiation
components, negligible early dark energy, etc.), local determina-
tions of the expansion rate are cosmology-independent. Alterna-
tively, standard clocks (Jimenez & Loeb 2002) can be used, rep-
resenting objects whose age is determined by established physics,
and whose formation time is sufficiently early that scatter amongst
formation times is negligible in the present cosmological context.
Standard clocks provide (absolute) measurements of H(z).

Even relative measurements of the expansion history, from obser-
vations of Type Ia supernovae, in combination with measurements
of the BAO feature, can yield a constraint on the low-redshift stan-
dard ruler, ”, which is the ruler length in units of A~! Mpc. An
absolute distance scale can be provided by adding a constraint on &
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such as that provided by H, or clocks, in which case observations
of the BAO feature can be used to determine the absolute length of
the low-redshift standard ruler, r, in units of Mpc. The importance
of this scale is that it is a key theoretical prediction of cosmological
models, depending on the sound speed and expansion rate of the
Universe at early times, before matter and radiation decouple. How-
ever, the low-redshift standard ruler is a direct measurement, which
will survive even if the standard cosmological model and standard
assumptions about early-time physics do not. Since the analysis of
Heavens et al. (2014), new BAO, H, and cosmic clock data have
become available, with improved statistics, which we consider here.

2 DATA AND METHODOLOGY

The latest Hy determination is provided by the sHOES program, reach-
ing a 2.4 per cent precision, Hy"*ES = 73.24 4+ 1.74 km s~! Mpc™!
(Riess et al. 2016). A Gaussian likelihood is assumed.

The Type Ia supernovae data are the compilation of Betoule et al.
(2014), binned into 31 redshift intervals between 0 and 1.3, equally
spaced in log (1 + z) to yield the distance modulus as a function of
redshift. The covariance matrix is supplied for the binned data. The
binning, in conjunction with the central limit theorem, motivates the
use of a Gaussian likelihood. The data are given as measurements
of the distance modulus

w(z)=m — M =25+ 5log,, DL(2), (1)

where m is the apparent magnitude, M is a fiducial absolute magni-
tude, M >~ —19.3, and Dy, is the luminosity distance.

Constraints on the BAO are from the following galaxy surveys:
Six Degree Field Galaxy Survey (Beutler et al. 2011), the LOWZ
and CMASS galaxy samples of the Baryon Oscillation Spectro-
scopic Survey (BOSS-LOWZ and BOSS-CMASS, respectively;
Cuesta et al. 2016, we use the isotropic measurement) and the
reanalysed measurements of WiggleZ (Blake et al. 2011) by Kazin
et al. (2014). While we take into account the correlation among the
WiggleZ measurements, we neglect the correlation between Wig-
gleZ and CMASS. This is motivated by the fact that the WiggleZ-
CMASS overlap includes a small fraction of the BOSS-CMASS
sample and the correlation is very small, always below 4 per cent
(Beutler et al. 2016; Cuesta et al. 2016). BAO data provide measure-
ments of the dilation scale normalized by the standard ruler length,
Dy/rs, where

1/3
Dy() = {(1 + DA | )
H(z)
If rg is interpreted as the sound horizon at radiation drag, r4(zq),
then

* ¢(2) .
H(z)

3)

ra(za) =
Zd
where ¢(z) is the sound speed.

Strictly speaking, the measurement of the BAO scale relies on
correcting small non-linear shifts and sharpening the feature with
the so-called reconstruction procedure (e.g. Noh, White & Padman-
abhan 2009; Padmanabhan, White & Cohn 2009). This procedure is
somewhat model-dependent (assumes Newtonian gravity), but the
effect is small compared with current error bars.

For the standard clocks, we use galaxy ages determined from
the analysis of stellar populations of old elliptical galaxies. We as-
sume that the formation time was at a sufficiently high redshift that
variations in formation time of stars within each galaxy and among
galaxies are negligible. Differential ages, At, then provide estimates

MNRAS 467, 731-736 (2017)

of the inverse Hubble parameter as 1/H(z) = dr/dz(1 + z) and d¢/dz
~ At/ Az for suitable redshift intervals Az. We use the measure-
ments of H(z) obtained by Moresco et al. (2016), who extend the
previously available compilation to include both a fine sampling at
0.38 < z < 0.48 exploiting the unprecedented statistics provided by
the BOSS Data Release 9 and the redshift range up to z ~ 2.

As in Heavens et al. (2014), we parametrize the ex-
pansion history by an inverse Hubble parameter, h=(z) =
100kms™! Mpc‘l/H(z), which is specified at N = 7 values (nodes)
equally spaced between z = 0 and 1.97; we linearly interpolate
h~"(z) in between. Since the maximum redshift probed by super-
novae data is smaller than that probed by clocks, when clocks are
not included, N = 5, and the maximum redshift value considered is
z = 1.3. This implicitly assumes a smooth expansion history.

Assuming the cosmological principle of homogeneity and
isotropy (and thus an FRW metric), the curvature of the Universe
(k= {1, 0, —1}) and H(z) completely specify the metric and the
geometric observables considered here: luminosity distance Dy, and
the dilation scale Dy through the angular diameter distance D . The
curvature radius of the Universe is kR, (for k = %1) and infinity
for k = 0, where R, denotes the present value of the scalefactor,
and the curvature is k = c¢/(RoHy). If we wish to further assume
General Relativity (GR), the curvature density parameter is given
by Qi = k[c/(RoHy)]*> = ki with ¢ the speed of light.!

As it is customary for supernovae, we allow an absolute magni-
tude offset AM: We are assuming the existence of a standard candle,
but not its luminosity. Similarly, for the BAO measurements, we as-
sume that there is a standard ruler, which is normally interpreted as
the sound horizon at radiation drag, but for the purposes here, it is
simply a ruler.

The parameters are therefore (1!, @, AM, h71(0),
h='(z)), ..., h~'(zx)). Uniform priors are assumed for all param-
eters. The parameter space is explored through standard Markov
chain Monte Carlo (MCMC) methods.

In Section 3.1, we compare this parametrization with a prior on
H(z) in five knots, r; and a spline interpolation. We also compare re-
sults for different sampling techniques: Metropolis Hastings (Hast-
ings 1970) and Affine Invariant sampler (Goodman & Weare 2010).

3 RESULTS

In Table 1, we report the mean and 68 per cent credible regions for
the recovered quantities for various combinations of the data: CSBH
indicating clocks, supernovae, BAOs and local H), respectively.
The posterior distributions are very symmetric (unless otherwise
stated) and very close to Gaussian, and for this reason, herein we
report symmetric error bars. However, the posterior distribution of
the curvature parameter is highly non-Gaussian, except when both
clocks and supernovae data are considered or in the SB case; the
curvature is poorly constrained otherwise; hence, in these cases we

'In fact recall that

r@) = — / L )
“7 RoHo Jo E(z)  RoHy

where E(z) = H(z)/Ho and H(z) = a~'da/dt.

c

7)) = 7)"!
Dp(@) =(1+2) Hox

Sk(kF), (©)]
where S(r) = sinr, r, sinhr for k = 1, 0, —1, respectively. For any metric
theory of gravity, the angular diameter distance and luminosity distance are
related by Dp. = (1 + 2)?Da.
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Table 1. Posterior mean and standard deviation for the model parameters. In the first column, the abbreviation of the data
set combination is reported: C = clocks, B = BAO, S = supernovae and H = Hj measurement. The curvature radius of the
Universe Ry is constrained, independently of GR, but we report it in terms of the GR-specific curvature density parameter 2.
The curvature distribution in some cases is highly non-Gaussian; therefore, we also report in parentheses the maximum of
the posterior and the 68 per cent highest posterior density interval. When supernovae are not included, AM is not a parameter

(hence the ‘N/A’ table entry).

Data rl(h =" Mpc) rs(Mpc) Hy AM Qi = k(c/HoRo)?
SBH  1020£25(¥33) 1408449 728418 0079 £0083  —0.49:+064 (-0.991%)
BH 1072+£72 147 £+ 10 730+ 18 N/A Unconstrained

SB 101.0 £ 2.3 Unconstrained Unconstrained Unconstrained 0.07 £ 0.61

CB 1039 +5.6 1495+ 43 69.6 + 4.2 N/A Unconstrained

CSB 1005+ 1.9 150.0 + 4.7 67.0+25 —0.090 + 0.079 0.36 + 0.41

CBH 107.2 +3.4 148.0 £ 3.9 725 £ 1.7 N/A Unconstrained
CSBH 1023+ 1.8 143.9 3.1 711£15 00280047  —0.03+0.31 (—o‘ostg;gg)
SBH 100.7 £ 1.8 138.5+£43 728+ 18 0.083 + 0.061 Flat

BH 107.1+£7.2 147 £ 10 73.0+1.8 N/A Flat

SB 1012+ 1.8 Unconstrained Unconstrained Unconstrained Flat

CB 103.7£5.5 149.8 £ 4.2 69.2 4.0 N/A Flat

CSB 1014+ 1.7 1483 +43 685+ 2.1 —0.047 + 0.064 Flat

CBH 107.4 +3.4 148.0 + 3.6 726+ 1.7 N/A Flat

CSBH 1023+ 1.6 143.9 +£ 3.1 711+14 0.026 £ 0.043 Flat

also report the maximum of the posterior and the 68 per cent highest
posterior density interval.
The results of Table 1 indicate the following:

(1) There is only a mild dependence of the low-redshift stan-
dard ruler determination on curvature. Imposing flatness slightly
reduces the error bars, and has no effect when all data sets are con-
sidered. Only in the case of SBH does imposing flatness induce
a change of ~1o in the low-redshift standard ruler towards lower
values.

(2) The recovered H, estimates cluster around two values:
h =h(z = 0) ~ 0.73 obtained when the local Hy"ES is used (as
expected); and i ~ 0.68 when clocks are used, and 0.71 when both
are used.

(3) These two values for H correspond to the low versus high
Hubble constant obtained, respectively, from the Planck CMB
analysis assuming a Acolddarkmatter(ACDM) model and the lo-
cal measurement based on cepheids and local supernovae (Riess
et al. 2016). A more detailed discussion and extended analysis can
be found in Bernal, Verde & Riess (2016, hereafter BVR).

(4) The H, value obtained by the CSB combination has an error
bar of 3.7 per cent, to be compared with a 2.4 per cent error for
HSHOES and a 3.8 per cent error for HOLICOW (Bonvin et al. 2016).
These two measurements are in agreement at the 2o level with the
CSB value.

(5) Supernovae and cosmic clocks data are needed to constrain
the curvature. The curvature distribution is highly non-Gaussian,
unless these data sets are considered.

(6) Without HHOES, r, tends to be ~149 Mpc, as expected, and
HHOES pulls the recovered r, downwards.

(7) Depending on how extensive the data set considered is, the
error on r varies between 7 per cent (for BH) to 1.8 per cent
(CSBH), and the error on ry varies between 7 per cent (for BH) to
2.1 per cent (CSBH).

(8) While r:’ is better determined than ry, the recovered value
across different data sets is more consistent for r;.

(9) r! is determined at the 2 per cent level with only BAOs and
supernovae. In this case, the curvature distribution is remarkably
more symmetric than for the SBH case.

Fig. 1 offers visual comparisons of the r" and r; measurements,
for the flat case and marginalizing over curvature. The CSB com-
bination yields an r; value fully consistent with the Planck mission
CMB inferred one, while the SBH determination yields lower val-
ues, which are still consistent in the non-flat case but become an
~20 tension (with respect to the Planck value for the ACDM model)
when flatness is imposed.

Fig. 2 shows the envelope enclosing 95 per cent of the recon-
structed H(z) for two representative data set combinations. The odd
shape of the envelope is due to the fact that the linear interpolation is
being performed in 1/H, while the quantity plotted is H(z). Symbols
represent the best-fitting H(z) of each redshift. The highest redshift
nodes are poorly constrained and therefore not shown. Also for the
CSBH case, the joint distribution of the h=1(z,) values for the last
two redshift nodes shows a structure indicating a high degree of
interdependence between the two quantities. This does not affect
the determination of the standard ruler, as there is no correlation
between r; or r/ and h=(z,) for n > 4.

3.1 Robustness to prior assumptions

To assess the dependence on the prior assumptions, we compare
our findings with the results and the approach of BVR. In that
work, a similar reconstruction of the late time expansion history is
performed in the context of the study of the tension between the
(direct) local Hy determination and its CMB-inferred value within
the ACDM model. However, they use a different parametrization
and sampling method: H(z) and r, are the free parameters, and
H(z) values are interpolated using natural cubic splines, instead of
!, h=1(z) and linear interpolation as done here. They also use an
Affine Invariant sampler [implemented in the public code EMCEE
(Foreman-Mackey et al. 2013)] instead of Metropolis Hastings.
BVR do not include cosmic clocks, so we concentrate on the SBH
data combination for this test. The number of nodes is the same
(N =5), although their location is different. We isolate each of the
methodological differences to study their effect in the final results.

As supernovae data impose very strong constraints on the shape
of H(z), the resulting expansion history does not depend on the
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Figure 1. At a glance: comparison of central values and 1o errors on the rsh (left-hand panel) and ry (right-hand panel) measurements for flat geometry (blue)
and marginalizing over the curvature (black). Note the change of the scale in the x-axis in each figure.
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Figure 2. Reconstructed expansion history H(z) (95 per cent confidence envelop) for two representative data set combinations: SBH (left-hand panel) CSBH
(right-hand panel). The last redshift nodes (one on the left-hand side, two on the right-hand side) are not shown as there H(z) is poorly constrained. The jagged
shape of the envelop is due to the linear interpolation being performed in 1/H, while the quantity plotted is H(z). Symbols represent the best-fitting values for

the reconstruction.
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Figure 3. Effects of prior assumptions and the MCMC sampling method. We show the comparison of the posterior distributions of Q (left-hand panel) and
in the Qkfrsh plane (right-hand panel) obtained from the same data (SBH) with different methodologies: this work (blue), using an Affine Invariant sampler
instead of Metropolis Hastings (red) with two choices for the redshift sampling, the one from this work (solid) and the other from BVR (dashed), and the
approach of BVR (green), which uses an Affine Invariant sampler, rs and H(z;) as variables and a spline interpolation of H(z).

interpolation method, even taking into account that the splines allow
much more freedom than the linear interpolation. Also, the location
of the knots does not have any significant effect in the final fit of the
reconstruction. It does, however, have a mild effect on the curvature,
which is the parameter most weakly constrained.

In Fig. 3, we show the posterior distribution of €2; (left-
hand panel) and the joint distribution in the €~/ plane (right-
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hand panel) for the different cases compared in this section.
The distributions are marginalized over all other parameters. We
refer as ‘Affine Invariant’ to the case when the only change
with respect to this work is the MCMC sampler. The fig-
ure also quantifies the effect of a different choice of red-
shift sampling (nodes). Unlike in our parametrization, using
ry and H(z) as free parameters makes the distribution of €2
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Figure 4. Effect of combining the low-redshift standard ruler measurement (interpreted as the sound horizon at radiation drag) with Planck CMB observations.
The transparent contours show the joint 75 versus Negr 68 per cent and 95 per cent marginalized confidence regions obtained from the posterior sample provided
by the Planck CMB mission. On the left-hand side, all temperature and polarization data are used, whereas on the right-hand side, high-¢ polarization data are
not included. The filled contours result from importance sampling this with our CSB measurement (top row), SBH (middle row) and CSBH (bottom row).

Gaussian, but centred around higher values and with larger error
bars.

As rg and €2, are anticorrelated (and €2, and H, are independent),
differences in the posterior of € result in different determinations
of the low-redshift standard ruler. The values of r, and " obtained in
this work (for the non-flat case) are ~ 1o higher than in BVR. Once
flatness is imposed, the discrepancies between the two sampling
algorithms and prior choices disappear.

It is important to point out that the dependence of the posterior
on the prior choice and the MCMC sampling method appears only
when the parameters are weakly constrained. This is the case when
using only BAOs, supernovae and Hy (SBH) and not imposing
flatness. Both cosmic clocks and supernovae data are needed to
obtain a Gaussian posterior distribution for the curvature: In these

cases (CSBH and CSB), the dependence on the prior assumptions
and the sampler becomes unimportant. The dependence on prior is
negligible also for the SBH data set combination when flatness is
imposed.

4 DISCUSSION AND CONCLUSIONS

This model-independent determination of the low-redshift standard
ruler can be interpreted as the sound horizon at the baryon drag and
thus compared with (model-dependent) CMB determinations. This
comparison can be used to limit the scope of new physics that may
alter the early expansion rate and sound speed. This is investigated in
detail, for example, in Bernal et al. (2016). Here, we only compare
our constraints with those obtained by the Planck team with the
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Planck 2015 data release, using publicly available posterior samples
(Planck Collaboration XIII 2015). The direct measurement of the
ruler is in good agreement with the CMB-derived one for all models
considered by the Planck team and especially the standard ACDM
model. In all cases, the CMB-inferred error bars are, understandably,
much smaller, with one notable exception: the model where the
effective number of neutrino species is free (Heavens et al. 2014).
The effect of combining our measurement with the CMB one is
illustrated in Fig. 4. Transparent contours are the (joint) 68 per cent
and 95 per cent confidence regions for CMB data alone, including
(excluding) high-¢ polarization data on the left-hand (right-hand)
panel. The filled contours result from importance sampling this
with our SBH, CSB or CSBH measurement, which reduces the
errors significantly. When HOSHOES is included, the error on N is
reduced by suppressing the posterior for low N.g values. A similar
trend was found by Riess et al. (2016) and by BVR.

Note that even without an estimate of 4, the combination of BAO
and supernovae data already constrains the low-redshift standard
ruler scale ! at the 2 per cent level, r" = 101.0 £ 2.3 Mpc /'

Looking ahead, improvements on the low-redshift standard ruler
measurement may arise from the next generation of BAO surveys.
For example, if in the CSB (or CSBH) combination we substitute
the current BAO measurements with forecasted constraints achiev-
able with a survey with the specifications of DESI (Levi et al. 2013),
errors without imposing flatness will reduce as follows. The error
on r!' will go from 1.9 per cent to 1.3 per cent (1.8 per cent to
1.1 per cent), the error on ry from 3.2 per cent to 2.8 per cent
(2.2 per cent to 1.9 per cent), the error on H, from 3.7 per cent to
3.4 per cent (2.1 per cent to 2 per cent) and the error on 2 from
+0.41 to £0.28 (£0.31 to +0.22). For the SB combination, we
find an error on ! of 1.5 per cent, and 1.3 per cent with flatness
imposed. Given the dramatic improvement in the precision of ex-
pansion history constraints provided by the next generation of BAO
surveys, these forecasts indicate that we are entering a regime where
the error on r!" is dominated by the supernovae errors and the error
on r, is dominated by that on the normalization of the expansion
history A, and therefore directly or indirectly on Hj. Improvement
on the local H, determination towards a goal of ~1 per cent error
budget may be provided by, for example, gravitational lensing time
delays (Suyu et al. 2016) and by further improvements of the classic
distance ladder approach (Riess et al. 2016).
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1 Introduction

For two decades or more, the standard A-Cold Dark Matter (ACDM) cosmological model has
succeeded astonishingly well in matching new astronomical observations, and its parameters
are precisely constrained (e.g. [1-3]). However, more recent work has persistently revealed
tensions between high and low redshift observables. In the case of the Hubble constant, Hy,
the best direct measurement using cepheids and supernovae type Ia [4] is in 3.40 tension
with the value inferred assuming ACDM using Planck observations [1]. Planck and weak
lensing surveys both measure the normalization of density fluctuations via the combination
02%50g, and their estimates were claimed to be in 2.30 tension by the KiDS collaboration [5]
— although recent results from DES are less discrepant [6]. These inconsistencies are not
currently definitive (e.g. [7]), but they raise the concern that something could be missing in
our current cosmological understanding. It could be that the ACDM model needs extend-
ing, but it could also be that the existing experimental results suffer from unaccounted-for
systematics or underestimated errors.

When inconsistent data are combined naively, it is well understood that the results risk
being inaccurate and that formal errors may be unrealistically small. For this reason, much
emphasis is placed on tests that can be used to assess the consistency between two data sets
(e.g. [8-10]). We refer the interested reader to [11, 12] for more methodologies but also for a
comprehensive comparison between different measures of discordance. Another approach is
the posterior predictive distribution, which is the sampling distribution for new data given
existing data and a model, as used in e.g., [13]. However, these methods are not really helpful
in cases of mild tension, where a subjective binary decision is required as to whether or not
a genuine inconsistency exists.

Unknown systematics can be modelled as the combination of two distinct types. Type
1 systematics affect the random scatter in the measurements (and therefore the size of the
errors in a parameterised model), but do not change the maximum-posterior values for the
parameters of the model. In contrast, type 2 systematics offset the best-fitting parameters
without altering the random errors; they are completely equivalent to shifts in the parameters



of the model without modifying the shape of the posterior of each parameter. While the
former are commonly detectable through internal evidence, the latter are more dangerous
and they can only reveal themselves when independent experiments are compared. Much
of our discussion will focus on this class of systematic. With a detailed understanding of a
given experiment, one could do better than this simple classification; but here we are trying
to capture ‘unknown unknowns’ that have evaded the existing modelling of systematics, and
so the focus must be on the general character of these additional systematics.

Taking all this into account, there is a need for a general conservative approach to
the combination of data. This method should allow for possible unknown systematics of
both kinds and it should permit the combination of data sets in tension with an agnostic
perspective. Such a method will inevitably yield uncertainties in the inferred parameters that
are larger than in the conventional approach, but having realistic uncertainties is important
if we are to establish any credible claims for the detection of new physics.

The desired method can be built using a hierarchical approach. Hierarchical schemes
have been used widely in cosmology, e.g. to model in more detail the dependence of the
parameters on each measurement in the case of Hy and the cosmic distance ladder [14], or
the cosmic shear power spectrum [15]. While the extra parameters often model physical
quantities, our application simply requires empirical nuisance parameters. The introduction
of extra parameters to deal with data combination was first introduced in the pioneering
discussion of [16]. A more general formulation was provided by [17] and refined in [18] (HO02
hereinafter). This work assigns a free weight to each data set, rescaling the logarithm of each
individual likelihood (which is equivalent to rescaling the errors of each experiment if the
likelihood is Gaussian), in order to achieve an overall reduced x? close to unity. The HO02
method yields meaningful constraints when combining data sets affected by type 1 errors,
and it detects the presence of the errors by comparing the relative evidences of the conven-
tional combination of data and their approach. However, this method is not appropriate
for obtaining reliable constraints in the presence of type 2 systematics, where we might find
several experiments that all have reduced x? values of unity, but with respect to different
best-fitting models. HO2 do not make our distinction between different types of systematics,
but in fact they do show an example where one of the data sets has a systematic type 2 shift
(see figures 3 & 4 of H02). Although their method does detect the presence of the systematic,
we do not feel that it gives a satisfactory posterior in this case, for reasons discussed below
in section 3.2.

Here we present a method called BACCUS,' BAyesian Conservative Constraints and Un-
known Systematics, which is designed to deal with systematics of both types. Rather than
weighting each data set, the optimal way to account for type 2 systematics is to consider
the possibility that the parameters preferred by each experiment are offset from the true
values. Therefore, extra parameters shift the model parameters when computing each indi-
vidual likelihood, and marginalized posteriors of the model parameters will account for the
possible existence of systematics in a consistent way. Moreover, studying the marginalized
posteriors of these new parameters can reveal which experiments are most strongly affected
by systematics.

This paper is structured as follows. In section 2, we introduce our method and its
key underlying assumptions. In section 3, we consider a number of illustrative examples of
data sets constructed to exhibit both concordance and discordance, contrasting the results

! A python package implementing is publicly available in https://github.com/jl-bernal/BACCUS.



from our approach with those of H02. We then apply our method to a genuine cosmological
problem, the tension in Hy, in section 4. Finally, a summary and some general discussion of
the results can be found in section 5. We use the Monte Carlo sampler emcee [19] in all the
cases where Monte Carlo Markov Chains are employed.

2 Overview of assumptions and methodology

We begin by listing the key assumptions that underlie our statistical approach to the prob-
lem of unknown systematics. Firstly, we will group all codependent experiments in different
classes, and consider each of them independent from the others. For example, observations
performed with the same telescope or analyzed employing the same pipeline or model as-
sumptions will be considered in the same class, since all the really dangerous systematics
would be in common. Then, our fundamental assumption regarding systematics will be that
a experiment belonging to each of these classes is equally likely to commit an error of a given
magnitude, and that these errors will be randomly and independently drawn from some prior
distribution. Attempts have been made to allow for dependence between data sets when in-
troducing scaling parameters as in H02 (see [20]). We believe that a similar extension of our
approach should be possible, but we will not pursue this complication here.

With this preamble, we can now present the formalism to be used. Consider a model
M, parameterised by a set of model parameters, 0 (we will refer to M (0) as 6 for simplicity),
which are to be constrained by several data sets, D. The corresponding posterior, P (8|D),
and the likelihood, P (D|6), are related by the Bayes theorem:

P(6)P (D|6)

P(OID) = =5y

(2.1)
where P(6) is the prior. We will consider flat priors in what follows and concentrate on the
likelihood, unless otherwise stated. For parameter inference, we can drop the normalization
without loss of generality.

We can account for the presence of the two types of systematics in the data by intro-
ducing new parameters. For type 2 systematics, the best fit values of the parameters for each
experiment, 8;, may be offset from the true value by some amount. We introduce a shift
parameter, Aij, for each parameter 6; and class ¢ of experiments. For type 1 systematics,
we follow HO2 and introduce a rescaling parameter «; which weights the logarithm of the
likelihood of each class of experiments; if the likelihood is Gaussian, this is equivalent to
rescaling each individual x? and therefore the covariance. Considering n; data points for the
class of experiments i, the likelihood is now:

P8, cx, {Ag} D) x ] af*/* exp [—O; (x%u + A0+ Al — éi)ﬂ , (2.2)

where X%f is the minimum 2, corresponding to the best-fit value of 6, 0. Here, we use the
notation {Ag} to indicate the vector of shift parameters for each parameter of the model.
There is a different vector of this sort for every class of experiments, indexed by 3.

For rescaling parameters, HO2 argue that the prior should be taken as:

P(a;) = exp[—ay] (2.3)

so that the mean value of «; over the prior is unity, i.e. experiments estimate the size of
their random errors correctly on average. One might quarrel with this and suspect that



underestimation of errors could be more common, but we will retain the HO2 choice; this
does not affect the results significantly. In realistic cases where the number of degrees of
freedom is large and null tests are passed so that X%f ; = 1, the scope for rescaling the errors
will be small and «; will be forced to be close to unit7y. For the prior on shift parameters, we
choose a zero-mean Gaussian with a different unknown standard deviation determined by oy;,
corresponding to each parameter 6; and common to all classes of experiments. Furthermore,
it is easy to imagine systematics that might shift several parameters in a correlated way,
so that the prior on the shifts should involve a full covariance matrix, ¥ A, containing the
variances, ogj, in the diagonal and off-diagonal terms obtained with the correlations pj, j,
for each pair of shifts (3}, j, = pj1,j206i10gs2 ). Thus the assumed prior on the shifts is:

N
_ 1 iTaeiai
P A0} p) o [ 128 e [~ a4 550 ) . (2.4

We now need to specify the hyperpriors for the covariance matrix of the shifts, 3.
Our philosophy here is to seek an uninformative hyperprior: it is safer to allow the data to
limit the degree of possible systematic shifts, rather than imposing a constraining prior that
risks forcing the shifts to be unrealistically small.

Different options of priors for covariance matrices are discussed by e.g. [21]. In order to
ensure independence among variances and correlations, we use a separation strategy, applying
different priors to variances and correlations (e.g. [22]). A covariance matrix can be expressed
as X = SRS, with S being a diagonal matrix with S;; = 0y; and R, the correlation matrix,
with R;; = 1 and R;; = p;j. As hyperprior for each of the covariances we choose a lognormal
distribution (logo = N(b,§), where N(b,€) is a Gaussian distribution in log o with mean
value b and variance £). In the case of the correlation matrix, we use the LKJ distribution [23]
as hyperprior, which depends only on the parameter n: for n = 1, it is an uniform prior over
all correlation matrices of a given order; for n > 1, lower absolute correlations are favoured
(and vice versa for n < 1). The parameters b, £ and 1 can be chosen to suit the needs of
the specific problem. We prefer to be as agnostic as possible, so we will choose n =1 and b
and & such as the hyperprior of each covariance is broad enough to not to force the shifts to
be small.

The final posterior can be marginalized over all added parameters, leaving the con-
servative distribution of the model parameters 8, that is the main aim of this work. This
immediately provides a striking insight: a single experiment gives no information whatso-
ever. It is only when we have several experiments that the possibility of large og starts to
become constrained (so that the {Ag} cannot be too large). In the case of consistent data,
as the shifts are drawn from a Gaussian distribution, only small shifts are favoured (as the
individual likelihoods would not overlap otherwise). If, on the other hand, only two data sets
are available and there is a tension between them regarding some parameter ¢;, the prior
width ogy; could be of the order of such tension, but much larger values will be disfavoured.

However, an alternative would be to obtain the marginalized posteriors of {Ag}. This
tells us the likely range of shifts that each data set needs for each parameter, so that un-
usually discrepant experiments can be identified by the system. As we will see in examples
below, this automatically results in their contribution to the final posterior being down-
weighted. If one class of experiments has shifts that are far beyond all others, this might
give an objective reason to repeat the analysis without it, but generally we prefer not to
take this approach: judging whether an offset is significant enough to merit exclusion is a



somewhat arbitrary decision, and is complicated in a multidimensional parameter space. Our
formalism automatically downweights data sets as their degree of inconsistency grows, and
this seems sufficient.

3 Application to illustrative examples

3.1 Shift parameters in the one-parameter Gaussian case

In order to exhibit all the features of our method more clearly, we first apply the formalism
to the simple model in which there is only one parameter (6 = a) and the probability density
functions (PDFs) of a for the N individual experiments are Gaussian. In this case, we can
rewrite Equation 2.2 as:

N
N 1 4
P(a, o, Ag, 7a|D) ox [ o}/ exp [—Qai (o + Ax2(a+ AD)| . (3.1)
1

We apply the prior for rescaling parameters (Equation 2.3) and marginalize over each «; to
obtain the marginalized posterior for a single class of experiments:

Pi(a, Al 04| D;) o (Ax2(a+ AL) 42)” "/ (3.2)

For large n;, x? + 2 ~ x?, and the right hand side of Equation 3.2 is proportional to
exp[—(Ax?/2)(ni/ Xz27bf)]’ which in effect instructs us to rescale parameter uncertainties ac-
cording to (Xai)l/Q, where X:%,z‘ is the reduced X? for the class of experiments i. But it can
be assumed that experiments will pursue internal null tests to the point where x2 ~ 1; thus
in practice rescaling parameters can do little to erase tensions.

Assuming hereafter that experimenters will achieve x, = 1 exactly, we can now focus
on the novel feature of our approach, which is the introduction of shift parameters. Then,

the posterior can be written as

N n; k i k\2 ; 2
_ 1 yi(a+ AL) — D; A
P(a, Aa, O'a|D) X H o, 1 exp [_2 § < ( 1 ( k2) 7 ) ) + 2;’2 , (33)
i k=1 0; a

where yf(m) is the theoretical prediction to fit to the measurement Df of the class of

experiments i, with error af. Note that the width of the prior for the shifts, o,, is the
same for all data sets, by assumption. Marginalizing over the shifts, then the posterior of
each class of experiments is:

n; k k)2
Pi(a,0q|D) x l_l(of2 +02) 2 exp —%M (3.4)
k=1 (an + 05)
Therefore, our method applied to a model with only one parameter and Gaussian likelihoods
reduces to the convolution of the original posteriors with a Gaussian of width o,.
Finally, we need to marginalize over o,. Consider for example a hyperprior wide enough
to be approximated as uniform in o,, and suppose that all the N data sets agree on a; = 0
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Figure 1. Comparison of the results obtained using shift parameters and the conventional approach
to combining data sets in a model with only one parameter, a, and N data sets whose individual
posteriors are Gaussians. We show individual posteriors in black, the posteriors obtained with the
conventional approach in orange and the posterior obtained with our approach, in purple. The
dependence of the posterior on the number of data sets for the exactly consistent case is shown in the
top panels, while strongly inconsistent cases are shown in the bottom panels.

and all the errors, af = oy, are identical. Then we can derive the marginalized posterior in
the limit of small and large a:

N —1)a?

1 —exp [( 992
i

], fora <1

P(a|D) (3.5)

a'=N, fora>1

For values of a close to a; the posterior presents a Gaussian core, whose width is o; /v N — 1,
in contrast with the conventional o;/ V/N from averaging compatible data. For values of
a very far from a;, the posterior has non-Gaussian power-law tails. For N = 2 these are
so severe that the distribution cannot be normalized, so in fact three measurements is the
minimum requirement to obtain well-defined posteriors. As will be discussed in section 5,
one can avoid such divergence by choosing harder priors on Al or o,, but we prefer to be
as agnostic as possible. Nonetheless, these ‘fat tails’ on the posterior are less of an issue as
N increases. These two aspects of compatible data can be appreciated in the top panels of
figure 1. The message here is relatively optimistic: provided we have a number of compatible
data sets, the conservative posterior is not greatly different from the conventional one.
Alternatively, we can consider an example of strongly incompatible data. Let the N data
sets have negligible o; and suppose the corresponding a; are disposed symmetrically about
a = 0 with spacing €, e.g. @ = (—¢,0,+¢) for N = 3. This gives a marginalized posterior
that depends on N. For example, the tails follow a power law: P(a|D) o (1+ 4a?/e?)~1/?
for N =2, P (a|D) o (1+ 3a%/26%)7! for N = 3, etc., with an asymptotic dependence
of (a/e)!™N for N > 1. So, as in the previous case, the posterior cannot be normalized if
N = 2, but it rapidly tends to a Gaussian for large N. This case is shown in the bottom
panels of figure 1. The appearance of these extended tails on the posterior is a characteristic
result of our method, and seems inevitable if one is unwilling in advance to limit the size of
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Figure 2. The same as figure 1, but considering cases in which all the data sets are consistent (panels
a and b), only one is discrepant with the rest (panels ¢ and d), eight data sets with scatter larger than
the errors (panel e) and eight data sets with random values of the best fit and errors (panel f).

possible shift systematics. The power-law form depends in detail on the hyperprior, but if
we altered this by some power of o,, the result would be a different power-law form for the
‘fat tails’ still with the generic non-Gaussinianity.

We also show in figure 2 some more realistic examples, starting with mock consistent
data that are drawn from a Gaussian using the assumed errors (rather than a = 0), but
then forcing one or more of these measurements to be discrepant. As with the simple @ = 0
example, we see that the results for several consistent data sets approach the conventional
analysis for larger N (panels a and b). But when there is a single discrepant data set,
the posterior is much broader than in the conventional case (panel c¢). Nevertheless, as
the number of consistent data sets increases, the posterior shrinks to the point where it
is only modestly broader than the conventional distribution, and where the single outlying
measurement is clearly identified as discrepant (panel d). Thus our prior on the shifts, in
which all measurements are assumed equally likely to be in error, does not prevent the
identification of a case where there is a single rogue measurement. However, these examples
do emphasize the desirability of having as many distinct classes of measurement as possible,
even though this may mean resorting to measurements where the individual uncertainties
are larger. Additional coarse information can play an important role in limiting the tails
on the posterior, especially in cases where there are discordant data sets (see panel d).
Finally, we also show examples where the scatter of the individual best-fit is larger than the
individual uncertainties of the data sets, so the size of the shifts are larger and our posterior



is broader than the one obtained with conventional approach (panel e), and a case with
several inconsistent measurements (with best-fit and errors distributed randomly), for which
our posterior is centred close to 0 with a width set by the empirical distribution of the data

(panel f).

3.2 Contrasting shift and rescaling parameters

If we ignore the constraints on «; and consider only the relative likelihoods (with width of
the distribution determined by o;), then there is an illuminating parallel between the effects
of rescaling and shift parameters. Compare Equation 3.4, where all « have been already
marginalized over (P;), with H02’s method (P2):

_ ~)\2
Prox [[(02 + o) e [—12“‘ Wl

2 2
2 o5+ o}

1 i(a —a;)?
Pa x Hail/zai_lexp [QZW] , (3.6)

K3

these two expressions are clearly the same if oy = (14 02/ 01.2)_1. However, there is a critical
difference: while there is an «; for each class of experiments, we only consider a single oy,
which participates in the prior for all the shift parameters of all classes of experiments.

On the other hand, if different op; for each data sets were to be used, this would be
equivalent to a double use of rescaling parameters. Furthermore, in the case of having several
experiments with inconsistent results, the posterior using only rescaling parameters would be
a multimodal distribution peaked at the points corresponding to the individual posteriors,
as seen in figures 3 & 4 of HO2. We feel that this is not a satisfactory outcome: it seems
dangerously optimistic to believe that one out of a flawed set of experiments can be perfect
when there is evidence that the majority of experiments are incorrect. Our aim should be to
set conservative constraints, in which all experiments have to demonstrate empirically that
they are not flawed (i.e. ‘guilty until proved innocent’).

3.3 Examples with multiple parameters

The approach to models with multiple parameters differs conceptually from the one-
parameter case: there are several families of shifts, { Ag}, with their corresponding covariance
matrix. A convenient simple illustration is provided by the example chosen by H02: con-
sider data sets sampled from different straight lines. Thus, the model under consideration is
y = mx +c, where y & z are the information given by the data and m & c are the parameters
to constrain.

We consider three different straight lines for which we sample the data, D;: {D;} and
{Do} = {m =c=1}; {D3} = {m =0, ¢ = 1.5}; and {Dy} = {m = ¢ = 0.7}. For all
D;, we counsider three independent data sets (so N = 6 when combining i.e., D1 and Dj)
and assume o, = 0.1 for every data point. We combine {D;} with {D,} in figure 3, with
{Ds} in figure 4, and with {D4} in figure 5. Note the change of scale in each panel. In
all cases, we study four situations corresponding to the combination of: all data sets with
50 or 5 points and errors correctly estimated or underestimated by a factor 5 (only in data
sets from {Ds}, {Ds} or {D4}). We use lognormal priors with b = —2 and £ = 16 both
for oy, and o, and a LKJ distribution with 7 = 1 as the shifts hyperprior. We show the
individual posteriors of each data set in black; the results using the conventional approach in
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Figure 3. Constraints for six data sets sampled from a straight line with slope m = 1 and intercept
¢ =1 ({D1} and {D>}). We show the individual posteriors in black and the results from using
the conventional approach in orange, using rescaling parameters, in blue, using shift parameters, in
purple, and using both in green. Top left: all data sets have 50 points. Top right: all data sets have
5 points. Bottom panels: as in the top panels, but the errors of {Ds} are underestimated a factor 5.

orange; the constraints using only rescaling parameters in blue; using only shift parameters
in purple; and using both in green. The occasional noisy shape of the latter is due to the
numerical complexity of sampling the parameter space using rescaling and shifts. Generally,
in this case the uncertainties are somewhat larger than in the case of using only shifts,
except when individual errors are poorly estimated and the credible regions are much larger.
This is because rescaling parameters gain a large weight in the analysis in order to recover
a sensible X?,,i’ which permits shifts that are too large for the corresponding prior (given
that the corresponding likelihood is downweighted by small values of «;). This can be seen
comparing green and purple contours in the bottom panels of figures 3, 4 & 5.

As can be seen in figure 3, if the data sets are consistent and the errors are correctly
estimated (top left panel), rescaling parameters have rather little effect on the final posterior.
This supports our argument in Equation 3.2 and below. On the other hand, when errors are
underestimated (bottom left panel), the recovered posterior is similar to the one in which the
errors are correctly estimated. When the data sets contain smaller number of points (right
panels) the results are qualitatively similar.

As expected, rescaling parameters yield conservative constraints accounting for type 1
systematics, but it is not a good choice if the data sets are not consistent. As shown in
figures 4 & 5, the posterior for this case is multimodal, implying that the true values for the
parameters are equally likely to correspond to one of the reported sets of values and ruling out
values in between experiments, as foreshadowed in the previous section. Moreover, when the
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Figure 4. As figure 3 but using {D3} (with slope m = 0 and intercept ¢ = 1.5) instead of {Ds}.
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Figure 5. As figure 3 but using {D4} (with slope m = 0.7 and intercept ¢ = 0.7) instead of {Ds}.
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data sets are inconsistent and the errors of some of them underestimated, the constraints tend
to favour only the values corresponding to such data sets (although with larger uncertainties
than the conventional approach). Therefore, although rescaling parameters help to diagnose
if any data set is suffering from both types of systematics, they cannot be used to obtain
meaningful constraints if type 2 systematics are present.

On the other hand, using shift parameters gives constraints with larger uncertainties,
allowing values between the results of the individual data sets and accepting the possibility
that experiments might be polluted by unaccounted-for type 2 systematics (as it is the case
in figures 4 & 5). Surprisingly, they also provide correct conservative constraints when only
type 1 systematics are present, with results similar to those obtained using only rescaling
parameters (see, e.g., the bottom left panel of figure 3).

4 Applications to cosmology: Hj

In order to illustrate how our method performs in a problem of real interest, we apply it to the
tensions in Hy. This tension has been studied from different perspectives in the literature.
One of the options is to perform an independent analysis of the measurements to check
for systematics in a concrete constraint, e.g., by including rescaling parameters to consider
type 1 systematics in each measurement used to constrain Hy [24] or using a hierarchical
analysis to model in more detail all the probability distribution functions [14]. Another
possibility is to consider that this tension is a hint of new physics, rather than a product
of unaccounted-for systematics, and therefore explore if other cosmological models ease it or
if model independent approaches result in constraints that differ from the expectations of
ACDM (see [25] and references therein).

Here we propose a third way. We consider all the existing independent constraints of Hy
from low redshift observations and apply BACCUS to combine them and obtain a conservative
joint constraint of Hp, accounting for any possible scale or shift systematic in each class of
experiments (grouped as described in section 4.1). We use only low redshift observations in
order to have a consensus conservative constraint to confront with early Universe constraints
from CMB observations. We assume a ACDM background expansion and use the cosmic
distance ladder as in [26-28].

4.1 Data and modelling

In this section we describe the data included in the analysis. As discussed in section 3.1, the
size of the uncertainties using BACCUS are smaller for a larger number of classes of experiments,
even if the individual errors are larger. Therefore, we include all independent constraints on
Hy from low redshift observations available, independent of the size of their error bars. In
principle, we should use the exact posterior reported by each experiment, but these are not
always easily available. Therefore, we use the reported 68% credible limits in the case of
the direct measurements of Hy, assuming a Gaussian likelihood. The resulting error in the
tails of the posterior is one form of systematic, which BACCUS should be able to absorb. The
different classes of experiments are grouped as described below:

e Direct measurements using the distance ladder. We include as different classes of ex-
periments direct measurements that use different standard candles or distance anchors.
These are: the three independent measurements used in Riess et al. 2016 (see table 6
in [4]), the relation between the integrated Hf line luminosity and the velocity disper-
sion of the ionized gas in HII galaxies and giant HIT regions [29], megamasers [30-32]
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and the Hy value measured by the Cosmic Flows project [33]. Finally, we use the direct
measurement coming from the standard siren [34] from the neutron star merger whose
gravitational wave was detected by VIRGO and LIGO collaborations [35] and whose
electromagnetic counterpart was also detected by several telescopes [36]. We do not
include the measurement using the Tip of the Red Giant Branch from [37] because
such analysis uses anchors and measurements included in the analysis of Riess et al.
(2016) [4].

e Baryon Acoustic Oscillations (BAO). Assuming an underlying expansion history, BAO
measurements constrain the low redshift standard ruler, rsh (see e.g. [28]), where r is
the sound horizon at radiation drag and h = Hp/100. Measurements of the primordial
deuterium abundance can be used to break this degeneracy [38, 39], given that they can
be used to infer the physical density of baryons, Qyh? [40]. We use BAO measurements
from the following galaxy surveys: Six Degree Field Galaxy Survey (6dF) [41], the
Main Galaxy Sample of Data Release 7 of Sloan Digital Sky Survey (SDSS-MGS) [42],
the galaxy sample of Baryon Oscillation Spectroscopic Survey Data Release 12 (BOSS
DR12) [2], the Lyman-a forest autocorrelation from BOSS DR12 [43] and their cross
correlation with quasars [44], the reanalysed measurements of WiggleZ [45], and the
measurement using quasars at z = 1.52 [46]. We use anisotropic measurements when
available (including their covariance) and account for the covariance between the dif-
ferent redshift bins within the same survey when needed. We consider BOSS DR12
and WiggleZ measurements as independent because the overlap of both surveys is very
small, hence their correlation (always below 4%) can be neglected [47, 48]. For our
analysis, we consider observations of different surveys or tracers (i.e., the autocorrela-
tion of the Lyman-« forest and its cross correlation with quasars are subject to different
systematics) as different classes of experiments.

e Time delay distances. Using the time delays from the different images of strong lensed
quasars it is possible to obtain a good constraint on Hy by using the time delay distance
if an expansion history is assumed. We use the three measurements of the HOLICOW
project [49] as a single class of experiment

e Cosmic clocks. Differential ages of old elliptical galaxies provide estimate of the inverse
of the Hubble parameter, H(z)~! [51]. We use a compilation of cosmic clocks mea-
surements including the measurement of [52], which extends the prior compilation to
include both a fine sampling at 0.38 < z < 0.48 using BOSS Data Release 9, and the
redshift range up to z ~ 2. As all cosmic clock measurements have been obtained from
the same group using similar analyses, we consider the whole compilation as a single
class of experiment.

o Supernovae Type la. As we want to focus mostly on Hy, we use the Joint Light curve
Analysis (JLA) of Supernovae Type Ia [3] as a single class of experiment to constrain
the unnormalized expansion history E(z) = H(z)/Hy, hence tighter constraints on the
matter density parameter, 2,7, are obtained.

We do not consider the assumption of a ACDM-like expansion history (which connects
BAO, time delay distances, cosmic clocks and supernovae) as a source of systematic errors
which couples different class of experiments (since it affects each observable in a different
way). Therefore, we can neglect any correlation among these four probes. In order to
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interpret the above experiments, we need a model that contains three free parameters: Hy,
Qch?, and Qph2. Qph? will only be constrained by a prior coming from [40] and, together with
Q.h? and Hy, allows us to compute s and break the degeneracy between Hy and 7 in BAO
measurements. As we focus on Hy and variations in €,h? do not affect E(z) significantly, we
do not apply any shift to Qyh2. We compute a grid of values of 100 x r¢h for different values
of Hy, Q.h? and Q,h? using the public Boltzmann code CLASS [53, 54] before running the
analysis and interpolate the values at each step of the MCMC to obtain ry in a rapid manner.?

4.2 Results

In this section we show the results using BACCUS when addressing the tension in Hy. We com-
pare them with the results obtained using the conventional approach and the methodology
introduced in HO2. First, we consider marginalized measurements of Hy. Ideally, we would
apply BACCUS to Riess et al. 2016 and Planck measurements. However, as stated in section 2,
this method can not be applied to only two measurements. Thus, we use the independent and
much broader measurement coming from the neutron star merger [34] in order to constrain
the tails of the final posterior. These results can be found in figure 6. Even with the inclusion
of a third measurement, the tails of the posterior when shift parameters are added are still
too large and therefore the conservative constraints are very week (due to the low number
of experiments included). On the other hand, adding only rescaling parameters results in a
bimodal distribution. In order to obtain relevant conservative constraints, more observations
need to be included in the analysis.

As the next step, we perform an analysis with more data and compare the results of
the different methodologies to the combination of the data listed in table 1, as recently used
in [55]. Since marginalized constraints in clear tension are combined, this is a case where
BACCUS is clearly necessary. We use the lognormal hyperprior with b = —2 and & = 16 for
the hyperprior of variance of the shifts in both cases.

The results of this comparison can be found in figure 7 and table 1, where we report the
marginalized highest posterior density values and 68% (95% in parenthesis) credible limits
and the individual measurements used. As expected, the results using BACCUS peak among
the individual best fits and have larger uncertainties than using the conventional approach.
However, comparing with the individual constraints, the result seems more sensible. There
is a small difference between the combined result reported in [55] and our result using the
conventional approach due to using different samplers.

We now apply our method to the data described in section 4.1 to obtain conservative
limits on Hy using all the available independent low redshift observations. Regarding the
introduction of shift parameters, we consider two cases. In the first case (shown in figure 8)
we only use them on Hy, Ap. On the other hand, in the second case (shown in figure 9) we
also use them on Q.h%, Aq. In both cases, rescaling parameters are applied to every class
of experiments and we use the same parameters as in the previous case for the hyperprior
for o and a lognormal distribution with b = —4 and £ = 9 as the hyperprior for oq. We
use = 1 for the LKJ hyperprior of the correlation. Marginalized credible limits from both
cases can be found in table 2.

As there is no inconsistency in Qj; among the experiments (given that most of the
constraints are very weak) the only effect of including Aq in the marginalized constraints
in Qs is to broaden the posteriors. In contrast, including Ay shifts the peak of the Hy

*We make a grid for 100 x r5h in order to minimize the error in the interpolation (< 0.1%). This grid is
available upon request.
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Figure 6. Marginalized Hy posterior distributions obtained from the combination of marginalized
Hj constraints from the local measurement of Riess et al. 2016, Planck and the neutron star merger.
We show results with the standard approach (orange), with only rescaling (blue), with only shifts
(purple) and with both rescaling and shifts (green).
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Figure 7. Marginalized H, posterior distributions obtained from the combination of marginalized Hy
constraints from the experiments listed in table 1. We show results with the standard approach (or-
ange), with only rescaling (blue), with only shifts (purple) and with both rescaling and shifts (green).

marginalized posterior. While the tightest individual constraints correspond to low values
of Hy (BAO and cosmic clocks), BACCUS favours slightly larger values than the conventional
approach (which stays in the middle of the tension, as expected). These effects are larger
when we include Aq, given that there is more freedom in the parameter space. On the other
hand, as BAO and cosmic clocks are the largest data sets, the analysis with only rescaling
parameters prefers a lower Hy. Nonetheless, as the constraints weaken when introducing
shifts and rescaling, all these modifications are not of great statistical significance.
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Experiment/Approach Hp (kms~'Mpc™1)
DES [55] 67.21 12
o Planck [1] 67.3+1.0
Individual Measurements
SPTpol [56] 712421
HOLiCOW [49] 71.9720
Riess et al. 2016 [4] 732+ 1.7

Conventional combination
This work Rescaling param.

Shift param.

Shift + rescaling param.

68.7 £ 0.6(£1.2)
67.8755(713)
)
9
8

.
69.5517("5
69.4%31(75%)

Table 1. Individual marginalized constraints on Hy combined to evaluate the performance of our
method in a real one dimensional problem. In the bottom part, we report highest posterior density
values and 68% (95% in parenthesis) credible limits obtained combining the individual measurement

using different kind of parameters.

Conventional
= W/ Rescaling

= w/ Shifts
= w/ Shifts+Rescaling

I I |

0.40

0.35+
& 0.30- ( '

0.25+

T T T T
64 66 68 70 72

T T T T T 1T
74 76

Ho [kms~tMpct]

Figure 8. 68% and 95% credible level marginalized constraints on the Hy-Qy plane using different
methods. We show results with the standard approach (orange), with only rescaling parameters
(blue), with only shift parameters (purple) and with both rescaling and shifts (green). Shifts are

applied only to Hy.
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Conventional = w/ Shifts
= W/ Rescaling = w/ Shifts+Rescaling

I |

0.10 T T T T T T T LI
64 66 68 70 72 74 76

Ho [kms tMpc1]

Figure 9. Same as figure 8 but in this case the shifts are applied to both Hy and Q.h%. Note the
change of scale in the vertical axis.

Approach Hy (kms™'Mpc™!) Qur
Conventional combination 7015705 (1) 0.32 = 0.01(=£0.03)
Rescaling param. 69.4 £ 0.7(£1.5) 0.32 £0.01(£0.03)
Shift param. (only Hp) 70.6798(139) 0.31 + —0.02(40.04)
Shift (only Hp) + rescaling param. | 70.570-3(72¢) 0.31 + —0.02(T503)
Shift param. (Ho & Q) TLTHS(F30) 0.33 £ 0.04(10:99)
Shift (Ho & Qar) + rescaling param. | 71.0735(T36) 0.3375:02(*94%)

Table 2. Highest posterior density values and 68% (95% in parenthesis) credible level marginalized
constraints of Hy and §2); obtained using the data and methodology described in section 4.1.

When including only Ay, there is an effect on both the constraints on Hy and also
on Qs (both slightly shifting the maximum and broadening the errors), due to the small
correlation between the two parameters. The behaviour of the marginalized constraints on
H) is similar to the one discussed above. However, when both Ay and Agq are included, the
constraints are much weaker than in the previous case. Including shifts for Q.h? also increases
the uncertainties in the marginalized constraints on Hy. Nonetheless, it is important to bear
in mind that the data used in this analysis constrain Hy much better than they do Qas, even
using the conventional approach. Finally, note that in this case the constraints including
both shift and rescaling parameters and those using only shifts are not very different (in
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contrast to the cases showed in figures 3, 4 & 5), since here the type 1 systematic errors are
well accounted for and individual 2 ~ 1.

Regarding the ability of BACCUS to spot which data set is more likely to be affected
by systematics, there is not a clear answer for this specific problem. This is because more
independent data is needed in order to discriminate between different classes of experiments,
given the inconsistencies within the data sets listed in section 4.1.

5 Summary and discussion

In this paper, we have considered the increasingly common issue of statistical tensions in
the results of cosmological experiments: small inconsistencies in estimated parameters that
are of marginal significance, but which are too large for comfort. In this case, we face
the statistical question of how to combine data sets that are in tension, in order to obtain
parameter constraints that are robust. If there are ‘unknown unknowns’ in the data or the
theory, then the standard analysis of the combined constraints on model parameters may not
be reliable — which in turn risks erroneous claims of new physics in a distinct way. This is
indeed a statistical issue that is not confined to cosmology: similar challenges arise elsewhere
in astrophysics (e.g. [57]), and analogous challenges can be encountered in particle physics
experiments.

In response to this situation, we have introduced BACCUS, a method for combining data
for parameter inference in a conservative and agnostic way that allows consistently for the
possible presence of unknown systematics in the data sets. It deals not only with systematics
arising from incorrect estimation of the magnitude of random measurement errors (already
considered by Hobson et al. 2002; H02), but also with those systematics whose effect is such
that the inferred model parameters are biased with respect to the true values. The latter are
the truly dangerous systematics, since they cannot be detected by any internal null test of a
single experiment. In order to account for such effects, we introduce ‘shift’ parameters, {Ag},
which offset the best-fitting model parameters for each set of data independent from the rest.
The magnitude of such offsets can be constrained by inspecting the degree of agreement
between different data sets, and conservative posteriors on parameters can be inferred by
marginalizing over the offsets.

Our approach is democratic and also pessimistic: we assume that all experiments are
equally likely to suffer from shift systematics of similar magnitude, independent of their
quoted statistical precision, and we are reluctant to set an upper limit to the size of possible
systematics. Crucially, therefore, the prior for the shifts should take no account of the size
of the reported random errors, since shift systematics by definition cannot be diagnosed
internally to an experiment, however precise it may be. In practice, we assume that the
shifts have a Gaussian distribution, with a prior characterised by some unknown covariance
matrix. We adopt a separation strategy to address the hyperprior for this covariance, using
the LKJ distribution for the correlations and independent lognormal distributions for the
standard deviations. We recommend agnostic wide hyperpriors, preferring to see explicitly
how data can rein in the possibility of arbitrarily large systematics.

For each data set, the shift parameters are assumed to be drawn independently from the
same prior. But this assumption is not valid when considering independent experiments that
use the same technique, since they may well all suffer from systematics that are common to
that method. Therefore data should first be combined into different classes of experiments
before applying our method. In practice, however, a single experiment may use a number of
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methods that are substantially independent (e.g. the use of lensing correlations and angular
clustering by DES). In that case, our approach can be similarly applied to obtain conservative
constraints and assess internal consistency of the various sub-methods.

Because it is common for joint posterior distributions to display approximate degen-
eracies between some parameters, a systematic that affects one parameter may induce an
important shift in others. For example, in figure 8 the probability density function of Qy
changes due to Ap. For complicated posteriors, it is therefore better in principle to use our
approach at the level of the analysis of the data (where all the model parameters are varied),
rather than constructing marginalized constraints on a single parameter of interest and only
then considering systematics.

These assumptions could be varied: in some cases there could be enough evidence to
consider certain experiments more reliable than others, so that the prior for the shifts will not
be universal. But recalling the discussion in 3.1 concerning the use of different shift priors
for each data sets, a way to proceed might be to rescale oy; only for certain data sets (those
more trusted), but then to use the same prior for all data sets after rescaling. If we consider
the data sets D; to be more reliable than the rest, the final prior should be

N
1 1 ;
P@den) o g exp | =3 3 (84
1F

e |5 @/BP] . G

where we consider the case with only one parameter a for clarity and 3 is a constant > 1.

Another possibility is to weaken the assumption that arbitrarily bad shift systematics
are possible. One can achieve this either by imposing explicit limits so that the shifts never
take values beyond the chosen bound, or by altering the prior on the shift parameters,
making it narrower. Although the methodology is sufficiently flexible to accommodate such
customizations, we have preferred to keep the assumptions as few and simple as possible. As
we have seen, large shifts are automatically disfavoured as the number of concordant data
sets rises, and this seems a better way to achieve the outcome.

It is also possible to ascertain if a single experiment is affected by atypically large
shifts, by inspecting the marginalized posteriors for the shifts applicable to each dataset. A
straightforward option now is to compute the relative Bayesian evidence between the models
with and without shifts, telling us how strongly we need to include them, as done in HO2.
But this procedure needs care: consider a model with many parameters but only one, 6;,
strongly affected by type 2 systematics. In that case, the evidence ratio will favour the model
without shifts, those not affecting #; are not necessary. Therefore, the ideal procedure is to
check the evidence ratio between models with different sets of families of shifts, although this
is computationally demanding.

After applying our method to some simple example models and comparing it with the
scaling of reported errors as advocated by H02, we have applied it to a real case in cosmology:
the tension in Hy. In general, Hy values obtained in this way are larger than either those
from the conventional approach, or the combination using the approach of H02. However, as
our conservative uncertainties are larger there is no tension when compared with the CMB
value inferred assuming ACDM. We have focused on the application to parameter inference
by shifting the model parameters for each data set. However, it is also possible to apply the
same approach to each individual measurement of a data set, in the manner that rescaling
parameters were used by [24].
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We may expect that the issues explored here will continue to generate debate in the
future. Next-generation surveys will witness improvements of an order of magnitude in
precision, yielding statistical errors that are smaller than currently known systematics. Great
efforts will be invested in refining methods for treating these known problems, but the smaller
the statistical errors become, the more we risk falling victim to unknown systematics. In
the analysis presented here, we have shown how allowance can be made for these, in order
to yield error bounds on model parameters that are conservative. We can hardly claim our
method to be perfect: there is always the possibility of global errors in basic assumptions that
will be in common between apparently independent methods. Even so, we have shown that
realistic credibility intervals can be much broader than the formal ones derived using standard
methods. But we would not want to end with a too pessimistic conclusion: the degradation
of precision need not be substantial provided we have a number of independent methods,
and provided they are in good concordance. As we have seen, a conservative treatment will
nevertheless leave us with extended tails to the posterior, so there is an important role to
be played by pursuing a number of independent techniques of lower formal precision. In
this way, we can obtain the best of both worlds: the accuracy of the best experiments, and
reassurance that these have not been rendered unreliable by unknown unknowns.

Finally, a possible criticism of our approach is that an arms-length meta-analysis is no
substitute for the hard work of becoming deeply embedded in a given experiment to the point
where all systematics are understood and rooted out. We would not dispute this, and do not
wish our approach to be seen as encouraging lower standards of internal statistical rigour; at
best, it is a mean of taking stock of existing results before planning the next steps. But we
believe our analysis is useful in indicating how the community can succeed in its efforts.
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3. Primordial black holes as seeds
of super massive black holes or

candidates for dark matter

This Chapter, focused on different roles of PBHs in open questions in cosmology
and astrophysics, includes the publications Bernal et al.| (2018) and |Bernal et al.
(2017)).

In Bernal et al| (2018), the possibility of PBHs being the seeds of the
supermassive black holes is considered, and a strategy to probe this hypothesis
is proposed. Any black hole, unless it is primordial, forms after the first stars are
formed, at the earliest. Therefore, if any signature from massive black holes is
detected before any star could have formed, they must be primordial. Following
this logic, this work models the contribution to 21 cm intensity mapping signal from
the dark ages (30 2 z = 200) of a population of PBHs with the abundance and
masses needed to match supermassive black holes observed at lower redshift. Then,
the total angular 21 cm intensity mapping power spectrum is computed as function
of redshift, and PBH mass, abundance and radiative efficiency. We account for the
first time for the substructure and angular dependence of the PBH contribution.
Finally, the detectability with SKA and futuristic radio arrays in the far side of the
Moon is estimated. This work, done in collaboration with Alvise Raccanelli, Licia
Verde and Joseph Silk was published in the Journal of Cosmology and Astroparticle
Physics (JCAP) in May 2018. Another way to unequivocally identify a detected
black hole as primordial, rather than astrophysical, is if its mass is < 1Mg. Since
this work was focused on the possibility of PBHs being the seeds of supermassive
black holes, the identification of lighter PBHs was left for future research.

In turn, in Bernal et al. (2017) we study the hypothesis of PBHs of masses
10 My < Mpgy < 10*M, being a significant fraction of dark matter. PBHs in
this mass range affect the CMB anisotropies due to the radiation emitted as they

accrete gas. Starting from this effect, this work explores the degeneracies between
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the abundance of PBHs and the rest of cosmological parameters, also for cosmologies
beyond ACDM. Besides, CMB constraints on the PBH abundance considering PBH

extended mass distributions are computed for the first time, both explicitly and

validating the approach proposed in |Bellomo et al.| (2018). This work, carried out in
collaboration with Nicola Bellomo, Alvise Raccanelli and Licia Verde, was published

in the Journal of Cosmology and Astroparticle Physics in October 2017.
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Abstract. It is broadly accepted that Supermassive Black Holes (SMBHs) are located in
the centers of most massive galaxies, although there is still no convincing scenario for the
origin of their massive seeds. It has been suggested that primordial black holes (PBHs) of
masses > 102M, may provide such seeds, which would grow to become SMBHs. We suggest
an observational test to constrain this hypothesis: gas accretion around PBHs during the
cosmic dark ages powers the emission of high energy photons which would modify the spin
temperature as measured by 2lcm Intensity Mapping (IM) observations. We model and
compute their contribution to the standard sky-averaged signal and power spectrum of 21cm
IM, accounting for its substructure and angular dependence for the first time. If PBHs
exist, the sky-averaged 21cm IM signal in absorption would be higher, while we expect an
increase in the power spectrum for £ > 102 — 103. We also forecast PBH detectability and
measurement errors in the abundance and Eddington ratios for different fiducial parameter
configurations for various future experiments, ranging from SKA to a futuristic radio array on
the dark side of the Moon. While the SKA could provide a detection, only a more ambitious
experiment would provide accurate measurements.
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1 Introduction

The idea that density fluctuations can provide the seeds for galaxy formation via gravitational
instability and leave detectable traces in the Cosmic Microwave Background (CMB) [1, 2]
introduced the concept that the graininess in the Universe would be the seeds around which
galaxies form [3]. Now we know that Supermassive Black Holes (SMBHs) inhabit the centers
of most galaxies (see [4] for a review). Observations of quasars at z ~ 6—7 indicate that, even
at these early times, there were SMBHs with masses of several 10° My, [5-8]. The existence
of a population of Intermediate Mass Black Holes (IMBH) of masses around 102 — 106M,
at z ~ 20 — 15 would suffice [9] to seed them. The possible detection of a ~ 105M;, black
hole in the Milky Way close to its center [10, 11] may provide evidence for such a relic and
support the argument that Intermediate Mass Black Holes are the seeds of SMBHs. Besides,
IMBHs may inhabit the center of dwarf galaxies (e.g., [12] and references therein).

The optimal conditions in the relevant parameter space of the mass of the black hole and
the gas density around it, that lead to fast growth of the black hole, were studied in [13, 14].
This happens if the combined effects of the angular momentum and radiation pressure are
ineffective in stopping the stream of gas flowing from large scales towards the black hole.
They find that this condition is fulfilled for M > 10* — 105 M, (where M stands for the mass
of the seed) and large gas densities, for which the growth of massive seeds up to SMBHs
is feasible. Even so, there is a limit on the maximum mass that the black hole can reach
in an isolated halo, which depends on the total mass of the host halo and on the radiative
efficiency of the accretion [15]. For smaller masses, the accretion is very inefficient, but fast
enough growth can be achieved via mergers.



However, the origin and formation mechanism of the massive seeds are still uncertain
(see [16, 17] for a review). There are two main scenarios proposed to explain their origin:
supercritical growth from stellar mass black holes formed from Population III stars and
directly formed massive seeds at lower redshift. There are more exotic scenarios, such as
IMBHs formed by a subdominant component of the dark matter being dissipative [18].

According to the first hypothesis, the seeds of SMBHs are remnants of Population III
stars, formed with masses of tens of solar masses at z = 20, which grow due to gas ac-
cretion and mergers [19-21]. However, in order to reach masses such as those observed at
z ~ 6—7 [22-24], the accretion needs to be supercritical over extended periods of time. More-
over, SMBH seeds growth is probably depressed due to the shallow gravitational potentials
existing at those redshifts and the radiation pressure of the black hole emission. Indeed the
recently discovered IMBHs in dwarfs are anorexic: apparently undermassive compared to the
Mppy — o scaling relation [25, 26]. Besides, cosmic X-ray background observations impose
constraints on the growth of SMBHs, constraining the abundance of quasars with supercriti-
cal accretion [27] as well as of the abundance of miniquasars at high redshift [28]. Therefore,
this scenario alone is very unlikely to account for the present abundance of SMBHs.

On the other hand, SMBH seeds might also be formed due to the collapse of gas clouds
which do not fragment or form ordinary stars, but directly form a massive black hole (M ~
10° — 105M) at lower redshifts (2 < 15) [29-36]. This kind of seed is called a Direct
Collapse Black Hole (DCBH). DCBHs may be realized if a metal-poor cloud is irradiated
by non-ionizing ultraviolet light from nearby star-forming galaxies, which photodissociate
molecular hydrogen and therefore prevent star formation. Hence, the gas can only cool via
Lyman-a emission, which leads to a quasi-isothermal contraction without fragmentation until
the gravitational collapse and the formation of an IMBH (see e.g. [37]). Conveniently, the
DCBH radiation is very eflicient in preventing the formation of He. Therefore, a DCBH may
trigger the formation of other DCBHs in a slowly-collapsing gas cloud more efficiently than
galaxies [38].

Moreover, DCBHs are a good candidate for explaining the large-scale power spectrum of
the Near Infrared Background and its cross correlation with the cosmic X-ray background [39].
As DCBHs have a characteristic observational imprint [40], it can be possible to identify
these seeds in deep multi-wavelength surveys [41]. Two promising candidates, whose infrared
spectra require an exceptionally high star formation rate, were found at high redshift, with a
predicted mass higher than 10°M, [41]. These candidates are likely to be formed by direct
collapse.

Nonetheless, the exact conditions and the probability of obtaining DCBHs are still un-
certain; recent theoretical studies suggest that this mechanism might explain the abundance
of the most luminous quasars at z ~ 6 — 7, but not the general population of SMBHs [42-44].

In summary, neither of these two scenarios individually provide an entirely convincing
explanation for the origin of the seeds of SMBHs. However, massive seeds could have been
formed much earlier. This third possibility (see [45-50] and references therein), much less
explored in the literature, considers Primordial Black Holes (PBHs) as the seeds which will
grow to become SMBHs. If PBHs are formed with large enough masses, there is no need for
supercritical accretion, as is the case for Population III stars.

The idea of the existence of PBHs [51] has recently regained popularity after they were
suggested to be the progenitors (and to make up a sizeable fraction of the dark matter, see
e.g. [52]) of the stellar mass black holes (~ 30Mg) detected by LIGO+VIRGO Collabora-
tion [53].



Since then, a number of possible tests of the model have been performed with available
data. They cover all of the theoretically allowed range, from the smallest masses constrained
by black holes evaporation [54], to e.g. microlensing of stars [55, 56], to larger masses, con-
strained by e.g. X-ray and radio emission [57], wide-binaries disruption [58], and accretion
effects [59-61]. More innovative tests that can be performed in the future have also been
suggested, including using quantum gravity effects [62], the lensing of fast radio bursts [63],
the cross-correlation of gravitational waves with galaxy maps [64-66], eccentricity of the bi-
nary orbits [67], the black hole mass function [68], the gravitational wave mass spectrum [69],
merger rates [70] and the stochastic gravitational wave background [71-74].

The mass range required for PBHs to be the seeds of SMBHs is > 102M. In this
range, the PBH abundance, fppg = Qpsu/QcpwM, is strongly constrained by e.g., CMB
observations [59, 61], Ultra-Faint Dwarf Galaxies [75] and wide binaries [58]. However, most
of these constraints have been derived in the context of a model in which PBHs comprise
most of the dark matter, and they assume a delta function in their mass distribution (see [76]
for updated constraints allowing for a wide mass distribution); if, on the other hand, PBHs
of these masses are only required to be the seeds of SMBHs and not a substantial part of the
dark matter, the high-mass tail of the PBH mass distribution can have a very small fppy,
satisfying all observational constraints.

Different scenarios for the SMBH seeds have different observational signatures. In this
paper, we focus on their imprints on 21 cm Intensity Mapping (IM). The term ‘IM’ is some-
times dropped in the literature related to the emission from neutral hydrogen at large red-
shifts, in contrast with the studies of the emission lines from galaxies. However, we maintain
it for the sake of clarity.21 cm IM observations represent a promising future tool for cosmol-
ogy (for a recent review, see [77]). In particular, observations of spin temperature maps in
the dark ages provide a direct window into the matter density fluctuations free of complica-
tions such as galaxy bias and most astrophysical processes. It can be thought of as a series
of CMB-like screens, and therefore, besides the auto-correlation signal, one can also consider
the ISW effect [78] and lensing of 21 cm IM maps [79], including the possibility of performing
tomographic analyses. It has recently been shown that 21 cm IM observations will give very
powerful constraints on e.g., primordial non-gaussianity [80], inflationary models [81-83],
scattering between dark matter and baryons [84], statistical isotropy [85] and annihilating
and decaying dark matter [86, 87].

21 cm IM will also be very powerful for setting observational constraints on PBHs.
Using the power spectrum originating from Poisson fluctuations, the authors of [88] forecast
constraints on fppy based on future observations with SKA in the mass range M > 10™2M,.
The abundance of PBHs of much lighter masses can be constrained by looking for the effects
of Hawking evaporation on the Inter Galactic Medium (IGM) via 21 cm IM of the dark
ages [89]. Minihalos have been also studied as interesting 21 cm emitters between reionization
and the dark ages [90], although they are hard to differentiate from the standard diffuse signal
emanating from the IGM [91].

The 21 cm IM sky-averaged signal can be also used to discriminate between the two
main scenarios for the origin of SMBH seeds. Seeds formed from remnants of Popularion III
stars dominate X-ray heating of the IGM and cause a rise in the 21 cm brightness temperature
at z 2 20. An absence of such a signature might be due to the seeds being formed later,
which would favor the DCBH scenario [92]. However, such a signature could originate not
only via seeds formed from Population III star remnants but also by PBHs. Besides, at these
redshifts, the 21 cm IM signal is affected by a large number of astrophysical uncertainties and



its dependence on redshift changes considerably with different assumptions [93, 94], making
it difficult to identify the signal coming from the SMBH seeds.

Here we study the scenario in which PBHs are the seeds of SMBHs. In order to avoid
the astrophysical uncertainties mentioned above, we concentrate on the dark ages (z 2 30).
The detection of a signal corresponding to the predictions reported in this work would be an
indication that massive miniquasars were already present in the dark ages and the most likely
explanation would be that these black holes are primordial, hence the most straightforward
candidate to be the seeds of SMBHs. In the standard scenario, during the so-called dark ages,
the cosmic time previous to the formation of the first stars, there is no astrophysical feedback
which contaminates the 21 cm IM signal and haloes are still not formed, so observations are
free from galaxy bias and non-linearities in the clustering. Hence, the main uncertainties
are only coming from the PBH sector. However, other exotic energy injections, such as that
sourced in dark matter annihilation, might also heat up the IGM [86, 87]. Nonetheless, we
expect such signature to be distinguishable from the one of PBHs. A more quantitative
evaluation of this issue will be presented elsewhere.

We assume that the dark ages end at z ~ 30 (as it is standard convention), although in
some scenarios star formation may start at earlier times and heat the IGM, hence changing
both the sky-averaged and power spectrum of 21 cm IM (see e.g. [93, 94]). In such cases,
the uncertainties in the standard signal at z ~ 30 would be larger and the identification of
deviations as signatures of the presence of PBHs, more difficult.

We model the signature of massive PBHs, with abundances required to explain the
current SMBH population in the 21 c¢m IM signal. We compute 2-point statistics of the
fluctuations accounting explicitly for the temperature profiles around the PBHs in a compre-
hensive way, for the first time. We improve upon the work of [83, 88, 90, 91] as we consider
the scale-dependence of the PBH contribution to the spectrum (and not only a rescaling of
the amplitude of the standard 21 cm IM signal or only the Poisson component).

After characterizing the PBH contribution to the standard signal, we forecast the de-
tectability with future experiments, ranging from the Square Kilometre Array (SKA, [95])
to a futuristic radio array on the dark side of the moon [96], which we refer to as the “Lunar
Radio Array” (LRA).

This paper is structured as follows. First, we review the standard 21 cm IM sky-
averaged signal and power spectrum coming from the IGM in the dark ages, as well as the
instrumental noise, in section 2. The effects of PBHs in the IGM and the spin temperature are
characterized in section 3. Afterwards, the contribution to the 21 ¢m IM signal is modelled
in section 4 and section 5 for the sky-averaged signal and the power spectrum, respectively.
Finally, forecasts for different future experiments are presented in section 6. Discussions and
conclusions can be found in section 7. Throughout this paper, we assume the best fit values
of the Planck 2015 TTTEEE+lowP power spectra [97] for the cosmological parameters.

2 Standard signal

We begin by reviewing the modelling of the standard 21 cm IM signal, i.e., without including
the PBH contribution.



2.1 Sky-averaged signal
The optical depth of the IGM in the hyperfine transition is [98]

363hA10IH71H 1
= . , (2.1)
16kpTsd  H(z) + (1 + 2)0v,

where ¢ is the speed of light, vy = 1420.4 MHz is the rest-frame frequency of the hyperfine
transition, Ajg = 2.85 x 1071 s7! is the Einstein spontancous emission rate coefficient
for this transition, Ty is the spin temperature of the gas, H(z) is the Hubble parameter,
ng = 8.6 x 107°Q,h%(1 + 2)? cm™3 is the hydrogen comoving number density [97], xx
is the neutral fraction of hydrogen, kp is the Boltzmann constant and 9,v, is the comoving
gradient of the peculiar velocity along the Line of Sight (LoS). We define T9P® as the observed
differential brightness temperature between the 21 cm emission and the CMB:
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where 0§, is the local baryon overdensity, h = Hy/100 is the reduced Hubble constant and
Q,, and € are the matter and baryon density parameters, respectively. Therefore, the sky-
averaged 21 cm IM signal, Ty, can be obtained from eq. (2.2) by setting 8, = 0 and 9,v, = 0.
We will mostly refer to the observed brightness temperature rather than to the local one,
T21‘1’C = TQOPS(I + z), throughout the paper, so we drop the superscript “obs” for simplicity.

Assuming that the background radiation includes only CMB photons, the spin temper-
ature can be expressed as [99]:

T* + TCMB(Z) + yka(z) + yaTa

T, =
1+yk+ya

(2.3)

where T, = 0.068K is the temperature correspondent to the 21 cm transitions, T} is the mean
kinetic temperature of the IGM and y; and y, are the kinetic and Lyman-a coupling terms,
respectively. We set T, ~ T}, since it is a very good approximation when the medium is
optically thick to Lyman-« photons [100], as in the case of study. The kinetic coupling term
is due to the increase in the kinetic temperature by X-ray photon collisions with the gas:

T

e ) 4
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Yk =

where C; are the de-excitation rates due to neutral hydrogen, electrons and protons, respec-
tively . We use the fitting formulas of [101]:

Cr = 3.1 x 10" M ny (2) TP exp(—32/T}) s~ L, (2.5)
Ce = NeYe = nH(Z)(]' - *TH(Zv T))’Ye 8717 (26)
Cp =32zu(2,7)ChH, (2.7)

where the number densities are in cm™ and log(ye/cm3/s) = —9.607 +
0.5log ), exp(—(log Ty)*°/1800) if Ty, < 10* K, otherwise, v = ve(Tk = 10%).



The coupling with the Lyman-o photons is described by the Wouthusyen-Field ef-
fect [99]. It depends on Lyman-« photons intensity, Jy, given by:

Jo= ngﬁnb(:ﬂ;{ /Ezo o(E)N(E)dE (2.8)

where v, is the frequency of the Lyman-« transition, ¢ is the fraction of the absorbed energy
that goes into kinetic excitation of Lyman-a, N is the number of photons per unit area per
unit time and o is the absorption cross-section. We use the parametrization of [102], given
by ¢o = 0.48 (1 - :1:2'27)1'52. Finally, the coupling term can be expressed as:

1672, €2 f1a.];
yo = 6 Tee J12Jo (2.9)
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where f12 = 0.416 is the oscillator strength of the Lyman-« oscillator.

2.2 Fluctuations

The optical depth and the spin temperature of a hydrogen cloud depend on its density and
velocity divergence. Small anisotropies in these two quantities create fluctuations in 75;. The
21 cm IM fluctuations power spectrum in the dark ages was computed in [103], and in [104]
including the local velocity term. At the precision level we need in this work, given the un-
certainties and assumptions in the modeling of the PBH contribution (see section 3, section 4
and section 5), it suffices to limit our computations to linear order. We follow the formalism
developed in [105], which includes the effects due to supersonic relative velocities between
baryons and dark matter [106]. This effect has been shown to help the formation of DCBHs
at large redshifts [107], but it does not play a major role in the population of SMBHs at
z ~ 6 [108]. We refer the interested reader to [109, 110] for a more detailed description of the
21 cm IM fluctuations, extending the formalism to higher order and including fluctuations
in other quantities, such as the ionized fraction.

Let us define §, = —(1+ 2) 0yv,/H(z). Then, at linear order, the fluctuations in the 21
cm IM signal can be expressed as:

8To1(x) = a(2) dp(x) + To1(2) 6u(x), (2.10)

where «(z) = dT»1/d &, including gas temperature fluctuations. The observed 07%; in a
direction 7 on the sky and at a certain frequency v is given by

(5T21(fl, l/) = Aw d(EW,/(.CL') (5T21($,ﬁ), (2.11)

where W, (z) is the window function selecting the information at a certain frequency band
centered in v and z is the comoving distance along the LoS. This W, (x) is a narrow function
peaked at x(z) which depends on the experiment. Here we assume a Gaussian function of
width Av. In Fourier space, assuming that the baryons have caught up the dark matter and
6 o< (14 2)71, 6,(k, 2) = pu20y(k, z) at linear order, with o = (k - 7). We can, therefore,
define the transfer function of §75; as:

Te(k,v) = /000 daWy(z) [T (2)Je(kz) + a(z)je(kz) |, (2.12)



where j; is the spherical Bessel function with index ¢, and we have defined Jy(kz) =
— 0%jy(kx)/(0kz)?, which can be written in terms of j,, and jpio' [104]. Given this, we
can easily compute the 21 cm IM angular power spectrum at a certain frequency v as:

2 [, 2

Co(v) = — k*dk P, (k)T (k,v), (2.13)

mJo
where P, (k) is the (isotropic) matter power spectrum. For computational efficiency, we will
employ the flat-sky approximation [111] (for a pedagogical treatment, see e.g. [112, 113]) for
£ > 103

2.3 Instrumental noise

Although in the cosmic-variance limit the only source of noise is the variance arising by
having a limited number of measurements of the power spectrum Cp, when considering an
interferometer looking at the dark ages at a given frequency v, there is an additional noise
power spectrum [114-117]:

ey — (2”)3Ts2ys(”)(£ ¢ ))2, (2.14)
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where ¢, is the total time of observation, £eover (V) = 2 Dpase/A(v) is the maximum multipole
observable, Dy, being the largest baseline of the interferometer, fcover is the fraction of such
baseline covered with antennas, and the amplitude Ty is the system temperature, which we
assume to be the synchrotron temperature of the observed sky:

Tays(v) = 295 ( v )—2.62

150 MHz (2.15)

found from extrapolating to lower frequencies the results of ref. [118].
Therefore, the final uncertainty in the measurement of the Cy at the required multi-
pole £ is:

2(Cp+CN)?
fay 20+1)

where fqy is the fraction of the sky observed by the experiment.

(2.16)
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3 Effects of PBHs on the 21cm IM signal

The presence of PBHs affect the gas spin temperature: the PBH accretion triggers the
emission of high-energy photons which heat and ionize the gas around the PBH. In this
work, we present for the first time a computation of the 2-point statistics of the fluctuations
accounting for the whole scale-dependence of the temperature profiles around the PBHs,
focusing on linear perturbations in the dark ages.

An accreting PBH builds up a classical Bondi profile (i.e., 7~3/2) around it. However,
overdensities during the dark ages are still small and haloes are not formed yet. Therefore,
as a first approach, we consider that there is no density profile in the gas around the PBH
nor velocity inhomogeneities (6,(r) = 0 and 9,v, = 0, respectively). Regarding the interac-
tion between radiation and gas, we neglect radiative transfer effects (and limit ourselves to

—o(e—1) - 24901 . —(042)(+1) -
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integrate over the frequency, as in eq. (3.8)). Although these two effects might be relevant in
some parameter configurations, they are competing: the former tends to reduce the volume
affected by the PBH radiation, while radiative transfer increases the mean free path of high
energy photons, hence increasing the distance to which X-rays can propagate and so the
region heated by the PBH. While a more careful treatment will be needed, especially for
comparison with observations and to assess their effective relative importance, here, for this
initial exploration and signal-to-noise estimate, we assume that they compensate.

We assume that all processes are in equilibrium, given that their timescales are much
smaller than the Hubble timescale. The steady-state approximation is very precise for masses
M < 3 x 10*Mg [119], but it breaks down for larger masses. Therefore, we limit our
exploration to M < 10*My. To explore a suitable mass range we consider three representative
cases: M = 10*M, 103M, and 102M. Given the slow growth of the PBHs at z > 30, we
assume that the PBH mass at different redshifts is the same when we perform a tomography
analysis. Finally, we consider for simplicity that all PBHs have the same mass. This is an
unrealistic scenario, but constraints for monochromatic mass distributions can be translated
to any extended mass distribution using e.g., the methods proposed in [76, 120].

We explain below the formalism we use to compute the temperature profiles around a
PBH and show intermediate plots and results. Exact numerical calculations accounting for
the time dependence can be found in [121].

3.1 Emission and neutral hydrogen fraction (zg(r))

IMBH emission is usually modelled by the combination of three components: a “multicolour
disk black body spectrum” at low energies, a power-law spectrum from a surrounding “hot
corona’ at high energies and a small contribution from the reflected light from the corona
by the gas around it. The contribution to the total emission due to the reflected radiation is
small, but the light emitted by the disk produces a rather hard spectrum peaking at ~ 1 KeV,
as shown in e.g., [39, 122] and references therein.

As the emission at low energies does not heat the gas around the PBH efficiently and
sources at z > 22 contribute only little to the Near Infrared Background [39], we assume
that gas accretion around the PBH powers only X-ray emission. Moreover we assume, as
commonly done, that the emission is spherically symmetric. Therefore, a bubble with 21 cm
IM signal different from the sky-averaged value is formed around the PBH. Finally, we can
safely assume that PBHs of the masses we consider do not affect cosmic reionization [123].

Following [124], we assume that PBH accretion powers a miniquasar with a spherically
symmetric power-law X-ray flux (limited to an energy range between 0.2 and 100 KeV).
The difference between the heating of the gas by hard sources and those with a power-law
spectrum may be significant (see e.g., [125, 126]). However, we show in the appendix A that
the differences in the final angular power spectrum between a power-law spectrum and other
more realistic choices (such as a piece-wise power-law [127] or including the emission from
the disk as in [39]) are not significant with respect to the uncertainties in key parameters
of the PBH population, i.e. their abundance, mass or Eddington ratio of the emission, as
discussed below. Of course, in a refined application that goes beyond an initial feasibility
analysis such as this paper, all these affects must be correctly modelled. Then, the spectrum
of the photon emission, F(FE), is given by:

F(E)= AM)) E~'s7!, (3.1)



where A is a normalization factor chosen to have a luminosity L = ALgqq, where X is the
Eddington ratio and Lgqq is the Eddington luminosity:

ALgqda(M)
fErange E_ldE

Liaa(M) = 8.614 x 106(M /M) keV /s. (3.3)

AMM) = keV/s, (3.2)

Combining eq. (3.2) and eq. (3.3), it is easy to notice that A and M are degenerate when
computing the emission of the PBH, since 4 x AM = M. As explained below, relevant
quantities, as zg or Th;, only depend on the redshift and the intensity of the emission.
Therefore, in order to illustrate how these quantities depend on both A and M, we will show
them in terms of M .

The spectrum of eq. (3.1) translates into number of photons per unit area per unit time
at a comoving distance r from the source:

e—'r(E,r) A(M)E_l
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N(E,r)=

em 2571, (3.4)

where

T(E,1T) = /07‘ ng(z)zg(r)o(E)dr. (3.5)

We use the fitting formula of [128] to compute the absorption cross section taking into
account the contribution from helium and hydrogen atoms:

E —-p
E)=425x 1072 [ —— 2 :
o(E) 5x 10 (0.25keV> cm?, (3.6)
with p =2.65 if £ < 0.25keV and p = 3.30 if £ > 0.25keV. The emitted photons ionize the
surrounding gas at a rate per hydrogen atom, I'; as a function of the comoving distance r,
given by:
e E dE
I(r) = / c(EYN(E, "Y1+ —=—¢(F,z.))—, (3.7
Fo EO E
where x.(r)=(1 — 2y (r)) is the ionized fraction, and the term E%QS(E, Z.) is introduced to
take into account secondary ionizations. We apply the fitting formulas from [28] and [102]
for £ < 0.5 KeV and E > 0.5 KeV, respectively.
Therefore, the neutral fraction is determined by the equilibrium between ionization and
recombination rates:

aHn%{(z)(l - ach(r))2 = I'(rzg(r)ng(z), (3.8)

where ay = 2.6 x 107137, %% ¢cm? /s is the recombination cross-section to the second excited
atomic level, with Ty = T},/10* K. For this computation, we assume Ty = 1 (as in [124]).

The neutral fraction radial profile, z g (r), is shown in figure 1 for different redshifts and
values of M. With increasing redshift, the hydrogen density increases; in a given volume
at fixed photon flux, there are more atoms to ionize, hence the size of the ionized region
decreases.

On the other hand, for increasing masses or Eddington ratios (i.e., larger M), as the
PBH emission is more intense, the ionized region becomes larger.
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Figure 1. Neutral hydrogen fraction profile xzp for a PBH with M = 100 at various redshifts (left)
and for a PBH with various M values at z = 30 (right).

3.2 Kinetic temperature

In addition to being ionized, the gas around the PBH is heated by the photons emitted by the
miniquasar and cooled by the interaction with the CMB and the expansion of the Universe.
The miniquasar heating affects the kinetic temperature, hence T} varies with the distance
to the PBH. The heating rate per unit volume per unit time at a given comoving distance r
from the source is:

o0

Hppy = f(xe(r))ng(z)xH(r)/ o(EYN(E,r)dE, (3.9)

Ey

where f(x(r)) is the fraction of the photon energy absorbed through collisional excitations.
We use an extrapolation of the fitting formula of [102]: f = 0.9771(1 — (1 — 20-2663)1:3163) " Ag
this fitting formula does not work well for a low-ionization medium (in reality f never goes
to 0), we consider a floor f = 0.15 when z, < 107* [121].

Since the gas is exposed to Compton cooling by CMB photons, the heating rate per
unit volume per unit time due to Compton processes is:

3270 orckBne(z, ) Thyp(2)
15(h0)3m662

HCompton = X (TCMB(Z) - Tk(r))u (310)

where ne(z,r) = ng(2)ze(r) is the number density of electrons. On the other hand, the adia-
batic expansion cooling per unit volume per unit time is Hexp = — 3H (2)kpTk(r)nm(2)(2—
g (r)). Then, in equilibrium, > H; = 0.

Here, we do not consider Compton heating due to the emitted photons, because it is
efficient only very close to the source [121]. Nonetheless, at those distances the hydrogen is
totally ionized, so there is no signal in 21 cm IM and the results do not change. Moreover,
those scales are far beyond the reach of 21 cm IM power spectrum resolution.

At large distances from the source, the gas is not affected by the PBH emission and its
temperature is only determined by the adiabatic cooling due to the expansion of the Universe
(there are no free electrons to scatter via Compton). Therefore, we need to set a contour
condition by which Tj(r — oo0) = TY, the mean kinetic temperature of the IGM (without
PBHs, which we take from the output of HyRec [129, 130]). We include this condition in our
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Figure 2. Kinetic temperature profile T}, for a PBH with M = 100 at various redshifts (left) and for
a PBH with various values of M at z = 30 (right). The CMB temperature is shown in dot-dashed
line for reference for each redshift in the upper panel and for z = 30 in the lower.

computation of T} by a adding T,Eac () to the obtained Ty. We will remove this contribution
when computing T5; of an isolated PBH.

We show gas temperature profiles as function of the comoving distance to the PBH
in figure 2 for different redshifts and values of M. At large distances from the PBH, T}, = T]?,
hence the gas temperature is lower at lower redshifts. In the inner regions, the heating due
to the emission of the PBH is coupled only to the neutral hydrogen, but, as the number of
photons decays exponentially with the distance, this heating is more efficient close to the
PBH. In these regions, PBH heating dominates over Compton and adiabatic cooling, so Ty
needs to be high to reach equilibrium. If Compton heating due to the emitted photons were
considered, T} at distances tending to 0 would be much higher. However, as stated before,
this would not change the signal in 21 cm IM because the hydrogen is totally ionized in those
regions. At intermediate distances, PBH heating loses efficiency and T} drops even below
Tcowvp until it reaches T,?.

3.3 Spin temperature and differential brightness temperature

Once we have computed the ionization fraction and gas temperature profiles (xy(r) and
Ti(r)), obtaining the spin and differential brightness temperature is straightforward using
eq. (2.3) and eq. (2.2), respectively. T may be driven whether by the collisional coupling
or via the Wouthusyen-Field effect, whose weight is encoded in the coupling terms gy and
Yo In eq. (2.3), respectively. We show radial profiles of y; and y, in figure 3 and figure 4,
respectively, which make evident that T is driven by collisional coupling in all the cases
of study.

Spin temperature profiles can be seen in figure 5. Ty behaves qualitatively similar to Ty
until Ty ~ Ts < Tcums, where spin temperature coupling with CMB photons dominates and
T rises until Ts =~ Tcmp, as can be seen in figure 3.

So far, we have applied the boundary condition that all quantities must match the
standard values (i.e., without PBHs) when the distance to the PBH is large enough (e.g.,
Ti(r — o0) = T7). Nonetheless, we are interested on the isolated signal in 21 cm IM of a
single PBH. Therefore, we subtract the contribution added due to the boundary condition
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Figure 3. Radial profile of the kinetic coupling term y; of the spin temperature for a PBH with
M =100 at various redshifts (left) and for a PBH with various values of M at z = 30 (right).
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Figure 4. Radial profile of the coupling term of the spin temperature with photons due to the
Wouthusyen-Field y,, of the spin temperature for a PBH with M = 100 at various redshifts (left) and
for a PBH with various values of M at z = 30 (right).

in the same way that it was added before:
T (r) — Toa(r) = TRzm(r), (3.11)

where T9, is the sky-averaged T5; without PBHs.

The Ty (r) profile shown in figure 6 can be explained as follows. In the inner part,
T51 = 0 because all of the gas is ionized. The region with T5; > 0 corresponds to the region
where Ty, > Tomp and xpg starts to grow; then, when T}, drops because the PBH heating
at those distances is less efficient, T»; drops to negative values. Finally, T5; rises again due
to the collisional and Lyman-« coupling of the photons to the source with the gas becomes
totally inefficient and Ts — TS0 so Ty — T¢ 201. Given that the PBH signal is isolated, at these
distances, Tp; = 0.

In order to compute the fluctuations of 751, we need to compute also « profiles as a
function of distance to the PBH, for which we follow the analytic expressions of [109]. Such
profiles can be seen in figure 7.
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Figure 6. Differential brightness temperature profile 7, for a PBH with M = 100 at various redshifts
(left) and for a PBH with various values of M at z = 30 (right).

4 Contribution to the sky-averaged signal of 21 cm IM

Considerations about the minimum seed masses required [9, 13], number of galaxies in the
universe hosting SMBH [131], uncertainties on the accretion mechanisms, and CMB obser-
vations constraints on the maximum allowed dark matter fraction in PBH [59], lead us to
consider a range of 1078 < Qppy < 1076 [123].

Key parameters of the model are largely unknown: SMBHs abundance and Edding-
ton ratio (which is a proxy for the radiative efficiency) and mass. We consider here some
representative values.

In addition to considering that all PBHs have the same mass, we also consider that all
of them have the same Eddington ratio. This is an idealized case, since each kind of SMBH
population (e.g. not active, type 1, type 2 and so on) has a different distribution of Eddington
ratio (see e.g. [132-134]). It is customary to consider that SMBHs are active if A > 1074,
although this is an arbitrary limit, given that the Eddington ratio distribution is broad, and
extends towards A < 10%, as pointed by observations [135-137].
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Figure 7. « profile for a PBH with M = 100 at various redshifts (left) and for a PBH with various
values of M at z = 30 (right).

In any case, a characteristic value of the Eddington ratio is also largely unconstrained.
Observational studies of X-ray selected SMBHs (which of course implies a selection bias
favouring the most active luminous SMBHs) suggest large values of the Eddington ratio,
i.e. A ~ 0.1. Nonetheless, one can consider that all SMBHs are active (not only those with
A 2 107%) and then, A can take values < 107* [138]. Moreover, in [59], the evolution
of PBH accretion under the most conservative assumptions was studied in a cosmological
context assuming spherical accretion, finding much lower and mass dependent Eddington
ratios. Besides, we assume for simplicity a duty cycle of unity, so the Eddington ratio would
be smaller to match more realistic cases with lower duty cycles but higher luminosity.

Taking all this into account, we prefer to consider different parameter configurations
to account for different possibilities spanning a wide range in the parameter space. We
consider all the possible combinations of three masses (102, 10% and 10* M) and three
abundances (Qppy = 1078, 1077 and 10_6). We also consider two possible scenarios with
different choices of A for each combination of M and Qppy: one with large Eddington ratio
(A ~ 0.1 for astrophysical considerations) and another with small A (see [59]). If a disk is
formed and the accretion is not spherical, values of A above this lower limit, but still below
the astrophysical one, are expected [60]. Following, [59], as the change of A with redshift for
z < 200 is small, we consider it constant and we take A = 107 for M = 10*Mg, A = 1077
for M = 103My and A = 10710 for M = 10?M,.

If we assume that there are PBHs present in the dark ages, their signal is superimposed
to the standard one coming from the IGM and temperature fluctuations. We consider that
the gas “bubble” around the PBH extends until the distance where |Th1|< AT, which we set
AT = 1 mK. This distance corresponds to the point in which T%; (figure 6) becomes flat,
and refer to it as 7y

The differential flux per unit frequency received from the bubble can be expressed in
terms of the differential brightness temperature as:

2 1/36()
8 F, = 2 kpT21 AQpubbles (4.1)

where AQpupble = A/x?(2), being A = mrd  the comoving cross section of the bubble, and
x(z), the comoving distance to us. Furthermore, the line-integrated differential flux, 0 F,
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can be obtained multiplying the differential flux evaluated in the desired frequency, v/, by a
redshift effective line width, Aveg = (F(v)dv ) /F(V'). For an optically thin cloud, Aveg can

be approximated by:
v 2kBTk
Aveg = (| ——. 4.2
Veff (1 i Z) mH02 ( )

As both our gas and differential brightness temperature have radial profiles, we use an effec-
tive surface average defined as:

- 2 Tlim
Ty = Zﬂ Ty (1) Avege (v )i dr. (4.3)
0

The comoving number density of PBHs is:

Q M N\7!
_ —2 PBH -3
nPBH(QPBHa M) = 1.256 x 10 X ( 1079 ) <104M@> MpC . (44)

As was discussed in the previous section, A and M are degenerate when considering the signal
of an individual PBH. However, when considering the entire population, as the comoving
number density of PBHs (eq.(4.4)) only depends on Qppy and M, this degeneracy is broken.
The average contribution of all the bubbles around the PBHs population to the differential
flux per unit frequency is

2
%dL&FnPBH. (4.5)

(07) = Av  dQdz

Finally, taking into account that Av/Az = 14/(1+2)? and defining the beam-averaged
effective differential brightness temperature, (Ty1), using ( 6F,) = 2 12 kp(T21) AQpeam/c?,
we obtain [90]:

2
<T21> = MX]:IEZ)NPBHTglA. (46)

We show the evolution of the sky-averaged signal with redshift in figure 8 for different
cases with A\ = 0.1. As can be seen, the contribution to the standard signal is positive
(detected in emission) for z = 130 (for which T»; > 0 at any distance, figure 6), and negative
(detected in absorption) for lower z. However, the contribution is only appreciable for z < 50.
For the same values of M, the PBH contribution is larger for larger npgy, which is reasonable.
On the other hand, for the same number density, the contribution is larger for larger intensity
of the emission (i.e. larger M). Therefore, the contribution of PBHs to the standard sky-
averaged signal in the cases where A\ takes much smaller values will be negligible unless the
number density is really high.

5 Contribution to the angular power spectrum of 21 cm IM

In this section, we introduce how we compute the angular power spectrum of 21 cm IM,
accounting for the first time for the emission of PBHs, the temperature profiles around them,
and thus the full scale dependence of their contribution to the 21cm IM signal. As reference,
note that the corresponding scale for the multipole ¢ at redshift z fulfills approximately
kx(z) = ¢ (using the Limber approximation); therefore, at z = 30, £ = 10® corresponds to
k ~ 0.09 Mpc~! in a ACDM cosmology with the best fit parameters of Planck.
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Figure 8. Sky-averaged differential brightness temperature as a function of redshift. Top panel:
isolated contribution of PBHs assuming different masses and abundances (positive values are shown
as solid lines while negative, in dashed lines). Bottom panel: total signal.

The modelling of the PBH signal in the fluctuations of T5; is similar to that of the
Sunyaev-Zel’dovich effect fluctuations from clusters of galaxies [139] or 21 cm IM from mini-
haloes before reionization [91]. In all these cases, there are extended sources tracing the
peaks of the matter density field. In analogy, we use the halo model [140] to characterize the
To1 power spectrum during the dark ages in the presence of PBHs. A review of the formalism
of the halo model can be found in [141]. Given that we only consider a monochromatic PBH
population, all the integrals in mass that appear in the halo model formalism, which are of the
type fAA/[J:EI" dM'npa(M’')G(M'), where G is a general function, simplify to npgg(M)G(M).

In the halo model, the power spectrum is the sum of two components: the correlation
between points within the same halo or bubble is described by the ‘one-halo’ term, while the
correlation between points in separate halos/bubbles is encoded in the ‘two-halo’ term. Hence
Pppu(k) = Py + P2R,. In the same way, one can express the angular power spectrum in
multipole coeflicients as C’}DBH = CfBH(lh) + C’EBH(%).

We build on eq. (2.11) to obtain the observed fluctuations of the 21 cm temperature
fluctuations originated due only to the presence of PBHs in a direction n and in a frequency v:

TSy prsn(is 1) = [ " 4z (Wi () appn(r) 8(x) + Toupen(r) 6.0, (5.1)

0

where T (1) and «(r) are the quantities obtained in section 3, r = V&2 + R? is the comoving
distance to the center of the PBH and R = x(z)/¢ is the comoving transverse distance to the
center of the PBH. By using R = x(z)/{, we assume a plane parallel approximation. This is
justified because for low ¢ (where the plane parallel approximation breaks down), r >> 7y,
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hence 6751 peu(r) = 0. Once we have computed 5T§1,PBH7 we obtain the transfer function
for the 21 em IM fluctuations due to PBHs, 7,71, as in eq. (2.12).

As the standard contribution in the linear regime without the PBHs comes from a
continuum where there are no haloes, we consider that the one-halo term of the standard
contribution vanishes. Therefore, we obtain the total angular power spectrum as the sum of
the one-halo and two-halo terms, expressed as:

2 o0 2

CfBHUh) =i ]ﬁ dkk2 (nfBH) ’ (5.2)

CPBHE _ 2 dkk? (7 + nppub’ PBH)21 (k) (5.3)
) =2 ¢+ npub/, mA ) '

where we assume that PBHs are completely correlated with the dark matter distribution and
b is a scale-independent bias. This is motivated by the following consideration. If PBHs are
the seeds of the SMBHs, they are located at the centers of the potential wells so galaxies
will form around them. We take the bias factor to be approximately the mean value of the
galaxy bias. In explicit calculations we assume b = 1.25.

Given that the formation of a PBH is a rare event and PBHs spatial distribution is
discrete, there is a Poissonian fluctuation in the number density of PBHs. Therefore, in
addition to the standard matter power spectrum appearing in eq. (5.3), there is a Poissonian
power spectrum contribution. These fluctuations behave like isocurvature modes, as the
formation of compact objects at small scales does not affect immediately the curvature at
large scales [142]. The primordial power spectrum that describes them is:

o _ N PBH
NPBH
The isocurvature behaviour is enclosed in the transfer function of isocurvature modes, which
is scale-independent (Tiso = %(1 + Zeq), Where zeq is the redshift of matter-radiation equality,
14 zeq ~ 3400). Therefore, the power spectrum generated by the Poisson fluctuations is:

2
Protson(2) = (TuD(2))? Phoss = 501+ 200)* D) 281, (5:5)
NPBH

where D(z) is the growth factor. The mass fraction, fppu, appears because this contribution
comes only from the fluctuation in number of PBHs and not all the matter. Ppojsson Should
be added to the two-halo term multiplied only by 72P BH ~ Nonetheless, given the ranges
of fppy we consider, the Poisson contribution is negligible at all scales. Only in studies
exploring PBHs as a sizable fraction of the dark matter, where fppy ~ 1, it is found that
the contribution of eq. (5.5) dominates at small scales. In fact, Afshordi et al. (2003) [142]
and Kashilinsky (2016) [143] propose to constrain the abundance of PBHs by looking for this
scale independent contribution to the power spectrum in observations of the Ly« forest and
the Cosmic Infrared Background anisotropies, respectively.

Looking at eq. (5.1), eq.(5.2) and eq.(5.3) it is easy to notice that the angular power
spectrum will depend only on two quantities related to PBHs: nppy and EPBH (Cys also
depend on other quantities not related with PBHs, such as the redshift). Therefore, although
we do consider three parameters regarding PBHs, the relevant quantities are combinations
of them: M = M\ and nppg « Qppu/M. The former is needed to compute the size of the
bubble around the PBH (i.e., 7). Essentially, varying M shifts the features related with
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Figure 9. Angular power spectrum of the total signal in 21 cm IM at z = 30 varying the density
parameter of PBH (top left), the mass (top right) and the Eddington ratio (bottom,).

PBHs to different multipole ranges (via '72P BH)  The latter is a rescaling of such contributions
(CZ}DBH(lh) x npu and CEBH(%) x n%,BH). Therefore, varying nppy changes the amplitude
of the PBH features. These two effects are relevant to determine at which scale the PBH

contribution starts to dominate. Thus, there is a degeneracy among the PBH parameters:
Co(M, X\, Qppn) = Co(M/B, A5, Qppu/B), (5.6)

where 3 is an arbitrary positive constant. All these effects can be seen in figure 9. In most
of the cases, the PBH effects modify the standard power spectrum at £ ~ 102 — 103, with
a large variation at £ ~ 10°.

As can be seen in figure 10, the PBH-induced deviation from the standard signal de-
creases with redshift because the size of the bubble decreases with redshift (see figure 6
and figure 7), so the multipole at which the deviation is appreciable at fixed npgy and M

increases.

6 Detectability

We have characterized the imprints of massive PBHs in both the sky averaged signal and
the power spectrum of 21 cm IM. The sky averaged signal requires dedicated single dipole
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Spec SKA | SKAaqy | LRA1 | LRA2 | LRA3

Dpase (km) | 6 100 30 100 300
Seover 0.02 0.2 0.1 0.5 0.75
tobs (vears) 5 10 5 5 5

lcoverlgr—lz 5790 | 96515 | 28954 | 96515 | 289547

Table 1. Instrument specifications for SKA, advanced SKA and three different realizations of the
Lunar Radio Array.

experiments, such as EDGES [144], LEDA [145] or SARAS [146], to be measured. On the
other hand, radio arrays as SKA aim to measure the fluctuations. As the PBH contribution
on the sky-averaged signal is very small in most of the cases, we focus on the power spectrum
and observations done with radio arrays.

We study the detectability of the signal and forecast constraints on massive PBH pa-
rameters assuming observations in the dark ages done with the SKA [95] and a futuristic
Earth-based experiment, similar to the SKA but with much larger baseline and feover, which
we refer to as “SKApaq,”. Given that the atmosphere is opaque for frequencies < 45 MHz,
SKA will not be able to observe much further than z ~ 30. Then, in order to observe well
beyond the end of the dark ages (z 2 30) it will be necessary to observe from outside the
Earth’s atmosphere; a good candidate as a location for such observations is provided by the
Moon [147, 148]. This is why we also consider three different realizations of a futuristic radio
array on the dark side of the Moon, that we call the “Lunar Radio Array” (LRA) [96]. The
relevant specifications of the experiments considered can be found in table 1.
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Figure 11. 10, 20 and 30 confidence level forecasted constraints in the Qppy-A plane from theoretical
Ax? values for the fiducial cases of Mfd = 104 Mg, Q% = 108 and Aid = 0.1 (left) and Afid = 104
(right), considering SKA aqy in both cases. The fiducial case is marked with a red dot.

Because of its wide frequency coverage we consider that it will be possible to do tomog-
raphy with LRA beyond z ~ 30. We follow the arguments introduced in [80] to determine the
redshift bins that can be considered independent when observing with Av = 1 MHz between
z =30 and z = 200.

First of all, we compute the A y? considering SKAqy as a function of Qpgy and A
for two fiducial cases (M4 = 10*My, Qg = 10% and M4 = 0.1 (left) and A4 = 104
(right)). The 1o, 20 and 30 contours are shown in figure 11 where the degeneracy among
the parameters discussed in section 5 can be appreciated.

We also forecast the errors on Qppn (0q) and A (o)) using Fisher matrices for all
the fiducial cases we consider. The resulting forecasts are reported in table 2. The Fisher
forecasts obtained should be considered as a rough estimate, especially for low fiducial values
for X\: figure 11 shows that the constant Ax? contours are not well described by ellipses,
which is what the Fisher approach assumes.

The PBH signal will be barely detected by SKA, since only for extreme cases in which
nppy is very large, the signal-to-noise ratio, S/N, for Qppp and A is larger than unity.

As the amplitude of the power spectrum increases greatly at small scales, being able to
resolve very small scales (i.e., large Dyase, which implies large £eover) Will be key to detect the
PBH signal and constrain the parameters. This is why the forecast uncertainties for SKA s gy
are much smaller than for SKA (and similar considerations apply to LRA3 vs. LRA1L).

On the other hand, the contribution of PBHs to the power spectrum decays with redshift
(figure 10), hence the S/N between the case with PBHs and the standard one decreases fast
with redshift, as shown in figure 12 for the three realizations of LRA and M = 10°M,
Qppg = 1077 and A = 0.1. As tomography does not add much information, fcoyer has more
impact in the final S/N. Generally, forecast errors for LRA1 are larger than for SKAaq4y;
however, they are smaller for LRA2 than for SKA 54y, both having the same Dy ,g. This is
true always except when both M and npgy are large.

To summarize, although a detection of the PBH contribution in the dark ages might be
achieved by SKA, in order to measure Qppy and A accurately, a more ambitious experiment
with a larger baseline is needed. Such measurements will be more precise if tomography is
possible, for which experiments such as LRA are needed.
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Table 2. 1o forecasted uncertainties on the abundance of PBHs, Qppp, (0q) and the Eddington
ration, A (o) for different fiducial cases and experiments using Fisher matrices.

7 Discussion and conclusions

The origin and formation mechanism of SMBHs remains largely unknown. If the growth of
the black holes happens only through (standard) accretion, in order to grow fast enough and
reach M ~ 10°Mg, at z ~ 7 [13] (and thus match the observed quasar abundance), massive
seeds of ~ 10%* — 10°M need to be already present in regions with large gas densities at

— 921 —



M=103M,, Qpgy=10"7, A=0.1

— LRAl
LRA2
—— LRA3

103 -

101 -

1071 -

10—7 -

10—9 -

T T T T T T T T
40 60 80 100 120 140 160 180 200

z

Figure 12. Evolution of the signal-to-noise ratio between the power spectrum accounting for the PBH
contribution and the standard one with respect to redshift. We consider M = 103M,, Qppy = 1077
and A = 0.1, and show the results for the three realizations of the LRA.

z ~ 20. However, if mergers are also considered, the seeds can be lighter. Therefore, there
are three candidates to be the seeds of SMBHs: remnants of Population III stars, DCBHs or
intermediate mass PBHs.

In this work, we address the observational signatures that intermediate mass PBHs
would have on 21 em IM during the dark ages. We model this signal starting from the
characterization of the radial profiles of T5; around a single PBH to compute the contribution
to the standard sky-averaged signal and to the angular power spectrum, using the halo model.
This is the first time that the signature of PBHs accounting for its full scale dependence is
modeled in the 21 cm IM power spectrum.

The values of the abundance of SMBHs (and therefore, of the seeds needed, Qppp), the
radiative efficiency (i.e., the Eddington ratio, A) and the mass of the possible seeds, M, are
largely unconstrained. Therefore, we consider several parameter configurations as fiducial
cases. We forecast observational errors on A and Qppy for each fiducial case assuming future
observations made with SKA, a futuristic improved SKA-like experiment, and three different
realizations of a futuristic radio array on the far side of the Moon (LRA).

We find that, although we consider three parameters (M, A and Qppg), the final power
spectrum is only sensitive to two combinations of them: MA = M (i.e., horizontal shifts of
the one- and two-halo terms) and Qppy/M o nppp (i-e., changes in the amplitude of the
PBH contribution to the power spectrum). As a consequence, there is a degeneracy between
the parameters, which can be expressed as Cy(M, A\, Qppn) = Cy¢(M/B, A3, Qppu/B) (with
B being an arbitrary positive constant), as can be seen in figure 11. This perfect degeneracy
is expected to be partially broken with more detailed modelling.

We find that the presence of PBHs increases the sky-averaged signal of 21 cm IM in
absorption at z < 50, but it is only appreciable when both M and nppy are large (figure 8).
With respect to the angular power spectrum, we find an enhancement of the signal for
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¢ > 10% — 10° (figure 9), which decays with redshift (because the size of the bubble around
the PBH, i.e., the gas cloud producing a signal different from the standard sky-averaged value,
is smaller for larger redshift, figure 6), as shown in figure 10. Although the enhancement is
large, measuring A and Qppy will be very difficult with SKA, as the effect is large only on
small scales that can be reached only with a much longer baseline. On the other hand, as the
signal-to-noise ratio decays fast with redshift, tomography does not add much information.

In this paper we have concentrated on the dark ages, given that they directly probe an
epoch where the seeds should be present if they are primordial (and absent otherwise). Ex-
tending the analysis to lower redshift ranges would be interesting for experiments happening
on a shorter timescale, although added complications due to astrophysics and degeneracy
with other signals would be involved.

Our modelling makes several assumptions and simplifications, which we recap and dis-
cuss their resulting implications here. First of all, we consider that there is no overdensity
surrounding the PBH (or that the profile around it does not affect drastically the signal) and
also neglect radiative transfer effects. For this initial exploration of the subject, we assume
that the effects of these two assumptions compensate, since accounting for density profiles
would generate smaller bubbles but larger mean free paths of X-rays (consequence of the
radiative transfer) would make the bubbles larger.

To compute the contribution of PBHs to the standard signal, we model a single PBH
and afterwards we use the number density of PBHs, nppy « Qppu/M, to account for the
full population. Hence, our formalism breaks down for large number densities. In such
scenario, bubbles around different PBHs overlap, so PBHs can not be considered as isolated
anymore. Besides, PBHs contribute significantly to cosmic reionization, advancing it if their
number density is too high. In this case, more accurate modelling is needed. Actually, the
cases with the largest nppy considered here should be interpreted carefully due to the effects
commented above. This caveat could also be more relevant if the actual bubbles are larger
than considered here due to radiative transfer effects.

Moreover, we assume a simple power-law spectrum for the radiation emitted by the PBH
accretion without modelling the full spectral energy distribution (although see appendix A)
and that all processes are in equilibrium (steady-state approximation, hence we are limited
to M < 10*M). Although the effect of supersonic relative velocities between baryons and
dark matter is included in our computation of the 21 cm IM fluctuations (see section 2.2), it
is not included in the modelling the heating of the IGM due to the PBH emission. Relative
streaming velocities between gas and PBHs leave an imprint on Tb; radial profiles at the
corresponding baryon acoustic oscillation scales, imprinting the corresponding features in
the total angular power spectrum. The interested reader can find a study of the effects of
relative velocities in the 21 cm IM power spectrum in the pre-reionization era, but after the
first stars formed (hence at lower redshifts that those we are focused on) in e.g., [149]. We
expect a similar qualitative behaviour for the case of PBHs at larger redshifts.

Finally, we have assumed an average value for the bias between the seeds and the dark
matter distribution, while in reality its value might change with redshift and the mass of
the seeds. However, given that the value of the bias is strictly related to the height of the
peaks in the density field, it is also directly connected to the PBH initial mass and number.
In principle, given that it affects the two-halo term contribution but not the one-halo term,
variations of the bias would cause a slightly different signal, but we do not expect the final
result of this paper to be substantially different.

Nonetheless, the impact of these assumptions and simplifications on the final power spec-
trum in the scenario under study are subdominant, given the magnitude of the uncertainties
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due to the PBH parameters. On top of this, we assume that a comprehensive characteriza-
tion of the foregrounds which affect the detectability of the signal is possible, hence they do
not affect the S/N or the forecast uncertainties in the PBH parameters reported in section 6.
In addition, we have considered that there is no other exotic energy injection during the
dark ages and that star formation begins at z < 30, although this might not be the case.
In such cases, the identification of a signal as the product of the IGM heating due to the
PBHs would be more difficult. A comprehensive study of these effects using simulations and
radiative transfer codes to account for PBH distribution, clustering, relative velocities, gas
accretion, mergers, and/or extended mass distributions of the PBHs as well as an estimation
of how removing the foreground wedge or an early star formation affects the detectability is
left for future work.

There are previous proposals to identify the seeds of the SMBHs from their observational
signatures, e.g., with the 21 cm IM sky-averaged signals at 10 < z < 30 [92] to distinguish
between black holes formed from remnants of Population III stars or DCBHs (although
the signal at larger redshifts might also come from PBHs) or with spectral distortions, to
ascertain if the seeds are primordial [46]. DCBHs are also one of the preferred candidates to
explain the power spectrum of the Near Infrared Background and its cross correlation with
the cosmic X-ray radiation, both at large scales [39]. The emerging spectrum from the DCBH
environment is non-zero only in this window [123], which may be useful for identifying them
with Chandra? or Athena.? Moreover, while the growth of remnants of Population III stars
may remain undetectable for JWST,* the evolved stages of DCBHs might be identifiable [150].
However, these signatures might also have been produced by massive PBHs. We leave the
study of this scenario for future work. With advanced gravitational wave detectors, such as
LISA it will be possible to measure gravitational waves created in mergers of SMBHs at
large redshifts, which will offer insights on the environments and history of such black holes
and help to discriminate among the different candidates for being the seeds.

The advent of new experiments and corresponding observations will shed light on how
SMBHs reached such huge masses and on the nature of the massive seeds needed to explain
their existence. It is also possible that the three kinds of seeds discussed above coexist and
give different signatures. We eagerly await observations that will open the window toward
higher redshifts and will give us the opportunity to improve our understanding of some of
the most extreme structures in the Universe.
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A  Dependence on the flux

In this appendix we discuss the dependence of the final T, radial profile and power spectrum
on the emitted spectrum assumed. We referred to the spectrum used in the main text
(eq. (3.1)) as Power-Law (PL) in opposition to a Power-Law with Low Energies (PL LE) in
which the energy range is extended at the low energy limit (10.4 eV < E < 100 keV) and a
Power-Law with High Energies (PL HE) in which the energy range is extended at the high
energy limit (200 eV < E <300 keV). All of them have the same exponent: —1.

We also consider a more elaborated spectrum, as the one introduced by Sazonov, Os-
triker & Sunyaev (2004) [127]:

E7'7 104eV < E < 1keV,
F(E)= AM)S E™Y 1 keV < FE < 100 keV, (A1)
E~Y 100keV < E,

with A(M) computed as in eq. (3.2). We consider one case with a high energy cut of
100keV (SOS LE) and another with the cut at 300keV (SOS HE). Finally, we consider a
more realistic spectrum which includes the contribution of the disk as a multicolor black
body spectrum, added to a power-law with index —1 for energies larger than ~ 3T1,.x (where
kpTmax = (M/M@)_O'25 KeV) and with a high energy exponential cut off at 300 KeV,
modelling the emission of the hot corona. We follow [39] and normalize each contribution
to the total emission to have the same luminosity. The emission from the disk can be
expressed as:

(A.2)

T >11/3 dT

Tmax
FMBB(E) N AMBB (M) -/O B<E7 T) (Tmax Tmax

Again, we set a low energy limit at 10.4eV.

We show the resulting 751 (r) and C; for all the emission models explained above in fig-
ure 13 and figure 14, respectively. Although the radial profiles of T5; are different, the effect
on the final power spectrum is small, compared with the uncertainties in the PBH parameters
(i.e., Qppu, M and nppy). Moreover, as the dependence on the PBH parameters is the same
for all the different emission spectra, significant changes on the forecasts reported on table 2
or on the two dimensional confidence levels shown in figure 11 are not expected.
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Figure 13. Differential brightness temperature profile T5; for a PBH with M = 100 at z = 30 for
different spectra for the emitted radiation.
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Figure 14. Angular power spectrum comparing the total signal in 21 cm IM for M = 103Mg,
Qppu = 1078, A = 0.1, 2 = 30 and Av = 1 MHz for different spectra for the emitted radiation.
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1 Introduction

The concept of Primordial Black Holes (PBHs) was introduced in the sixties [1], and subse-
quently it was suggested that they might make up the dark matter [2]. However, increasingly
stringent constraints (see e.g. [3-6]) gave way to theories proposing elementary particles as
dark matter. Of the latter, the most popular theory is the Weakly Interactive Massive Parti-
cles (see e.g., [7]). Nonetheless, the fact that WIMPs are still undetected while experiments
are reaching the background sensitivity [8] joint with the LIGO+VIRGO collaboration’s [9]
first detection of gravitational waves emissions from ~ 30Mg binary black hole mergers,
make it timely to reconsider PBHs abundance constraints (see e.g., [10-12]).

It is important to bear in mind that even without accounting for a relevant fraction of
the dark matter, the existence of PBHs might be a possible solution for other astrophysical
open questions. For instance, PBHs might be the progenitors of the super massive black
holes located at the nuclei of galaxies (e.g., [13, 14] and references therein) or the inter-
mediate massive black holes that could inhabit the center of dwarf galaxies (e.g., [15] and
references therein).

The abundance of PBHs (and hence the fraction of the total dark matter that they con-
stitute, fppn) is constrained by several independent observations in a wide range of masses,
with present datasets and new observables suggested for future experiments (see e.g. [16—
26]). For stellar masses, existing constraints include microlensing by compact objects with
masses < 10Mg [27-31], wide binaries disruption [32] or stellar distribution in ultra-faint
dwarfs galaxies [33] at slightly larger masses. There are also constraints on fppy on this
mass range from X-ray and radio observations of the Milky Way [34], although they depend
strongly on astrophysical assumptions. In addition to astrophysical observables, the presence
of PBHs has also consequences on cosmological observables such as the Cosmic Microwave
Background (CMB).

The basic mechanism behind the effects that a PBH population has on the CMB is
the following. PBHs accrete primordial gas in the early Universe and inject energy into the
primordial plasma via radiation. Therefore, the Universe’s thermal and ionization histories
are affected by the presence of PBHs, leaving potentially detectable signatures in the CMB.



Given that the medium has more energy because of the PBH energy injection, recombination
is delayed. This shifts the acoustic peaks and affects some physical quantities (e.g., the sound
horizon at radiation drag, rs). To summarize, the imprints are similar to those imposed by
the energy injection of exotic species such as dark matter decaying into photons [35].

Recently, Ali-Haimoud & Kamionkowski [36] (hereafter AHK) rederived constraints
from CMB power spectra and spectral distortions using the recently released Planck power
spectra [37], assuming spherical accretion and considering two limiting cases of ionization
mechanisms (collisional ionization and photoionization). Compared to the previous analy-
sis, AHK generalize the radiative efficiency computation accounting for Compton drag and
cooling by CMB photons, as well as ionization cooling once the gas is neutral, and use a
more precise estimate of the relative velocity between PBHs and baryons. All this leads to
significantly smaller accretion rates and PBH luminosities than previous analyses, therefore
weakening constraints with respect to previous studies [38]. These updated results leave a
window open for PBHs to be the dark matter (fppu = 1), precisely for masses of tens of M.
In contrast to the standard cosmological model, A-Cold Dark Matter (ACDM), hereafter we
refer to a ACDM model where a significant fraction of the dark matter is PBH as APBH.
Recently, the authors of [39] revisited CMB constraints assuming disk accretion. They find
tighter constraints, which close the mentioned window and exclude the possibility that PBHs
of tens of My account for fpgy 2 0.1. This would rule out the APBH model. However,
both spherical accretion and disk accretion for all the PBHs are limiting cases. It is therefore
reasonable to expect that a realistic scenario would be in between these (refs. [36] and [39])
limiting cases.

Most of the constraints mentioned above are derived assuming a Dirac delta function for
the mass distribution (i.e., monochromatic distribution). While being a good approximation
as a first step, this is an idealized case. Extended mass distributions (EMDs) appear naturally
in formation mechanisms such as the collapse of large primordial fluctuations [40] or cosmic
strings [41], or cosmological phase transitions, like bubble collisions [42], among others [43].
Besides, critical collapse [44] broadens any distribution, even if it is nearly monochromatic,
making an EMD for PBHs unavoidable [45]. This effect has been studied numerically in [46—
48], showing that it applies over ten orders of magnitude in density contrast (see e.g. figure
1 of [47)).

Given the wide variety of EMDs for PBHs, it is impossible to explore them all in detail
in a cosmological context. The authors of [22, 23, 49] have proposed approaches to translate
monochromatic constraints to EMDs; for a discussion of the advantages and limitations of
these approaches see the above references and [50]. Constraints for simple EMDs have been
derived exactly for microlensing observations [51].

Recent works demonstrate that it is possible to interpret very accurately the effects of
a population of PBHs with an EMD in each different cosmological probe as a monochro-
matic population with a corresponding effective equivalent mass. The approach is physically
motivated as it accounts for the underlying physics of the effects of PBHs [50]. This is the
approach we follow here. We refer the reader to ref. [50] for more details and advantages
compared to other approaches.

Although recently there has been a renewed effort to revisit PBHs constraints, there is
still a lack of studies on PBHs cosmological implications and their possible correlations with
other cosmological parameters. Given the persistent tensions that exist among some obser-
vations at high and low redshift within ACDM, it is worthwhile to explore the possibility
that the inclusion of PBHs in the model might reconcile these tensions. Using the formalism



described in AHK, we study the impact of a large PBH mass fraction on CMB-derived cos-
mological parameters, for the standard six parameters of ACDM and for common extensions
to this model. We also compute constraints on fpgy for PBHs with EMDs and test the
prescriptions of [50] for the effective equivalent mass for the CMB.

This paper is structured as follows. In section 2 we introduce the observational data we
use and our methodology. Results are presented in section 3: the results for monochromatic
distributions are shown in section 3.1 and those for EMDs, in section 3.2. Finally, discussion
and conclusions can be found in section 4.

2 Methodology and data

We use the public Boltzmann code CLASS [52, 53] using the modified version of HyRec [54,
55] introduced in AHK. This modification allows us to compute CMB power spectra account-
ing for effects due to a monochromatic mass distribution of PBH with mass M and fraction
feeu. We further modify this code to allow also for a variety of PBH EMDs following the
prescriptions suggested in AHK.

We use the Markov Chain Monte Carlo (MCMC) public code Monte Python [56] to
infer cosmological parameters using the observational data described below. We use uniform
priors for fppy in the range 0 < fppy < 1, which is motivated by the linear dependence of the
differences in the CMB power spectra on fppy, shown in AHK. We also consider logarithmic
priors finding that results do no change significantly.

We consider the full Planck 2015 temperature (TT), polarization (EE) and the cross
correlation of temperature and polarization (TE) angular power spectra [37], corresponding to
the following likelihoods: Planck high¢ TTTEEE (for ¢ > 30), Planck low? (for 2 < ¢ < 29)
and the lensing power spectrum (CMB lensing). The Planck team identifies the low?¢ +
high? TT as the recommended baseline dataset for models beyond ACDM and the high/
polarization data as preliminary, because of evidence of low level systematics (~ uK? in
(£ 4+ 1)Cy) [57]. While the level of systematic contamination does not appear to affect
parameter estimation, we present results both excluding and including the high? polarization
data. Hereinafter we refer to the data set of Planck high? TTTEEE, Planck low/ and CMB
lensing as “Full Planck” (or full for short) and we refer to the Planck recommended baseline
as “PlanckTT+lowP-+lensing” (or baseline).

The approach we follow builds on AHK work and is similar in spirit. In that work, the
authors use the P1ik lite best fit Cy, a provided covariance matrix for the high¢ CMB-only
TTTEEE power spectra, and a prior on the optical depth of reionization, Tyeio, from [58]. Note
that such covariance matrix is computed for a ACDM model without the presence of PBHs,
so no correlation among fppyg and the standard cosmological parameters is considered. One
difference comes from the fact that, while AHK use a Fisher matrix approach to estimate
parameters constraints, we use MCMC for parameter inference. The price of being more
rigorous comes at a considerable increase in the computation time of the analysis. Computing
the constraints on fppp for all masses would take an unpractical amount of time. However,
given that the dependence of the upper limits on fpgy on Mppy is smooth, we choose Mppy
values equally spaced in logarithmic scale and interpolate the constraints in between. With
this procedure, for any Mppy in the interval covered by the sampling, we have an estimated
value for the 95% and 68% confidence limit on fpgy. This correspondence will be useful in
section 3.2 and figures 7 and 8.



2.1 Accounting for EMDs

To consider the effect of an extended mass distribution (EMD), rather than exploring the
whole parameter space of all possibilities, we follow the Bellomo et al. [50] prescriptions to
interpret EMDs as monochromatic populations with an effective equivalent mass, Meq, which
depends on both the shape of the EMD and the observable considered. Here we just briefly
introduce the formalism for the CMB and refer the interested reader to ref. [50] for a full

explanation.
For an EMD, we define the PBH mass fraction as:
dfepn d®ppn
= 2.1
dM JpBH M (2.1)

in such a way that d?]”\j}H is normalized to unity. We consider two popular mass distributions:
a power law (PL) and a lognormal (LN). The former can be expressed as:
d®ppr  NpL(Y; Miin, Mimax)

M M1 G(M - Mmin)@(Mma.x - M), (2.2)

characterized by the exponent v, a mass range (Mmin, Mmax) and a normalization factor

Y
Mx"rylax — M Y 7é O>
NPL(’}/’ Mmina Mmax) = M (23)
ot (Y
& Mmin 7

where v = — 2% w being the equation of state when PBHs form. If an expanding Universe
v T+w g g

is assumed (w > —1/3), v spans the range (—1,1). We consider two cases of power law dis-
tribution: one with v = 0 (corresponding to PBHs formed in matter domination epoch) and
another one with v = —0.5 (corresponding to PBHs formed in radiation dominated epoch).
Lognormal mass distributions can be expressed as:
d@pBH 1 _ 10g2(1V21/H)

= o 2.4
dM 202 M2 ¢ : ’ (24)

where p and ¢ are the mean and the standard deviation of the logarithm of the mass.
In order to account for an EMD, the energy density injection rate has to be integrated
over the whole mass range spanned by PBHs:

d®ppn (L(M))

ﬁinj = PdmfPBH/dMWT» (2~5)

where (L(M)) is the velocity-averaged! luminosity of a PBH. Starting from the results of
AHK, it is possible to estimate the mass dependence of the integrand in eq. (2.5) as:

(L) L  M?*/Lpaa  M*N(M)/M 2,2
— X — = M"N*(M 2.6
/R VIR VIR M (8), (2:6)
where L is the luminosity of an accreting black hole, M is the black hole growth rate, Lgaq
is the Eddington luminosity and A(M) is the dimensionless accretion rate. In principle the

'Recall that the accretion rate depends, among others, on the relative velocity PBH-gas.



averaged luminosity will depend not only on the mass but also on redshift, gas temperature,
free electron fraction and ionization regime. Ref. [50] assumes that these dependencies can be
factored out by parametrizing the dimensionless accretion rate as A(M) = M /2 where o is
a parameter tuned numerically a posteriori to minimize differences in the relevant observable
quantity between the EMD case and the equivalent monochromatic case.

Therefore, the effects of an EMD on the CMB power spectra are mimicked by a
monochromatic distribution of mass Mcq when:

NPL Mr’zl-;)?+a . MI'Iyl-i;Z—&-a pL
fMMDMeQ(;ra _ ¢EMD T+2+a ’ (2.7)

PBH — JPBH
(2+o¢)202
2

p2te , LN.

where fllg%ll{D is the PBH mass fraction associated with a monochromatic distribution. In

order to obtain the effective equivalent mass, we fix fg/IBNI&D = ggﬂj . This way, the upper

limit on fggﬂ) is the corresponding upper limit for a monochromatic distribution with the
effective equivalent mass.

As the authors of [50] indicate, there is no single choice of the parameter « in eq. (2.7)
able to correctly match the time dependent energy injection of the EMDs with the monochro-
matic case. Since we require to select one effective value for o, the relation between the “best”
value of o and the redshift range where the match is optimised depends also on the EMD.
Given that Planck power spectra have the smallest error bars for 10?2 < ¢ < 103, we choose
to select by minimizing the differences in the CMB power spectra in that multipole range.
Although we expect that different values of « do not have great impact in the performance
of the method, we use o = 0.3 for Power Law distributions, and a = 0.2 for Lognormal
distributions [50].

In principle, our effective treatment of the EMD (eq. (2.7)) and related results strictly
applies only for M < 10*M,,. This is because AHK modelling includes a steady-state approxi-
mation to avoid time dependent fluid, heat and ionization computations. This approximation
holds when the characteristic accretion timescale is much shorter than the Hubble timescale,
which is fulfilled for PBHs with M < 3 x 10*M; [59]. Since AHK formalism breaks down
for M > 10*Mg, eq. (2.7) is valid only for EMDs which do not have significant contributions
beyond that limit.

2.2 Important considerations

Several considerations are in order before we present our results and attempt their interpre-
tation. First of all, the treatment of the effects of PBHs on the CMB (adopted from AHK)
only considers changes in the ionization and Hydrogen thermal history via energy injection
due to PBHs accretion. It does not consider any changes in the background history of the
Universe. These changes would be mainly introduced because of the energy transfer from the
matter component to the radiation one through black hole mergers, for instance. However
there are several indications that these processes are not important in this context. In fact
ref. [60] estimated that no more than 1% of the dark matter can be converted into gravita-
tional waves after recombination; hence this mechanism cannot provide a significant “dark
radiation” component affecting the early time expansion history and cosmological parameters
estimation. It cannot be invoked therefore to reduce the tension between the inferred value of
Hj obtained using CMB observations and assuming ACDM [37] and its direct measurement



coming from the distance ladder [61]. However, black hole mergers could affect the expan-
sion history before recombination in a similar way than Nyg. This effect would further affect
recombination quantities, such as g, which also affects the inferred value of Hy [62, 63]. This
avenue is left to study in future work.

Energy transfer from matter to radiation sectors is not the only effect of PBH mergers.
When two PBHs merge, the final state is a single black hole with larger mass. Thus the
merger history of the PBH population changes the initial EMD predicted by inflation theories.
The extent of this effect depends on the merger rate which in turn depends on the initial
clustering and mass and velocity distributions. Given current theoretical uncertainties and
observational precision, neglecting changes in the EMD through time is not expected to bias
current constraints. However, this may need to be accounted for in the future.

As PBHs behave like a cold dark matter fluid at sufficiently large scales, they only affect
cosmological observables via energy injection because of the accreted matter. Therefore, the
only other cosmological probe affected by PBHs is reionization. The rest of cosmological
probes (i.e., cosmic shear, baryon acoustic oscillations, etc) will not be affected by a large
feu. For this reason we have not considered other cosmological probes here. In practical
applications they could certainly be used to further reduce parameter degeneracies.

While we assume spherical accretion, in [39] disk accretion is assumed. As the radiative
efficiency when a disk is formed is much larger than if the accretion is spherical, their con-
straints are much stronger than ours and those appearing in AHK. However, both scenarios
are possible in the early Universe: whether the accretion is spherical or a disk is formed
depends on the value of the angular momentum of the accreted gas at the Bondi radius
compared with the angular momentum at the innermost stable circular orbit. Given that
it is difficult to estimate the angular momentum of the gas accreting onto a PBH, the best
approach is to consider these as two limiting cases. We refer the reader to figure 3 and related
discussion in Poulin et al. (2017) [39] in order to see the extent of the differences in the shape
of the power spectra between both scenarios. Nonetheless, we expect that our results can be
extrapolated to the disk accretion framework. Actually, the degeneracies between fppy and
other parameters are expected to be approximately the same in both cases.

Therefore, it should be clear from the above discussion that uncertainties in the mod-
elling of processes such as accretion mechanisms of PBHs or velocity distributions imply that
any constraint should be interpreted as an order of magnitude estimate, rather than a precise
quantity. However, the behaviour of parameters degeneracies as a function of the different
data sets considered or ionization regime should be qualitatively captured by our analysis.
For this reason, we will also report the ratio between the constraints using two different data
sets or ionization models.

As the equivalence relation between the effects of PBH with an EMD and a monochro-
matic distribution derived in [50] is obtained assuming the formalism of AHK, it is subject to
the same caveats as AHK modelling. In particular given that AHK modelling breaks down
for M > 10* M, eq. (2.7) should be used strictly only for EMDs which do not have significant
contributions beyond that limit. A criterion to decide if a EMD fullfil this condition can be
found in ref. [50]. Finally, while in principle the choice of the parameter « in eq. (2.7) could
be numerically optimized, the equivalent mass is relatively insensitive to small changes of its
value for the EMDs considered here; therefore a slightly sub-optimal value of a does not bias
our results.
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Figure 1. 68% confidence level marginalized constraints on fpgpy in the collisional ionization regime
(dotted lines) and in the photoionization regime (dashed lines). The results using the full data set
of Planck are shown in red and without including the high multipoles of polarization, in blue. We
also show, as a reference, the 68% confidence level marginalized constraints of AHK (green) and the
95% confidence level marginalized constraints of [39] (black), where disk accretion is assumed. These
external results are obtained including the high multipoles of Planck polarization power spectrum.

3 Results

3.1 Constraints on fppyg for monochromatic distributions

We start by directly comparing our approach with that of AHK; we use the same data
(Planck lite high/TTTEEE + prior in 7) but a MCMC instead of a Fisher approach to
estimate parameter constraints. The constraints we obtain are similar to those of AHK, with
variations always below the 10% level, which is smaller than the theoretical uncertainty of
the model. Although there is no significant effect introduced by using a Fisher approach, as
we are interested in the posterior distribution in the whole parameter space, we use MCMC.

In figure 1 we show the 68% confidence level upper limits on fpgy for monochromatic
populations of PBHs with different masses for both the full Planck dataset (red) and removing
the high multipoles of polarization power spectrum (blue). Note that this color coding is
used in all the figures throughout the paper. We also show the results of AHK and the
95% confidence level upper limits obtained assuming disk accretion from [39]. The results
using full Planck are very similar to those obtained in AHK. For the recommended baseline
of Planck (which is the most conservative case) the constraints are weaker, widening the
window where fppy ~ 1 is allowed. The maximum masses for which fppg ~ 1 is allowed
(i.e., there is no upper limit at 68% confidence level) in each of the cases considered are
reported in table 1.



coll. Planck full | coll. baseline | photo. Planck full | photo. baseline
max. M with fpgg ~ 1 30M, 300M, 10M¢ 30M¢

Table 1. Maximum mass for which fpgy ~ 1 is allowed at 68% confidence level for monochromatic
distributions. We report the values for all possible combinations of data sets (either full Planck or
baseline) and ionization regimes (either collisional ionization or photoionization). Note that (as it
should be clear from the text and from figure 1) these values are approximated and limited by the
discrete sampling in mass for which we compute the constraints.

Planck full/ baseline | Planck full/baseline | photo/coll photo/coll

(coll) (photo) (Full Planck) | (baseline)

frBH ratio 0.11 0.11 5.2x1073 4.8 x1073
Validity M > 300M;, M > 30M,, M > 100M, | M > 300M;,

Table 2. Ratio of 68% marginalized upper limits on fpgy. We compare the upper limits obtained
using full Planck against using the baseline PlanckTT+lowP+lensing for the two ionization regimes
and the constraints obtained assuming photoionization against assuming collisional ionization for both
data sets. In all cases we report the mass range for which the correspondent ratio is valid.

To capture the effect of different data sets and assumptions on the ionization regime on
the fppu limits, we use the ratio between two upper limits obtained with different assumptions
or data. Table 2 highlights the effect of polarization high multipoles (first two columns)
by reporting the ratio of the marginalised 68% confidence level on fpgy obtained using
the full Planck data to that obtained using the baseline Planck data set. The next two
columns illustrate the effect of the ionization regime (ratio of assuming photoionization over
collisional ionization). As it can be seen, ratios for the different data sets does not depend
on the ionization limit and ratios for the ionization limits does not depend on the data. This
suggests that the ratio between two marginalized upper limits on fpgy can be used to isolate
the effects of specific choices of modelling or data sets. In fact, including the high multipoles
of polarization power spectra improves constraints by a factor of 10. On the other hand,
assuming photoionization regime instead of collisional ionization, improve constraints by a
factor of ~200.

3.1.1 Constraints and degeneracies with cosmological parameters in ACDM

In addition to the constraints on fppy, we also study the degeneracies of this parameter with
the six standard cosmological parameters of the ACDM model.

The most notable degeneracy, as already noticed in [38], is between fppy and the scalar
spectral index mg. This positive correlation is induced by the energy injection of the PBH
emission, which alters the tails of the CMB power spectra. As decoupling is delayed, the
diffusion damping increases and the high multipoles are suppressed through Silk damping.
In figures 2 and 3, we show the results for the collisional ionization and photoionization
limits, respectively. We report 68% and 95% confidence level marginalized constraints on
the fppu — ns (left) and fppm — 75 (right) planes, for different masses, as these are the
most affected parameters; in general, degeneracies become stronger for larger masses. For
some cases, a scale independent or even blue tilted primordial power spectrum is allowed.
Combined analyses with galaxy surveys can be used to constrain ng, reducing the degeneracys;
we will discuss this in more details elsewhere.
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Figure 2. 68% and 95% confidence level marginalized constraints on the ns-fppn plane (left) and re-
fpeu plane (right) for ACDM with PBHs as part of the dark matter (i.e., free fppn) in the collisional
ionization regime. We consider three monochromatic distributions: 170Mg (top), 300Ms (middle)
and 520M¢ (bottom). Results using the full data set of Planck are shown in red and using the
recommended baseline, in blue. 68% upper limits on fppy correspond to the those shown in figure 1.
Note the change of scale in y-axis.
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Figure 3. Same as figure 2, but in photoionization regime. In this case we consider 30M¢, (top),
100M¢ (middle) and 170M¢, (bottom).

The fppu — rs degeneracy is the result of two competing effects. On one hand, the
presence of PBHs delays recombination and shifts the peaks of CMB power spectra (see figure
13 of AHK). This yields a larger sound horizon at radiation drag, leading to a lower value of
Hj to fit the cosmic distance ladder of supernovae type Ia and Baryon Acoustic Oscillations
(BAO), as shown in [62]. On the other hand, the effect of a delayed recombination on
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the value of ry is compensated by small degeneracies in the density parameters of baryons
and dark matter. Thus, a sizeable PBH component (with masses > 300Mg, for collisional
ionization or 2 30Mg for photoionization) can change 75 by ~ 1 Mpc. This shift is of a
magnitude comparable to other effects and, most importantly, non-negligible with current
and future errors in distance measurements using the BAO scale.

The effect on the rest of ACDM parameters is smaller, mostly resulting in mild relax-
ations of the confidence regions. Beyond that, only the amplitude of the scalar modes in the
primordial power spectrum, Ag, presents a small positive correlation with fppy.

Perhaps unsurprisingly, the inclusion of the high¢ polarization data effectively remove
the degeneracies; the effect on the TT damping tail can be mimicked by changes of the
cosmological parameters, but this is not anymore the case once also the high? polarization
is considered. It is well known that the high?¢ polarization data has a similar effect in other
models where, as in this model, the CMB damping tail is affected by the additional physics
introduced (e.g., if dark radiation is allowed and for decaying dark matter models).

3.1.2 Implications for extended cosmologies

Here we explore the consequences of varying fppy in some common extensions of the ACDM
model. In addition to an expected weakening of the constraints, we study the degeneracies
with the additional parameters. We consider the following models: free equation of state
of dark energy (wCDM), free sum of neutrino masses (ACDM+m,,), free effective number
of relativistic species (ACDM+Ng) and free running of the spectral index (ACDM+ay).
Finally, we also allow the running of the running of the spectral index, §s to be a free
parameter (ACDM+a;+0;s). We limit the study to the recommended baseline of Planck.
Moreover, following the results from the previous section and in order to appreciate changes
in fppy, we choose masses for which fpgg ~ 0.1: 520M, for collisional ionization and 100M,
for photoionization.

Figure 4 shows 68% and 95% confidence level marginalized constraints on the plane of
feeu and the additional parameters of the extended cosmologies. As it can be seen, there
is a correlation between m, and fppy and between N.g and fppy, and an anti-correlation
between «as and fppy, but no appreciable correlation with w. The degeneracies with m,,
Negt and ag open the possibility that when limiting the theoretical framework to ACDM, one
might hide the presence of PBHs. On the other hand, fpgy = 0 is always within the 68%
confidence region.

The positive correlation between fppy and Neg can be explained as follows. On one
hand, as PBH energy injection delays recombination, rs is higher (and CMB peaks are dis-
placed towards larger scales). On the other hand, a value of Neg different than the fiducial
value changes the expansion history, especially in the early Universe, hence rg is modified.
Concretely, higher values of Neg derive on lower values of 4 (and displacements of the CMB
peaks towards smaller scales). This is why, if PBHs exist, larger values of fppy need larger
values of Neg to fit observations. Varying m,, also changes the expansion history, the angular
diameter distance to recombination and the redshift of equality, so the relation between fppp
and m,, is similar to that explained above.

We also consider the case in which the running of the spectral index, «g, is scale depen-
dent, hence there is an additional free parameter in this case: the running of the running, fs,

2While in principle one may expect also a degeneracy with the optical depth to recombination Tyeio, this
is not noticeable due to the tight constraints on this parameter imposed by the low ¢ polarization data and
because fppu is positive definite.
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Figure 4. 68% and 95% confidence level marginalized constraints on the plane fppu-z (z being the
additional parameter to APBH) for 520M¢, in the collisional ionization regime (left) and 100Mg in
the photoionization (right) for the following extended cosmologies (form top to bottom): APBH+m,,,
APBH+ Ngg, APBH+«, and wPBH.
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Figure 5. 68% and 95% confidence level marginalized constraints for a ACDM + «; + 85 model
for 520M, in the collisional regime (left panels) and for 100M in the photoionization regime (right
panels). Upper panels: constraints on the Bs-as plane with a color code to express the value of
fpu. Bottom panels: constraints on the fppy-as plane with a color code to indicate the value of (.
These results are obtained without including the high multipoles of the polarization power spectrum
of Planck.

which we consider scale independent. As it can be seen in figure 5, varying (s weakens the
constraints on a, and the parameters are highly correlated. What is more surprising is that
for small values of fppm, 85 is slightly different than 0. However, this trend is not strong
enough to be statistically significant.

Although there is a strong correlation between fpppy and ng, the correlations with ag
and Bs are much smaller. This is due to the suppression of the CMB power spectra on the
high ¢ tail produced by PBHs can be mimicked by a different constant value of ng, without
evidence of the need of a strong scale dependent variation.

Figure 6 shows how the degeneracies in extended cosmologies weaken the constraints on
fpBu. Adding an extra cosmological parameter to the 6-ACDM ones, weakens the constraints
on fppy approximately by a factor 2, except for wCDM, due to the lack of correlation. The
shift of the parameters w and g from their ACDM-fiducial values is responsible for making
the fppy constraints in the extended model slightly tighter.
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Figure 6. Margnialized probability distribution of fppy obtained assuming the extended cosmologies
and those obtained assuming ACDM using PlanckTT+lowP-lensing for collisional ionization and
520M¢, (left) and photoionization 100M¢ (right).

3.2 Constraints on PBHs with extended mass distributions

So far, we have considered monochromatic populations of PBHs. Although this is an inter-
esting first step, a more realistic case involves a distribution of masses. We follow [50] as
described in section 2.1 and assess numerically the accuracy of the approximation in six spe-
cific cases: two Lognormal distributions and four Power Law distributions (two with v = 0
and other two with v = —0.5). For each EMD case, we consider a narrow and a wide distri-
bution. Our aim is to test the approach of [50] by comparing the results obtained following
their prescription with an exact calculation using MCMCs.

The resulting marginalized 68% and 95% confidence level upper limits on fppy using
full Planck for the six EMDs are shown in table 3. In the second column we report results for
a monochromatic distribution of 30M and in the following columns we report constraints
for extended mass distributions chosen to have an effective equivalent mass (according to
section 2.1) of 30Mg. The differences in the upper limits are well below the theoretical
uncertainties of the model. These results demonstrates that, within the current knowledge
of how an abundant population of PBHs affects the CMB, there is no difference between
computing the constraints using the actual EMD and using an effective equivalent mass
following the approach of [50]. In the same spirit, the monochromatic upper limits on fppn
can be used to constrain the parameters of the EMDs considered here; i.e., u and o for the
Lognormal and «y for the Power Law (for which we consider different mass bounds). We use
the marginalized 95% confidence level upper limits of fppy and translate these into limits for
the EMDs parameters as follows. For every choice of EMD and its parameters, we compute
the effective equivalent monochromatic mass and look up the fppy value corresponding to
the 95% confidence upper limit (see section 2 and figure 1). The results for photoionization
and collisional ionization limits using both full Planck and PlanckTT+lowP+lensing for a
ACDM model are shown in figure 7 for a Lognormal EMD and figure 8 for Power Law EMDs.
The black shaded region indicates parameters values for which the EMD extends significantly
beyond the limit of 10 My where the AHK formalism becomes invalid.

The above results can be understood as follows. If PBHs have an EMD, the largest
contribution to the injected energy comes from the high mass tail [50]. Therefore for a large
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C.L. M=30My | LN (1) | LN (2) | PL, (1) | PL, (2) | PL, (1) PL, (2)
= Meq v=0 y=0 | y=—-05|vy=-05
feBH < (68%) 0.071 0.072 0.067 0.073 0.070 0.069 0.0725
Jeeu < (95%) 0.14 0.15 | 0.14 0.14 0.14 0.14 0.16

Table 3. Evaluation of the performance of the effective equivalent mass to match the results of
accounting properly for EMDs. The result using the monochromatic approximation is shown in
the second column (M=30M), results obtained using several extended distributions are shown in
the following columns. We compare the 68% and 95% marginalized upper limits on fppy using
full Planck and in the photoionization regime for six different EMDs with an equivalent mass of
30Mg and the correspondent monochromatic case. We consider lognormal distributions (LN) with
a=0.2and {u,0} = {22.8My,0.5} (1) and {p, 0} = {10My, 1.0} (2). We also consider power law
distributions with & = 0.3 and v = 0 with {Muin, Mmax} = {1Me,82Mg} (1) and {Muyin, Mmax} =
{0.01Mg,114My} (2), and v = —0.5 with { Mmin, Mmax} = {1Mg, 150Mg} (1) and { M, Mmax} =
{0.01Mg,564Mg} (2). Note how similar the constraints are and how accurate is the monochromatic
approximation.

width of a Lognormal mass distribution, p is constrained to be small. In the case of the
Power Law mass distribution, the flatter the distribution (i.e., the larger 7), the stronger
the constraint on fppy. In essence, this implies that the constraints on fppy for EMDs
are stronger than for monochromatic distributions. Then, if PBHs are meant to be all the
dark matter and have an EMD, this has to be peaked at M < 1 — 50M¢), hence the allowed
window shrinks.

From eq. (2.7) and the results shown in table 1 it is possible to define a region in the
parameter space of the EMDs for which fppy ~ 1 is allowed (dark red in figures 7 and 8).
Let us define My, to be the maximum mass of a monochromatic distribution for which
there are no upper limits on fppy (values reported in table 1). We can then constrain the
parameter space of EMDs by imposing Meq S Mjim. For Lognormal distributions, there is
an analytic solution:

H 5 Mlim7

2 My (3.1)
oS log .
24+« Iz

4 Discussion and conclusions

The presence of a population of PBHs constituting a large fraction of the dark matter (i.e., in
what we call APBH model) would have injected radiation in the primordial plasma affecting
the Universe’s thermal and ionization histories and leaving an imprint on e.g. the CMB. A
robustly demonstrated absence of these signatures would put strong limits on the abundance
of PBHs of masses 2 10Mg and thus help to exclude a possible dark matter candidate.
We find no evidence for the presence of such PBHs with an abundance large enough to be
appreciable: fppy = 0 is always inside the 68% confidence region in all the cases considered.
However, the sensitivity of present experiments is still not good enough to rule out PBHs
in this mass range as a sizeable fraction of the dark matter. Moreover, on the theoretical
side, uncertainties in the modelling of processes such as accretion mechanisms of PBH or
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Figure 7. 95% confidence level marginalized constraints on fppy (in color code) for a Lognormal
mass distribution as function of the two parameters of the distribution, p and o, in the collisional
regime (upper panels) and in the photoionization regime (bottom panels). The black shaded region
indicates the values of y and o for which EMDs extends beyond 10*M¢, (the ratio between the values
of the distribution in M = 10*M, and in the peak is 10~5), masses for which AHK formalism breaks
down and eq. (2.7) is not valid. Left panels: results obtained using full Planck. Right panels: results
obtained without including the high ¢ of polarization.

velocity distribution imply that any constraint should be interpreted as an order of magnitude
estimate, rather than a precise quantity.

In this work we use the formalism introduced in AHK [36], which assumes spherical
accretion and two limiting scenarios in which either collisional or photoionization processes
completely dominate. We build on AHK by performing a robust statistical analysis, consider-
ing extended mass distributions of PBHs and exploring cosmological parameter degeneracies
and the cosmological consequences that a large fpgy would have on other parameters. Be-
side confirming AHK findings, we note that the current allowed window of fpgy ~ 1 for
monochromatic populations of PBHs with masses ~ 10 — 100Mg greatly depends on the
dataset considered (see figure 1 and table 1). A significant component of the constraining
power of CMB observations comes from the high multipoles of polarization power spectrum:
the marginalized constraints on fpgy are about ten times stronger when included.

For Planck’s recommended baseline data (i.e., not including the high multipoles of
polarization power spectrum), CMB observations allow fppy ~ 1 for M < 30M for the most
stringent case (photoionization) and M < 300M, for the most conservative one (collisional
ionization). The inclusion of high? polarization data shrinks significantly this window to M <
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Figure 8. 95% confidence level marginalized constraints on fppy (in color code) for a Power Law mass
distribution as function of two parameters of the distribution, My, and v, for a fixed M,;, = 1072M
in the collisional regime (upper panels) and in the photoionization regime (bottom panels). Left
panels: results obtained using full Planck. Right panels: results obtained without including the high
£ of polarization.

10Mg, for photoionization and M < 30Mj, for collisional ionization. The forthcoming release
of Planck data with confirmation that the high?¢ polarization power spectrum is suitable to
be used in extended cosmologies will greatly constrain the models for PBHs and their role as
a dark matter component.

We have also investigated degeneracies between fppy for PBH masses in the allowed
APBH model window of ~ O(10) Mg to ~ O(500) My and some cosmological parameters
in a APBH cosmology (figures 2 and 3). As expected, we find a large correlation with ng,
which gets stronger for larger Mppy, and allows even ng ~ 1. Since future galaxy surveys
will measure ng with astonishing precision, it will become possible to limit this degeneracy
and set an indirect constraint on fppy. Interestingly, we find that, compared to the standard
fpa = 0 model, a sizeable fppy would yield a higher sound horizon at radiation drag, rs.
A joint analysis with BAO would yield a lower value for Hy. Therefore a APBH Universe do
not ease some of the existing tensions of ACDM (and in particular the Hy one, see e.g., [62]),
and possibly even worsen them.

However, a sizeable fppy , if ignored, would bias the determination of r¢ by ~ 1 Mpc.
It is important to note that this shift is non-negligible compared to expected errors in the
determination of the BAO distance scale, hence this possibility should be kept in mind when
interpreting forthcoming BAO data.
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Figure 9. 68% and 95% constraints on the plane Neg-Hy with a color code to express the value of
feeu for collisional ionization and 520M, (left) and for photoionization and 100Mg (right) using the
baseline Planck data set. The marginalized constraints on the plane Neg-fppn can be seen in figure 4.

We have shown that the ratios between marginalized upper limits of fpgy for two
different data sets do not depend on the assumptions about the ionization regime. Moreover,
the ratios between the constraints on fppy for different ionization regimes do not depend on
the inclusion of the high multipoles of polarization power spectrum (table 2). This suggests
that using the ratio between marginalized upper limits on fppy it is possible to isolate
effects of specific choices of modelling or data sets, hence our findings can be reinterpreted
for different modelling approaches, such as the disk accretion modelling of [39].

If PBHs as dark matter are studied in the framework of popular extensions to ACDM,
the allowed parameter space is extended because of degeneracies between fppy and i.e., Neg
or the neutrino mass (figure 4). These degeneracies make it possible that PBH as dark matter
might be hidden when assuming a ACDM background model, by forcing extended parameters
to its fiducial values. The degeneracies with the parameters related with the neutrino sector
can be explained by the fact that exotic neutrino physics would change the expansion history
of the early Universe, therefore changing the epoch of recombination. A larger fppy requires
a larger Neg, which yields a higher Hy CMB-inferred value when ACDM+ Ng is assumed,
as can be seen in figure 9. This could make the CMB inferred value of Hy fully compatible
with direct measurements [62, 64-66].

Finally, we successfully test the approach proposed in [50] to convert constraints com-
puted for monochromatic distributions into constraints for EMDs in the case of CMB obser-
vations. Given the simplicity of the approach and the performance, we advocate using it to
quickly get precise estimate for any EMD. We also present constraints on the properties of
popular EMDs, as to being consistent with current CMB data.

Following this approach, we compute 95% confidence level upper limits on fppy as
function of the parameters of the EMDs (figures 7 and 8). We find that CMB sets strong
constraints on fppy for EMDs that extends towards large masses. If one takes into account
microlensing constraints (which constrain PBHs in the M < 1 — 10Mg range), fppu ~ 1
and thus a APBH cosmology is allowed only for narrow EMDs and only if most conservative
assumptions and data are considered.

We eagerly await the release of the final Planck high? polarization data: in combina-
tion with other constraints it will be key to boost or rule out the hypothesis of PBHs as
dark matter.
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4. The next frontier for large scale

structure

This Chapter discusses the great potential of future LSS surveys to probe and
constrain deviations from ACDM through the study of clustering, focusing on radio-
continuum surveys and intensity mapping experiments. The article |Bernal et al.
(2019) and the work in progress that is currently under collaboration review and
soon will be submitted, Bernal et al. (2019a) and Bernal et al.| (2019b)), are included
below.

Galaxy surveys, and LSS experiments in general, will live a golden era during
the next decade. Several next-generation experiments (e.g., DESI, Euclid) will
start surveying the sky in the coming years, with already planned projects ready
to take over after they finish (e.g., SKA, LSST). This huge experimental effort
will return game-changing observations and push the envelope of observational
cosmology. Upcoming experiments will improve current surveys both in depth and
sky coverage. For instance, DESI will reach z ~ 1.7 using spectroscopic observations
of emission line galaxies (and z ~ 3.5 using the Lyman-a forest) covering 14000 deg?
of the sky (DESI Collaboration et al., [2016a)), while SKA will reach z ~ 3 in its
HI galaxy survey (and z ~ 5 in its radio-continuum galaxy survey) being an all-sky
survey (Square Kilometre Array Cosmology Science Working Group et al.| 2018]).
These specifications of future galaxy surveys are to be compared with the 10000 deg?
of the sky at 0.15 < 2z < 0.7 and 2 < 2z < 3.2 probed by BOSS. As a consequence,
30 million galaxies and quasars and 100 million galaxies are expected to be detected
by DESI and SKA, respectively (to be compared with the 1.2 million galaxies used
by BOSS, |Alam et al. (2017h)).

Given the promising potential of future experiments to significantly improve the
current state of the art, the survey strategy and the methodology to analyze the
observations must be studied to optimize the extraction of cosmological information
from the measurements, and avoid systematics or any other source of bias. In

addition, thanks to the huge increase in the volumes probed, these surveys will
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have access for the first time to scales close to the horizon, where imprints of

both the very early Universe (i.e., deviations from Gaussianity in the primordial
density fluctuations) and relativistic corrections may dominate the signal (see
e.g., Raccanelli et al|(2017)) and Bertacca et al. (2012), respectively).

In Bernal et al.| (2019)), we estimate the potential of the Evolutionary Map of the
Universe, an all-sky radio-continuum survey, to constrain models beyond ACDM.
Radio-continuum experiments average the received radiation over all frequencies.
This makes possible to survey the sky deeper and faster than photometric or
spectroscopic surveys to achieve similar signal-to-noise ratio, yielding a larger
number of sources (i.e., galaxies) surpassing the detection threshold. However, due
to the average over frequencies, radio-continuum surveys cannot extract redshift
information from their observations. Hence the need of external data to infer
galaxy redshifts. The lack of precise redshift measurements forces us to project
the galaxies along the line of sight, and use the angular power spectrum to measure
galaxy clustering. In this work, both galaxy clustering and Integrated Sachs-Wolfe
effect measurements are considered to forecast future constraints for EMU and SKA.
Furthermore, multitracer techniques and different survey strategies are explored in
order to maximize EMU’s constraining power on the cosmological parameters. This
work, carried out in collaboration with Alvise Raccanelli, Ely D. Kovetz, David
Parkinson, Ray P. Norris, George Danforth and Courney Schmitt, was published in
the Journal of Cosmology and Astroparticle Physics (JCAP) in February 2019.

On the other hand, if easy-to-identify lines in the received spectra are targeted
(rather than averaging over all frequencies as radio-continuum experiments), tuning
the frequency of the telescope facilitates precise redshift measurements. Afterwards,
it is possible to use only the brightest resolved sources, those above a given detection
threshold, and carry out a galaxy survey. However, it is also possible to use all the
light received by the telescope and trace the underlying matter distribution with
the measured radiation intensity (or brightness temperature) in a given frequency.
This is what intensity mapping techniques propose. Since no individual source
identification is needed, and faint sources are added to the measured intensity, much
larger redshifts are accesible to intensity mapping. Therefore, intensity mapping is

able to probe LSS at earlier times than any galaxy survey will ever reach.
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4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE
In Bernal et al.| (2019b)), we provide an optimal methodology to analyze intensity

mapping observations and optimize the extraction of cosmological information from
the experiments without introducing any bias, and taking into account cosmological
and astrophysical uncertainties. In the companion manuscript, Bernal et al.| (2019a),
we apply this methodology to planned and future intensity mapping experiments
and highlight the great potential of these observations to measure the BAO scale
and constrain the expansion history in regimes where there is no cosmological probe
yet, as the epoch of reionization. On the other hand, in These two works, done in
collaboration with Patrick Breysse, Ely D. Kovetz, and Héctor Gil-Marin (in the
former) are currently under collaboration review, and will soon be submitted to
Physical Review Letters and Physical Review D, respectively.

Altogether, the research included in this Chapter will guide the EMU
collaboration and future intensity mapping experiments to use concrete survey
strategies, depending on the priorities of each collaboration. Thus, it will be possible

to maximize the cosmological information obtained from their observations.
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Abstract. The Evolutionary Map of the Universe (EMU) is an all-sky survey in radio-
continuum which uses the Australian SKA Pathfinder (ASKAP). Using galaxy angular power
spectrum and the integrated Sachs-Wolfe effect, we study the potential of EMU to constrain
models beyond ACDM (i.e., local primordial non-Gaussianity, dynamical dark energy, spa-
tial curvature and deviations from general relativity), for different design sensitivities. We
also include a multi-tracer analysis, distinguishing between star-forming galaxies and galax-
ies with an active galactic nucleus, to further improve EMU’s potential. We find that EMU
could measure the dark energy equation of state parameters around 35% more precisely than
existing constraints, and that the constraints on fyr, and modified gravity parameters will
improve up to a factor ~ 2 with respect to Planck and redshift space distortions measure-
ments. With this work we demonstrate the promising potential of EMU to contribute to our
understanding of the Universe.

© 2019 IOP Publishing Ltd and Sissa Medialab https://doi.org/10.1088/1475-7516/2019/02/030



Keywords: cosmological parameters from LSS, power spectrum, redshift surveys

ArXiv ePrint: 1810.06672



Contents

1 Introduction 1
2 EMU 3
3 Forecasts 5
3.1 Cosmological observables 5
3.2 Models 7
3.2.1 Primordial non-Gaussianity 7

3.2.2 Dynamical dark energy 7

3.2.3 Modified gravity 8

3.3 Fisher matrix formalism 8

4 Results 11
5 Conclusions 17
A Cosmological forecasts results 19
Comparison with §3 simulation 19

1 Introduction

Our current best description of the large-scale structure of the Universe relies on the standard
cosmological model, A-Cold Dark Matter (ACDM), which posits that the energy density
at present times is dominated by a cosmological constant and that the matter sector is
composed mostly of dark matter. Although this model reproduces astonishingly well most
observations [1, 2], there are still some persistent tensions, especially on the Hubble constant
between direct local measurements [3, 4] and the Planck-inferred value assuming ACDM [1],
which has been widely studied in the literature (see e.g., [5—10]). Moreover, there are also
some theoretical issues within the model, such as the value of the cosmological constant, the
nature of dark matter and dark energy, an accurate description of inflation and the scale
of validity of General Relativity. All this motivates the development and study of models
beyond ACDM+GR.

Up to this date, the strongest constraints on the parameters of ACDM have come
from Cosmic Microwave Background (CMB) observations. However, the Planck satellite has
almost saturated the cosmic variance limit in the measurement of the CMB temperature
power spectrum. Moreover, low redshift observations are required in order to constrain
models which extend ACDM to explain cosmic acceleration; in these cases, galaxy surveys
are as of now the most powerful probe. The golden era of galaxy surveys is about to start,
with some of the next generation experiments already observing or beginning in 2019. A
huge experimental effort will provide game-changing galaxy catalogs, thanks to which galaxy-
survey cosmology will reach full maturity. Contrary to photometric or spectroscopic surveys,
radio-continuum surveys average over all frequency data to have larger signal to noise for each
individual source, which enables them to deeply scan large areas of the sky very quickly and



detect faint sources at high redshifts. This allows the detection of large number of galaxies,
but with only minimal redshift information.

Radio surveys have been used for cosmological studies in the past, mainly with NVSS [11]
(see e.g., [12-25]). Studies of cosmological models and beyond-ACDM parameter constraints
using next generation radio surveys were spearheaded in [26] and then followed by subsequent
works such as e.g., [27-37]. Forthcoming radio-continuum surveys have the unique ability
to survey very large parts of the sky up to high-redshift, being therefore able to probe an
unexplored part of the instrumental parameters space, not accessible to optical surveys for at
least another decade. Thus, surveys like the Evolutionary Map of the Universe (EMU) and
the Square Kilometer Array (SKA) continuum will be optimal for tests of non-Gaussianity,
ultra-large scale effects and cosmic acceleration models, as we will see below.

EMU [38] is an all-sky radio-continuum survey using the Australian SKA Pathfinder
(ASKAP) radio telescope [39-41]. Although ASKAP was planned as a precursor of SKA to
test and develop the needed technology, it is a powerful telescope in its own right. In this
work we aim to evaluate the potential of EMU as a cosmological survey, and in particular
how powerful it can be in constraining extensions of ACDM. We pay special attention to
primordial non-Gaussianity (PNG), since it manifests in the galaxy power spectrum on very
large scales, accessible only by surveys like EMU, with large fractions of the sky observed.
Constraining PNG is one of the few ways to observationally probe the epoch of inflation,
and a precise measurement of its parameters might rule out a large fraction of inflationary
models (e.g., slow-roll single-field inflation generally predicts small PNG, fyr, < 1 for local
PNG [42-44]). Therefore, we explore if EMU will be able to detect deviations from Gaussian
initial conditions in the local limit below fnr, < 1 [45]. Besides PNG, we also study a model
of dark energy whose equation of state evolves with redshift; a model which does not fix
the spatial curvature to be flat; and phenomenological, scale-independent modifications of
General Relativity (GR).

Given the lack of detailed redshift information, the main observable to be used with
continuum radio surveys is the full shape of the angular galaxy power spectrum. Besides
considering the whole sample altogether, we also take advantage of the expected broad dis-
tribution of sources in redshift and the potential of machine-learning redshift measurements
(e.g. [46, 47]) and clustering-based redshifts obtained by cross correlating EMU’s sample with
spectroscopic catalogues [48, 49] (whose performance in cosmological surveys was estimated
in [50]). These methods will enable to split the sample into several redshift bins, and therefore
we consider a second case where we use five redshift bins. We leave the determination of the
best strategy to the EMU redshift group. In addition to the auto and cross angular power
spectra among all possible combination of redshift bins, we use the Integrated Sachs-Wolfe
(ISW) effect by cross correlating the galaxies observed by EMU in each redsthit bin with the
CMB.

This paper is organized as follows: in section 2 we discuss the relevant specifications
of EMU and the estimated quantities required to compute the galaxy power spectrum, such
as the source redshift distribution or galaxy bias; in section 3 we explain the observables
considered and the models studied, and describe the methodology used; results are discussed
in section 4. We conclude in section 5. A detailed and comprehensive report of the results
can be found in appendix A, and a comparison between using T-RECS [51] or S? [52] can
be read in appendix B.



2 EMU

The main goal of EMU is to make a deep radio-continuum survey throughout the entire
Southern sky reaching 6 = +30°. This is roughly the same area covered by NVSS [11],
but approximately 45 times more sensitive and with 4.5 times better angular resolution (it
has a design sensitivity of 10 uJy/beam rms and 10 arc-sec resolution). It is expected to
observe around 70 million galaxies by the end of the survey. Thanks to these advantages,
and especially to the large fraction of the sky scanned and the depth of the survey, EMU
(and future experiments of SKA) will be key for the study of galaxy clustering at very large
scales. The corresponding catalog and the rest of radio data will be published once their
quality has been assured.
We consider four different realizations of EMU, to compare the effectiveness of each:

e Design standard EMU: observing 30000 deg? of the sky (corresponding to a fraction of
the whole sky fao = 0.727), with a sensitivity of 10 uJy/beam rms.

e Pessimistic EMU: the same areal coverage (30000 deg?), with a sensitivity of
20 pJy/beam rms.

e EMU-early: an early stage of the survey with only 2000 deg? surveyed and
100 puJy/beam rms.

e SKA-2 like survey: observing 30000 deg? of the sky with 1 pJy/beam rms, to compare
it with the design sensitivity of EMU.

Like most of the studies regarding radio surveys, we adopt a 5o threshold for a source to be
detected.

We use the Tiered Radio Extragalactic Continuum Simulation (T-RECS) [51] to esti-
mate the galaxy number density distribution as a function of redshift of both star forming
galaxies (SFG) and galaxies with active galactic nucleus (AGN) and the corresponding galaxy
and magnification biases. Throughout most of this paper, we work with the two population
of galaxies together forming a single sample. However, we also estimate the gain of com-
puting the auto power spectra of each population and their cross power spectrum using the
multi-tracer technique [53, 54]. Although some studies distinguish between five different pop-
ulations subdiving AGNs and SFGs (e.g., [32]), we prefer to be conservative and avoid that
subdivision, since its robustness given the observational conditions is not very well quantified.

As discussed above, the redshift determination of the galaxies observed by EMU, as a
radio-continuum survey, will be very poor. This prevents the use of EMU to measure radial
baryon acoustic oscillations or redshift space distortions, without precise external redshift
information. Without any external data, it is not possible to determine the redshift of the
sources and so bin the galaxy catalogue in redshift. Therefore, we consider a case with a
single redshift bin covering the whole galaxy sample observed by EMU. Nonetheless, binning
in redshift and using auto and cross correlations between the galaxies of all possible combi-
nations of redshift bins improves significantly the performance of a galaxy survey. We make
a conservative choice and use five wide redshift bins with Gaussian window functions whose
width is equal to the half width of the redshift bin, assuming that external data sets and the
methodologies to infer the redshift are complete and mature enough to do so. Nonetheless,
one should keep in mind that uncertainties in the galaxy properties as the galaxy bias de-
grades the quality of the inferred redshifts. We leave the study of the best redshift binning
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Figure 1. Left: dN/dzdQ for the galaxies observed assuming a rms flux/beam of 10uJy, always
requiring a 5-o detection. We also plot the Gaussian window functions of the five redshift bins
considered to compute the cosmological observables. Right theoretical galaxy bias for SFGs and
AGNs and the corresponding weighted total. We show the quantities related to the whole sample in
blue, with SFGs in orange and with AGNs in green.

strategy of EMU’s observed galaxies for future work. We show the total number density
redshift distribution of galaxies, dN/dzdS2, for each galaxy population and for the complete
sample at design sensitivity in the left panel of figure 1, along with the corresponding Gaus-
sian windows used for each redshift bin when computing the observables (see section 3.1).

In addition to modeling the galaxy redshift distribution, we need to model both the
galaxy and magnification bias of our sample. We assume a different scale-independent galaxy
bias model, which increases the bias monotonically with redshift, for each galaxy population
in T-RECS. However, this trend becomes unphysical at high enough redshift, so here we
follow [55] and keep a constant bias above a cut-off redshift. The true dependence of bias with
redshfit at high-redshift, low-luminosity galaxies (where most of them are still undetected)
is still unknown. On the other hand, the authors of [32] argue that the high-redshift cut-off
is not physical. The choice of bias model is therefore a source of uncertainty, degenerate
with the redshift distribution (see section 3.1 for further discussion). In order to compute
the galaxy bias of the whole galaxy sample, we use the number-weighted average of both
populations: b(z) = [bsg(2)Nstg(2) + bagn(2)Nagn(2)]/Nai(z). We show the galaxy bias of
SFGs, AGNs and the whole sample assuming 10 uJy/beam rms sensitivity in the right panel
of figure 1.

In order to estimate the magnification bias, we use the “observed” magnitudes from
T-RECS to get the slope of the cumulative number counts for galaxies brighter than the
survey magnitude limit my;y, evaluated at myy, [56-58]:

S(Z) = aim [logloncum(m» Z)] ) (21)

Mlim

where neym is the cumulative number counts of galaxies as function of magnitude. As the
number density evolves with redshift, this slope will also change, and so will the magnification
bias. We compute the magnification bias for each population and the whole sample in the
same way, using the corresponding ncum(m, z) in each case.



3 Forecasts

In this section we describe the cosmological observables included in our forecasts, introduce
the models we investigate and review the Fisher matrix formalism used to predict the con-
straints. In all cases we assume a complete understanding of foregrounds and other sources of
observational systematics, which would allow for a clean and precise measurement of galaxy
clustering. We use Multi CLASS! [59], a modification of the public Boltzmann code CLASS [60]
which allows to compute the cross power spectra of two different populations, to obtain the
theoretical observables.

3.1 Cosmological observables

We aim to estimate the potential of EMU to use galaxy clustering (measuring angular power
spectra) to constrain models beyond ACDM. In addition, we also consider ISW measurements
by cross correlating each redshift bin of our galaxy sample with the CMB. In all cases, we
set a conservative cut on the minimum scale included, in order to avoid non linearities and
limit the analysis to multipoles within the interval ¢,;, < ¢ < 200. The largest scales
considered, fmin, are limited by the fraction of sky surveyed (foky): fmin = 7/(2fsky). For
both observables we also consider the case where SFGs and AGNs can be discriminated,
allowing to use multi-tracer techniques.

The galaxy distribution, as we observe it, is affected by gravitational perturbations
along the line of sight [61]. Therefore, the total observed overdensity, Aqpg, should include, in
addition to the standard redshift-space distortions, large-scale and projection effects, namely
lensing magnification, time-delays, ISW, doppler and gravitational potential effects [62-67].
In this work we neglect contributions from gravitational potentials; the interested reader
can see the complete model and corresponding signal and contributions from each term for
different configurations in e.g., [68]. In our case, the observed galaxy overdensity at a position
n on the sky is computed as [63, 64]:

Aobs(n7 Z) = A(;(n, Z) + Arsd (n7 Z) + An(na Z) + ADoppler(n7 Z) y (31)

where Ay indicates the galaxy overdensity in the comoving gauge, A.sq accounts for peculiar
velocity perturbations and redshift space distortions, A, contains the lensing convergence,
and Apgppler refers to Doppler effects. The latter, although subdominant at small scales, is
needed, since it is degenerate with fnp, [69]. Each of the terms in equation (3.1) is given by:

As(n, z) = b(2)d0com [r(2)n, 7(2)] ,

Ad(n, z) = Or(v-m),

1
H(z)
Ax(n, z) =[2—-5s(2)] K, (3.2)

_[H (), 2-5s(2)
Apoppler = H2(2) T r(2)H(2)

+ [BH(2) = fevo(2)] ATHV - V),

—+ 55(2) — fevo(z) (V : Il)

'Multi CLASS will be publicly available at https://github.com/nbellomo?tab=projects when the corre-
sponding paper is published.



where d¢om is the matter overdensity in the comoving gauge at a distance r and proper time 7,
‘H is the conformal Hubble parameter, v is the peculiar velocity, x is the lensing convergence
and feyo is the evolution bias.

Using equations (3.1) and (3.2), we define A};Vi, the transfer function of the observed
number counts at wavenumber k, in the redshift bin ¢ and using a window function Wj
(Gaussian in our case) for each multipole ¢, as in [70]. We refer the interested reader to
appendix A of [67] for details on the calculation of Agvi. With all these pieces, the observed
angular power spectrum of galaxies in redshift bins {4, j} is given by:

dk

C}j =47 3

AV (kYA (k) Po(k) (3.3)

where Py(k) is the primordial power spectrum. Note that when two non-overlapping bins
are cross correlated, the distance is too large to have a significant contribution from intrin-
sic density clustering (i.e., coming from A%Agg). However, we do observe a significant
cross correlation due to lensing contributions [71]. Concretely, the dominant term is al-
ways AZE AZ[Q’ o b(zj)s(zi), which is the correlation between the magnification of background
sources due to foreground lenses and the observed overdensities in the background. In some
previous studies, magnification has been considered as a different signal than density pertur-
bations (i.e., reporting the constraints from galaxy clustering and from magnification sepa-
rately). However, this is not a realistic scenario, since these two contributions are difficult
to disentangle, so we can only refer to the observed galaxy clustering and model the signal
properly. The effects of not including the lensing magnification contribution when modeling
the signal in a Fisher forecast, even for cosmological parameters that are not affected by
gravitational lensing, are studied in [59].

When using the multi-tracer technique, we consider SFGs and AGNs as different galaxy
populations, each with their corresponding redshift distribution, galaxy bias and magnifica-
tion bias. Therefore, in this case we compute auto and cross correlations between different
galaxy populations and redshift bins. Equation (3.3) can be modified so it also accounts for
the two different galaxy populations. The transfer functions now become A?’W", where the
X superscript refers to the type of galaxy, and they are computed as usual, but using the
specifications corresponding for each subsample, as discussed in section 2. So, when using
multiple tracers, we compute Cf’”Y’J.

In addition to the angular power spectrum, we also use the ISW effect to measure the
matter overdensity field. The ISW effect is the gravitational shift that a photon suffers
as it passes through matter density fluctuations while the gravitational potential evolves.
In an FEinstein-de Sitter Universe, where the gravitational potential does not evolve, the
blueshift and redshift of the photon falling and going out from a well cancel each other.
Nonetheless, if the gravitational potential evolves due to e.g., dark energy or modifications
of GR, the cancellation is not perfect, so there is a net change in the photon temperature
which accumulates along the photon path.

The ISW effect contributes to the CMB temperature fluctuations, but only on large
scales, where the observations are limited by cosmic variance. However, it can also be detected
in the cross correlation of the CMB anisotropies and the galaxy distribution. This correlation
was detected for the first time almost simultaneously in several works using observations in
radio from the NVSS survey [14, 15, 17, 18, 72]; near infra-red from the 2-MASS survey [73]
and the APM survey [74]; optical from SDSS [75]; and X-ray for HEAO-I satellite [14].



Equation (3.3) can be used to compute the cross correlations between the galaxy dis-
tribution and the CMB anisotropies for each redshift bin of our galaxy catalog, C’éT, using
AZVi (k)AZVT(k) instead of AZVi (k)AZVj(k:), where AZVT(k:) is the transfer function for CMB
temperature anisotropies. Moreover, one can use multiple tracers and compute the cross
correlations of the CMB with each galaxy population separately, in a similar fashion as for
the angular galaxy power spectra.

3.2 Models

In this work we focus on popular models beyond the standard model of cosmology, which have
one or two extra model parameters, since a low redshift, wide field survey as EMU will help
significantly to constrain them thanks to the breaking of degeneracies existing in the CMB
measurements. We focus on the following extensions of ACDM: a model with local PNG
in the distribution of the initial conditions; a model with an evolving dark energy equation
of state; a model with scale-independent modifications of General Relativity; and a model
where spatial curvature is not fixed to be flat.

3.2.1 Primordial non-Gaussianity

The ultra-large-scale modes of the matter power spectrum have remained outside the horizon
since inflation. This is why they might preserve an imprint of primordial deviations from
Gaussian initial conditions. Thanks to all-sky surveys, we can access those ultra large scales
and probe inflation models with low-redshift observations. We model PNG in the local limit,
the easiest case to detect, introducing the parameter fyr.,> defined as the amplitude of the
local quadratic contribution of a single Gaussian random field ¢ to the Bardeen potential ®.
We refer to this model as ACDM+ fny,. Other PNG models and the corresponding predicted
constraints from a SKA-like survey can be found in e.g., [33]. In the limit considered here,
the Bardeen potential is obtained as:

O(x) = ¢(x) + fai (0°(2) = (6%)) - (34)

The quadratic contribution in equation (3.4) introduces skewness in the density probability
distribution, which results in a modification of the number of massive objects. This can be
modeled as a scale-dependent variation of the galaxy bias [77-80]. If bg is the Gaussian
galaxy bias, the total galaxy bias is given by:

3Q),, H2

bk, 2) = ba(2) + ba () = 1] rdee o py

(3.5)
where doc = 1.68 is the critical value of the matter overdensity for spherical collapse, 2,
is the matter density parameter at z = 0, D(z) is the linear growth factor (normalized to
1 at z = 0) and T'(k) is the matter transfer function (which is 1 on large scales). Thus,
the deviation from the Gaussian galaxy bias at small k is proportional to fyxp,k~2, hence it
contributes significantly only on large scales.

3.2.2 Dynamical dark energy

Dark energy can be modeled with a scalar field, instead of a cosmological constant as in
ACDM. In that case, the equation of state of dark energy, w, may be different than —1 and

2here we use the large scale structure convention (f° ~ 1.3 /5B [76]).



also vary with redshift. The energy density of dark energy is then no longer constant and is
given by
1+ w(a
pDE(a) = PDE,0 €XP [—3/ a,()da’} , (3.6)
1
where ppg is the density of dark energy today. We use the CPL parameterization [81, 82]
to model w(a) as:
w(a) = wo + (1 — a)wa, (3.7)

where a is the scale factor. Therefore, we call this model (wowg)CDM.

3.2.3 Modified gravity

Although cosmic acceleration is normally modeled using dark energy, it can also be explained
in theory with modifications to gravity. Moreover, GR might be a local approximation, and
has only been tested precisely on scales ranging from millimeters to solar-system scales, with
a compelling test at horizon scales yet to be done. This is what has motivated the theoretical
development of alternative theories to GR, adding degrees of freedom. There is a huge variety
of modified gravity theories, although a large fraction of them are ruled out after the recent
measurement of the neutron-star merger and gravitational-wave counterpart (see e.g., [83]
for an updated review). Moreover, consistency tests of GR using current data do not favour
modifications (see e.g., [84]). Nonetheless, GR might not be the correct description of gravity
at the ultra-large scales that will be surveyed by EMU. In order to model deviations from
GR in a general way, we follow an effective description of the relation between the metric
potentials and their relation with the energy density [85, 86]:

— 2k*W = 87Gnapdeompi(as, k) % =v(a, k), (3.8)
where = v = 1 are the limiting values corresponding to GR, where p (the total energy
density) and dcom are evaluated at a. We only consider scale independent modifications of
GR, but there are several possible parameterizations of u(z, k) and v(z, k) [1, 87]. We assume
that deviations from GR are only significant at low redshifts, so we model them as being
proportional to the dark energy density parameter, Q5

Qp(a) Qp(a)
) a, k)=1 + )
QA,O 7( ) 0 QA,O

pla, k) =1+ po (3.9)

where Q¢ is the dark energy density parameter today. Combining equations (3.8) and (3.9),
we obtain that with this parameterization ACDM with GR corresponds to pg = v = 0. In
this work, this model is referred to as ACDM-+j9+7p. We follow MGCLASS? [87] and modify
Multi CLASS to include this parameterization of modified gravity in our computations.

Finally, we also consider a model in which the curvature of the spatial sector of the
Universe is constant, but not fixed to be zero. We denote this model ACDM+)y.

3.3 Fisher matrix formalism

In order to forecast the constraining power of EMU for the models discussed above, we use
the Fisher matrix analysis [88, 89]. Accounting for SFGs and AGNs as different tracers of

3https://gitlab.com /philbull /mgclass
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the dark matter field, we define C;> as the angular power spectrum plus the shot noise as:

K(;K

JURE 0L
X,1;Y,j XiY,j ij XY

= b XX 1
Ce Ce dN(z)/dY’ (3.10)

where 6% is the Kronecker delta and dN(z)/dS2 denotes the average number of sources per
steradian in the i-th redshift bin. If we assume a Gaussian likelihood, it is possible to define a
covariance matrix for each multipole Cy built by blocks, so if each block is indexed by {X, Y},
(Cg) = ?(Y. Then, each block is built as (C’ ) CXIY . In this way, the Fisher

i,j
matmx element corresponding to the parameters 6, and 0 for the galaxy angular power
spectrum is given by:

0% log L858 2€+1 oCy ,_10Cy ,_
Fag%:<aeaaeg>:“yz g 2l (311

Using equation (3.11) ensures that the full covariance of all galaxy angular power spectra
considered is accounted for properly. If the covariance between different power spectra was
neglected, the results of the Fisher analysis may change dramatically, as shown in [59].

We consider the ISW effect as an independent cosmological probe. Moreover, the ISW
computed for each redshift bin and each of the galaxy population is independent from the
other (when considered separately). In this case, we also assume a Gaussian likelihood and
then the Fisher matrix is obtained as:

aCXITacxlTé B (C;(,i;T) +CX1XICTT
20, 005 7 gy OgxiT = (204 1) fuy

PV = , (3.12)

o X

where CET is the CMB temperature angular power spectrum, and we neglect the error of
the CMB measurement beyond cosmic variance, since it is much smaller than the shot noise
of the galaxy power spectra.

Assuming a Gaussian likelihood for the Cy is a good approximation for large ¢, since the
central limit theorem can be applied due to the large number of modes. However, on large
scales, where the number of modes is limited, the true likelihood is better approximated by a
lognormal likelihood (see e.g., [90]). Nonetheless, Fisher matrix analysis assumes Gaussianity;
one should use the extension proposed in [91] to account for non Gaussian likelihood. In any
case, we do not expect large changes, since Fisher forecasts overestimate errors in this case
(compared with the lognormal likelihood) and we are considering a complete understanding
and removal of systematics. As systematics affect more the observations on large scales,
these effects cancel each other qualitatively, justifying the Gaussian approximation for the
likelihood in this case. We leave the exploration of the effect of a non Gaussian likelihood to
future work.

As discussed in section 3.2, we will explore motivated models beyond ACDM, focusing on
the extra cosmological parameters. Nonetheless, we also vary the five relevant parameters of
ACDM for the galaxy clustering. In addition, we consider different levels of knowledge about
the properties of each galaxy population, regarding galaxy and magnification bias. First, we
assume a complete knowledge of bX(z) and s¥(z). Secondly we include a single parameter,
Abﬁl, to model our ignorance with respect to the galaxy bias at all redshifts. Third, we
repeat the same strategy, but having an independent AbiX for each redshift bin. Finally, we



Parameter Meaning Equation

L Non Gaussian parameter in the local limit Eq. (3.4)
wo Equation of state of the dark energy fluid at redshift 0 Eq. (3.7)
we Amplitude of the time varying contribution Eq. (3.7)

to the equation of state of the dark energy fluid

Qp Spatial curvature energy density parameter —

Amplitude of the time varying (o< 2 (a)) deviation
140 . ) ) Eq. (3.9)
from g =1 in modified gravity

Amplitude of the time varying (x Q4 (a)) deviation
Yo . . . Eq. (3.9)
from v = 1 in modified gravity

Ab ;{l Uncertainty on the galaxy bias of tracer X B (2) = bX(2) + Abﬁl
(or all the sample when needed).
Abix Uncertainty on the galaxy bllas o BE(21) = b () + Abix
of tracer X (or all the sample when needed) in the redshift bin i.
Uncertaint; the magnification bias
Asi)( ncertainty on the magnincation bias st)gue(Zi) _ bSX(Zl) + ASI){

of tracer X (or all the sample when needed) in the redshift bin i.

Table 1. Reference and meaning of each of the symbols used to denote the parameters included in
the Fisher Matrix analysis along with the five standard cosmological parameters needed to compute
the galaxy clustering.

also add independent AsiX in a similar fashion to model our ignorance with respect to the
magnification bias. In summary, if {3 denotes the parameters included to model our ignorance
about the galaxy populations properties, we will have four cases: 3 = O, 5 = {Abﬁl}; 5 =
{ABX}; and 8= {AbX, AsX}. This range of possibilities is a fair estimate, since the galaxy
and magnification biases cannot be perfectly measured, but we will not be completely ignorant
about them either, which is the case corresponding to the marginalization over {AbX, As¥ }.
The most realistic scenario will be somewhere in between. All the definitions and relevant
equations or corresponding references regarding the extra cosmological parameters and the
nuisance galaxy bias and magnification bias parameters for each of the cases discussed above
can be found in table 1.

Therefore, if a given model has T extra cosmological parameters with respect to ACDM,
we will consider the next set of parameters for the Fisher matrix:

- {Qth,QCdth,h,ns,log (101°4,) ,T,B} , (3.13)

where Qph? and Qeqmh? are the baryon and cold-dark-matter physical densities, respectively,
h is Ho/(100km/s/Mpc) (with Hy being the Hubble constant), and ns, As are the spectral
index and the amplitude of the primordial power spectrum of scalar modes, respectively.
We assume a ACDM model as our fiducial cosmology, setting the cosmological parameter
fiducial values to the best fit of the analysis of the temperature, polarization and lensing
power spectra [1] and BAO [2, 92, 93] assuming the base model:* Qph? = 0.022447, Qcqmh? =
0.11928, h = 0.67702, log(10'YA,) = 3.048 , and n, = 0.96824.

4The results of this analysis are denoted as base_plikHM_TTTEEE_lowl_lowE_lensing_post_BAO at the public
Planck repository http://pla.esac.esa.int/pla/, where also the public MCMC can be found.
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4 Results

In this section, we discuss the results of the Fisher matrix analysis; a detailed report of the
results can be found in tables 4, 5, 6, 7 and 8 in appendix A. As stated above, we forecast
constraints from EMU considering four different realizations regarding the rms flux per beam
(using always a threshold of five times the rms flux per beam to claim a detection) and the
fraction of sky covered. We use two cosmological probes: the angular power spectrum of
the observed galaxies (referred to as galaxy clustering, GC, in the plots and tables of this
section) and the ISW effect (see section 3.1 for more details). We estimate the constraints for
all realizations of EMU considered using all galaxies as a single tracer, but we also consider
two different tracers for the design sensitivity case of EMU. We expect the gains obtained
in this case thanks to the multi-tracer technique to be equivalent in the other realizations
considered in this work.

In order to estimate the combined constraints with current observations, we add pri-
ors from the temperature, polarization and lensing CMB power spectra from Planck [1],
combined with BAO observations from spectroscopic galaxy surveys [2, 92, 93] (except for
ACDM+po+0, for which we use the constraints from Planck+BAO+RSD, as done in [1]).
We take the priors from current observations from the publicly available Monte-Carlo Markov
Chains (MCMCs) of Planck collaboration when possible. However there are no public
MCMCs for any modified gravity model or ACDM+ fxr,. For these cases, we make use of the
marginalized 68% confidence level constraints on each of the extra parameters reported in [1]
and [94], respectively, to the ACDM parameter covariance matrix, only in the corresponding
diagonal element. The main limitation of this procedure is the lack of information of the
degeneracies between the extra parameters and the ACDM parameters (and also between
the extra parameters in the case of the modified gravity model). However, we do not expect
that our forecast depends significantly on these degeneracies. The exploration of the effect
of these degeneracies is left for future work.

We show in figure 2 the marginalized forecast constraints for the extra parameters of
each extension of ACDM discussed in section 3.2, assuming both the galaxy and magnification
bias are completely understood. On the other hand, we also show in figure 3 similar con-
straints marginalizing over Ab:X and As{X. The most realistic scenario lies between these two
cases, since some knowledge of the galaxy and magnification biases of the observed sources is
expected by the time EMU is finished. We consider EMU at design sensitivity (i.e. 10 uJy of
rms flux per beam and 30000 deg? of sky scanned) for different data combinations: angular
galaxy power spectra alone, adding ISW and adding ISW and priors of current constraints.
In each case, we report results taking the whole sample in a single redshift bin (dotted lines
with diamonds) and splitting the catalogue in five redshift bins (solid lines with circles); and
also using SFGs and AGNs as the same tracer (blue lines) and as different tracers (orange
lines). We moreover show current constraints with a green line in order to compare it with
EMU?’s forecasts. In all cases (no matter the redshift binning, the number of tracers or the
sensitivity of the survey), EMU will not be competitive with current constraints on Qj, from
Planck+BAOQO, so we will not discuss these results in this section. Results for constraints on
curvature are shown in appendix A.

Assuming that the discrimination between SFGs and AGNs is not good enough to
perform a multi-tracer analysis and that the redshift inference using external data sets is not
reliable enough in order to split the sample in different redshift bins, EMU’s constraints will
not be competitive on their own with current observations.

— 11 —
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Figure 2. Marginalized 68% confidence level forecast constraints around the ACDM limit values
on each of the extra cosmological parameters of the models discussed in section 3.2, for different
data combinations, considering a realization of EMU at design sensitivity, without marginalizing
over galaxy and magnification bias uncertainty parameters. We show results assuming one (dotted
lines with diamonds) or five redshift bins (solid lines with circles) and using all the galaxies as a
single tracer (blue lines) or discriminating between SFGs and AGNs (orange lines). We also show
current constraints in green. “+Planck*” means Planck+BAO in all cases but in the ACDM+ 1o+
constraints, where it means Planck+BAO+RSD. Note the change of scale in the vertical axis in
all cases.

10 pJy rms/beam, 1 Tracer, 1 Redshift bin
JNL wo Wy Ko Y0
GC+HISW 140 (240) | 2.3 (5.3) | 7.2(12) | 0.84(1.0) | 1.9 (1.9)
GC+ISW+Planck® | 6.4 (6.4) | 0.20 (0.26) | 0.48 (0.74) | 0.14 (0.20) | 0.35 (0.45)

Table 2. Marginalized 68% confidence level predicted constraints for the extra parameters of the
models ACDM+ fxi,, (wow,)CDM and ACDM+pg + 7o, from radio-continuum measurements with
EMU, assuming design sensitivity and using one redshift bin and tracer. We report constraints assum-
ing total knowledge about galaxy and magnification biases and marginalizing over the corresponding
parameters Ab,; and As,y, in parentheses. We show results including galaxy power spectra and
ISW effect (GCH+ISW), and also including Planck+BAO priors (Planck+BAO+RSD in the case of
ACDM+p0 + v0) denoted as Planck*.

Combining the angular galaxy power spectrum and the ISW effect and assuming a
total knowledge of the galaxy and magnification bias (marginalizing over Ab,; and As,y,
we obtain the following forecasts: o(fnr,) = 140 (240), o(wo) = 2.3 (5.3), o(w,) = 7.2 (12),
(o) = 0.84 (1.0) and () = 1.9 (1.9), assuming the corresponding model.
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Figure 3. Same as figure 2 but marginalizing also over all the galaxy and magnification biases
uncertainty parameters: Ab; and As;.

We report the predicted constraints on the extra parameters in table 2 assuming EMU
observations at design sensitivity and using only one tracer and one redshift bin. We report
results assuming total knowledge about the galaxy and magnification bias and also assuming
total ignorance and marginalizing over the corresponding parameters, in parenthesis. In this
configuration, EMU will not be competitive on its own. However, when combined with cur-
rent constraints from CMB, BAO and RSD observations, EMU’s measurements will improve
current constraints on the modified gravity model a 45% (22%) for po and a 54% (41%) for
0. In this case, they will also improve mildly the constraints on (wow,)CDM, only if the
galaxy and magnification biases are completely known: 25% for wg and 35% for wy,.

Nonetheless, the improvement of redshift inference methodologies with external data
sets and the advent of new galaxy catalogs with better sensitivity will allow to determine
the redshifts with higher precision. Thanks to this, splitting EMU’s catalogue in five redshift
bins and using SFGs and AGNs as two different tracers is expected to be feasible. We report
the resulting predicted constraints for this configuration in table 3, in a similar fashion as
before. The strongest constraints set by the combination of EMU observations with current
data will be a factor 2.3 (2.0) for fnr, 33% (equal) and 37% (7%) stronger for wy and
wg, respectively, and a factor 2.1 (1.3) and 2.3 (1.8) smaller for py and 7y, respectively,
than current observations when the galaxy and magnification bias are assumed to be known
(marginalizing over Ab¥ and AsZ)).

As expected, using two tracers improves EMU’s performance, especially for fnr,, where
EMU alone constraints are stronger than current bounds. This is not surprising, since PNG
imprints appear on the largest scales, those more affected by the cosmic variance, which is

- 13 -
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Figure 4. 68% and 95% confidence level forecast constraints around the ACDM limit values on wq and
wq in a (wow, ) CDM cosmology (left panels) and on pg and o for ACDM+po+70 (right panels). EMU
at design sensitivity are in red, Planck+BAO in blue, and their combination in black. Upper panels
assume total knowledge of galaxy and magnification bias, bottom panels marginalize over them. We
only show one-dimensional marginalized 68% confidence level constraints from Planck+BAO+RSD
in the right panels because there is no public result on the correlation between p and -y, nor public
MCMC for this model.

10 pJy rms/beam, 2 Traces, 5 Redshift bins®

fNL wo We Ho Yo
GC+ISW 3.9 (4.9) | 0.49 (1.2) 1.4 (2.8) | 0.31(0.61) | 0.71 (1.3)

GC+ISW+Planck* | 2.9 (3.2) | 0.19 (0.25) | 0.48 (0.70) | 0.12 (0.19) | 0.29 (0.43)

Table 3. Same as table 2 but using five redshift bins and two tracers. ®: in the case of ACDM+ fnr,
we report the result using a single redshift bin, since it is stronger in this case.

partially overcome by the multi-tracer technique. What it is surprising is that using SFGs
and AGNs as different tracers the constraints on fnr, are better using only one redshift bin.
This is due to the fact that PNG imprints are very sensitive to b(z). In figure 1 it is shown
that AGN galaxy bias is much larger than SFG galaxy bias. However, EMU will observe
many more SFGs than AGNs, and it will not detect enough AGNs in the high-redshift
bins. Therefore, for the AGN power spectra at high redshifts, where the impact of PNG is
larger, the shot noise is also larger and the final sensitivity of EMU to fni, decreases with
respect to having only one bin. Then, the strongest constraints on fyr, found in this work
correspond to having two tracers with only one redshift bin. Something similar happens for
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other parameters, but at much less significance.”

In figure 4 we show marginalized 68% and 95% confidence level contours on the wg-
w, plane from EMU forecasts (assuming the realization at design sensitivity and using two
tracers), Planck+BAO and the combination of them (left panels), and contours on the pp-vo
plane from EMU and EMU combined with Planck+BAO+RSD in the corresponding right
panels. Upper panels assume total knowledge of the galaxy and magnification bias, while
bottom panels assume total ignorance and include a marginalization over AbiX and Asﬁl.
As can be seen, the degeneracy between wgy and w, is almost the same measured by EMU
and Planck+BAO, hence the combination of both measurements do not break the existing
degeneracy. We only show one-dimensional marginalized 68% constraints for pg and -~
independently from Planck+BAO+RSD as there is no published value for the correlation
between pg and 9 nor a MCMC to compute it.

The fact that an early EMU data release covers only 2000 deg? limits considerably its
performance in constraining cosmological parameters with galaxy clustering. Therefore, com-
bining Planck+BAO with EMU-early does not improve the constraints. However, the impact
of having a factor two worse sensitivity than in the design sensitivity (i.e., the pessimistic
sensitivity of 20 puJy rms/beam) does not degrade critically the constraints. Using one single
tracer and considering five redshift bins, the constraints are around 25 — 30% weaker than at
design sensitivity for all the parameters. In the case of fyi, using only one redshift bin, the
constraints are even better, due to having a larger abundance ratio of AGNs with respect to
SEFGs, so the average bias is larger. This is no longer true using five redshift bins, since the
effect of the larger shot noise with the pessimistic sensitivity is more important in this case.
Finally, the improvement that SKA-2 will achieve (a factor 10 in sensitivity) will be crucial.
SKA-2 forecast constraints on fyi, assuming five redshift bins and a single tracer are a factor
~ 3 stronger than those for EMU at design sensitivity, improving upon current bounds from
Planck. In addition, in the cases of evolving dark energy and modified gravity models, the
constraints on wg, wq, o and vy will be a factor ~ 2 stronger than EMU at design sensitivity
if ISW and galaxy clustering are combined.

However, EMU will not be able to measure fyni, below unity. In order to find the
specifications needed by EMU to achieve the goal of having an uncertainty on local PNG
measurements better than o(fnr,) ~ 1, we forecast the constraints on fni, from EMU-like
surveys as a function of the fraction of sky surveyed and the number of sources detected. We
model the variation on the number of sources with a factor Ng,cior multiplying the number
density dN/dzd) appearing in figure 1. We reckon that having a better sensitivity will allow
to detect more new galaxies at larger redshift than at lower redshift, which would modify
the shape of the redshift distribution. However, we expect this change in the shape of the
redshift distribution to be small enough within the range of parameters considered here so
as not to affect our results significantly. Therefore, changing the total number of detected
sources maintaining the shape of the redshift distribution is a fair approximation for this
study. The variation to fao and Npcior enter the covariance matrix in the Fisher matrix
computation (equations (3.11) and (3.12)). This kind of study is important in order to guide
the planning of the survey strategy, since in principle it may be more convenient to use the
same total observing time on a smaller area to reduce the noise and detect more sources, or
vice versa. For a similar investigation for spectroscopic surveys, see [95].

5As can be seen in the appendix B, the S% simulation predicts approximately the same number of SFGs
and AGNs detected. Therefore, this effect is not present in the constraints obtained using S® as benchmark
to predict the redshift distribution of galaxies and the galaxy and magnification bias.
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Figure 5. 68% confidence level forecast constraints for fyi, (assuming a fiducial fxr, = 0) from
measurements of the angular galaxy power spectra and the ISW effect, combined with the prior from
Planck and BAO. We use five redshift bins when considering all galaxies as one single tracer (left),
but only one redshift bin when distinguishing between SFGs and AGNs (right) since we find better
constraints than binning the catalogues in redshift (see main text and table 8).

We show the dependence on foy and Necror (starting from EMU at design sensitivity)
for the predicted constraints on fyi, in figure 5, both considering all galaxies as the same
kind of tracer (left panel) and using two tracers (right panel). In the multi-tracer case,
we use a single redshift bin, since the constraints are better in this case. We use EMU
forecasts assuming complete knowledge of the galaxy and magnification bias and the priors
from current observations in both panels. We find that using all the galaxies as a single tracer,
it will not be possible to measure local PNG with precision o(fn,) < 1 even if EMU scans
75% of the sky and observes 1000 times more galaxies. However, it will be possible using two
different tracers if EMU would be able to detect around 40 times more galaxies. In this the
case, the total observing time of EMU should increase by a large factor in order to achieve
this precision goal (note that reducing the rms/beam flux from 10 to 1 pJy corresponds to
detecting around 13 times more galaxies). On the other hand, using the same total observing
time, the sensitivity can be increased if fqy, is smaller. However, we find that the Ngicor
needed to reach o(fnr,) ~ 1 increases dramatically whenever fq, < 0.65, given that, as
stated above, PNG effects shows on ultra-large scales. Nonetheless, it is important to keep in
mind that this analysis is done keeping the same abundance ratio between AGNs and SFGs.
If, by any cause, a significant increase of sensitivity will amount to increasing the relative
abundance of AGNs, or by any change, the measured galaxy bias is larger than expected, the
total number of sources observed would not have to be so large. As can be seen in i.e. tables 4
and 8, marginalizing over AbiX and AsiX does not have a large effect on the constraints on
fNL, so the results are qualitatively similar in that case.
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5 Conclusions

The Evolutionary Map of the Universe (EMU), an all-sky radio-continuum survey operat-
ing on the Australian SKA Pathfinder (ASKAP), will provide deep and wide observations
with enough detected sources to study galaxy clustering at the ultra-large scales for the
first time. In this work we use the Fisher matrix formalism to estimate the precision in
measuring parameters of models beyond ACDM, using measurements of the angular galaxy
power spectrum and the integrated Sachs-Wolfe effect. The cases under study include models
with evolving dark energy equation of state, low redshift deviations from General Relativity,
spatial curvature and primordial non-Gaussianity in the local limit.

We estimate the population of objects detected by EMU using the T-RECS cata-
logues [51] and assume that all observational systematics are under control and correctly
accounted for. In this way, the main uncertainties left are the galaxy properties, such as the
galaxy and magnification biases. We consider different levels of knowledge of these quantities
throughout this work, having in mind that partial information will be available by the time
EMU data is available. Regarding the observed sources, we first consider all the galaxies
as the same kind of tracer of the density field, and then distinguish between Star-Forming
galaxies and AGNs as different tracers and perform a multi-tracer analysis.

As a radio-continuum survey, EMU’s redshift determination will be very poor. How-
ever, given the large numbers and the improvement of the redshift inference algorithms and
external data sets, it will be possible to assign redshifts so that a tomographic analysis can
be performed. While not being competitive using all galaxies as the same tracer and a single
redshift bin, we find that using external observations to infer the redshifts and split the cata-
logue into five redshift bins (which is a conservative assumption) boosts EMU’s constraining
power. Moreover, if the observations allow a reliable distinction between SFGs and AGNs, a
multi-tracer analysis will return the best from EMU: when combined with current observa-
tions from CMB observations and BAO analyses, EMU’s observations at design sensitivity
will improve the current bounds on evolving dark energy models and modified gravity by a
factor of two.

As EMU will survey a large fraction of the sky, it will observe the largest scales to date.
Since local PNG would have imprints on the largest scales, EMU is a perfect experiment
to increase the precision of the measurements of fy;,. However, it will need a multi-tracer
analysis in order to overcome the cosmic variance. This way, EMU alone will set a bound twice
smaller than the current bound, and slightly smaller if combined with current observations.
In order to achieve the possibly game-changing threshold of an uncertainty on fyi, below 1,
EMU will have to observe around 40 times more galaxies, which would need an out-of-range
amount of time of observations (i.e. SKA-2 would detect a factor 13 more galaxies than
EMU). However, if the fraction of the sky observed lies below ~ 0.65 (which will allow to use
more observation time per pointing to increase sensitivity), the amount of galaxies needed
increases dramatically. Therefore, other strategies (combination with other cosmological
probes, improvements in the redshift estimation with external data such it is possible to split
the catalogue in more redshift bins, increasing the number of tracers, etc.) will be needed to
achieve this goal. Note that using S® instead of T-RECS the constraints are slightly better
(see appendix B). Nonetheless, even in this case, achieving o(fx1,) < 1 with only EMU seems
difficult and it will be needed to wait for more sensitive experiments such as the different
surveys of SKA-2. This result is consistent with the findings reported for the SKA Phase
1 [96]. However, the possibility to find small deviations from Gaussian initial conditions with
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SKA will only be possible if it follows an all-sky survey strategy. In any case, EMU’s bound
on fyi, will be the best in the near future and EMU’s catalogues will be the main data set
to combine with new measurements in the quest to measure PNG.

Although EMU is operating in ASKAP, a pathfinder for SKA, it will have scientific
relevance on its own, since it will be the deepest all-sky survey (and with best angular
resolution among similar surveys) by the time it will end. This will be an important step
forward to constrain physics which manifests itselfs on the largest scales, such as primordial
non-Gaussianity, but also relativistic corrections in the galaxy clustering statistics [97]. This
makes EMU a critical stepping stone for our understanding of the early Universe, gravity
and dark energy, and also for the preparation of future galaxy surveys.
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A Cosmological forecasts results

In this appendix we report the results of the cosmological forecast for radio-continuum sur-
veys discussed in section 4 in detail (tables 4, 5, 6, 7 and 8. We consider the four models
discussed in section 3.2 and four different surveys: EMU at design sensitivity (10 pJy rms
flux/beam), a pessimistic realization (with twice rms flux/beam), EMU early results (100
pdJy rms flux/beam) and SKA-2 (1 pJy rms flux/beam). For each survey, we consider a sin-
gle redshift bin and five different redshift bins, as shown in section 2. Moreover, we consider
different assumptions about our prior knowledge for the galaxy and magnification biases.
Either we understand the biases completely, we marginalize over a single parameter which
shifts b(z), marginalize over parameters which shifts b(z) for each bin or marginalize over
parameters that shift both b(z) and s(z) in each bin.

B Comparison with S3 simulation

Prior to the release of the T-RECS catalogues, most of the forecast analysis for galaxy radio
surveys were done using the S3 simulations [52]. In order to ease the comparison with those
studies and also to illustrate the differences between both set of simulations we repeat the
study using S? for the four models under considerations and assuming the design sensitivity
realization of EMU. We consider a case with all the galaxies used as a single tracer and
another one using them as two different tracers. The differences between the results using
each simulation also gives an estimate of the inherent uncertainty of the cosmological forecast
using simulations.

We show the relevant quantities obtained from S in figure 6. 53 further subdivides the
SFGs into star burst galaxies and star forming galaxies, and the AGNs into radio quiet quasars
and Fanoroff-Riley type-I and type-1II radio galaxies. These five populations of galaxies have
been used as different tracers for studies in the literature (e.g. [32]). However, an accurate
discrimination among all five might be uncertain, so we prefer to proceed as with T-RECS
and consider only two different tracers SFGs and AGNs. As star burst galaxies are far less
abundant than star forming galaxies, we assume the galaxy bias model of the latter for
the whole SFG population. Regarding AGNs, Fanoroff-Riley type-1 galaxies abundance is
negligible. Therefore, we only consider the bias model of the radio quiet quasars and Fanoroftf-
Riley type-1I and use an approximated weighted mean. The galaxy bias for both radio quiet
quasars and Fanoroff-Riley type-II are shown in red and purple dotted lines, respectively.
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4 redshift Bias Data combination and constraints on
Survey . . ACDM+ fn1,
bins uncertainty -
Galaxy Clustering (GC) | GC+ISW | GC+ISW+Planck+BAO
INL N InL
Known 240 140 6.4
EMU .
1 bin Ab.y 320 170 6.4
. Abay & Asan 690 240 6.4
Design
. Known 17 16 5.9
Sensitivity
- Abay 17 16 5.9
(10 MJy 5 bins
/beam) Ab; 17 16 5.9
rms/beam
Ab; & As; 19 18 5.9
Known 160 130 6.4
EMU .
1 bin Abgy 360 140 6.4
oL Aba & Asan 360 160 6.5
Pessimistic
L Known 23 21 6.1
Sensitivity
. Aban 23 21 6.1
(20 pdy 5 bins
/beam) Ab; 24 22 6.1
rms m
B/pe Ab; & As; 27 24 6.1
EMU Known 6200 3000 6.5
1 bin Abyy 50000 4000 6.5
Early Abay & Asan 74000 4400 6.5
Results Known 360 360 6.5
(100 pJy 5 bins Abay 360 360 6.5
rms/beam, Ab; 400 390 6.5
2000 deg?) Ab; & As; 490 470 6.5
Known 130 70 6.4
1 bin Ab 130 70 6.4
SKA-2 ot
Abay & Asan 270 73 6.4
(1 Known 5.5 5.5 4.0
uly
. Ab 5.6 5.5 4.0
rms/beam) 5 bins all ’
Ab; 5.7 5.6 4.1
Ab; & As; 5.9 5.8 4.1

Table 4. Marginalized 68% confidence level predicted constraints on fyr assuming ACDM+ fnr,
from radio-continuum measurements with EMU. We show results of galaxy clustering by itself (GC),
galaxy clustering combined with ISW (GC+ISW), and when Planck+BAO priors are also added
(GC+ISW+Planck+BAO),both not binning in redshift and with five redshift bins. We consider four
different surveys: EMU at design sensitivity, a pessimistic realization of EMU with twice the rms
flux/beam, EMU early and SKA-2. We assume different cases for the knowledge of the bias, either
known or marginalizing over the galaxy bias and the magnification bias. Ab,) refers to marginalizing

over a single parameter Ab,ll which shifts the whole b(z).
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Data combination and constraints on

# redshift Bias
Survey ) . (wowa) CDM
bins uncertainty
GC GCH+ISW | GC+ISW+Planck+BAO
wo Wq wo Wq wo Wq
EMU . Known 12 34 2.3 | 7.2 |0.20 0.48
1 bin Abay 19 70 50 | 9.6 | 0.26 0.72
. Abay & Asyy | 61 210 5.3 12 | 0.26 0.74
Design
o Known 0.66 1.9 0.59 | 1.7 | 0.20 0.50
Sensitivity
. Abay 0.78 29 |0.60| 1.9 | 0.23 0.66
(10 pJy 5 bins
/b ) Ab; 1.8 6.5 1.0 | 2.9 | 0.25 0.69
rms/beam
Ab; & As; 2.2 8.1 1.4 | 3.5 | 0.26 0.71
Known 6.9 23 25 | 83 |0.21 0.51
EMU 1 bin Abay 29 120 3.5 | 87 |0.25 0.71
Abay & Asay | 65 230 3.5 | 94 ]0.26 0.72
Pessimistic Known 0.95 2.9 0.80 | 24 | 0.22 0.58
Sensitivity 5 bins Abay 1.0 39 (081 25 [0.24 0.68
(20 pJy rms/beam) Ab; 2.4 9.9 1.2 | 35 1025 0.71
Ab; & As; 3.2 13 2.0 | 48 | 0.26 0.72
EMU Known 2100 | 6600 51 130 | 0.26 0.73
1 bin Abyy 2800 | 9900 | 270 | 550 | 0.27 0.74
Early Abay & Asay | 5400 | 33000 | 280 | 580 | 0.27 0.74
Resuls Known 8.3 26 6.3 17 | 0.27 0.74
(100 pJy 5 bins Abay 9.1 35 8.8 18 | 0.27 0.74
rms/beam, Ab; 28 100 16 36 | 0.27 0.74
2000 deg?) Ab; & As; 58 170 20 44 | 0.27 0.74
Known 18 63 2.8 | 7.3 ]0.18 0.43
SKA-2 1 bin Ab,y 21 94 3.2 | 7.7 |0.27 0.74
Abay & Asan | 22 120 7.2 16 | 0.27 0.74
Known 0.33 | 0.87 | 0.31 | 0.80 | 0.15 0.36
(1 pJy 5 bins Abay 0.44 1.3 1037 | 1.1 |0.21 0.60
rms/beam) Ab; 0.79 22 |0.61| 1.6 | 0.24 0.64
Ab; & As; 0.94 29 |0.68 | 1.7 | 0.24 0.66

Table 5. Same as table 4 but for wy and w, assuming a (wpw,)CDM model.
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Data combination and constraints on

# redshift Bias
Survey ) . ACDM+Qy,
bins uncertainty
GC GCHISW | GC+ISW+Planck+BAO
100 x Q4 | 100 x 100 x
Known 8.7 8.3 0.16
EMU .
1 bin Aban 9.1 8.4 0.19
. Abay & Asan 9.1 8.4 0.19
Design
o Known 6.3 4.8 0.17
Sensitivity
. Aban 9.6 7.8 0.19
(10 /LJy 5 bins
/b ) Ab; 13 8.0 0.19
rms/beam
Ab; & As; 15 8.8 0.19
EMU Known 12 11 0.17
1 bin Abay 13 11 0.19
oL Abay & Asan 13 11 0.19
Pessimistic
L Known 9.7 6.7 0.18
Sensitivity
X . Abay 18 12 0.19
(20 pJy 5 bins
/b ) Ab; 23 12 0.19
rms m
s/bea Ab; & As; 28 13 0.19
EMU Known 130 88 0.19
1 bin Aban 130 110 0.19
Early Aban & Asau 130 110 0.19
Results Known 87 45 0.19
(100 pJy 5 bins Ab,p 150 77 0.19
rms,/beam, Ab; 160 82 0.19
2000 deg?) Ab; & As; 160 82 0.19
Known 5.4 4.4 0.16
1 bi Ab, 6.0 4.9 0.19
SKA-2 " o
Abay & Asan 6.0 5.3 0.19
Known 2.3 2.0 0.15
(1 pJy
/b ) 5 bins Abay 2.6 2.4 0.18
rms/beam
Ab; 3.8 2.9 0.18

Table 6. Same as table 4 but for 2 assuming a ACDM+); model.
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. . Data combination and constraints on
Survey # re'dshlft Blas. ACDM 419470
bins uncertainty
GC GC+ISW | GC+ISW+Planck+BAO+RSD
Ho "o Ho Yo Ho o
EMU Known 23 46 0841 19 | 0.14 0.35
1 bin Ab,p 25 51 1.0 1.9 0.20 0.44
Desi Aba & Asay 32 63 1.0 | 1.9 | 0.20 0.45
esign
G q,fg " Known 064 | 1.9 |034]081] 012 0.30
>1S1T1V1T
(10 3 Y 5 bins Abay 11 | 28 |043 095 0.18 0.40
/bﬂi Y ) Ab; 3.9 8.8 0.46 | 1.0 0.19 0.42
rms eanm
Ab; & As; 5.2 12 047 | 1.0 0.19 0.42
EMU Known 20 39 0.96 | 2.2 0.15 0.36
' 1 bin Abyy 20 39 | 1.1 ] 22 02 0.44
Possimistic Abay & Asan 27 54 1.1 2.2 0.20 0.45
: " ‘_t ’ Known 1.0 3.0 |047| 1.1 | 0.14 0.35
ensitivity
(20 Y 5 bins Abay 2.3 55 (059 1.3 | 0.19 0.43
/l“ Y ) Ab; 51 | 12 /060 1.3 | 0.19 0.43
rms/beam
! Ab & As; | 84 | 19 |061] 1.4 | 019 0.44
EMU Known 430 870 6.1 14 0.23 0.62
1 bin Ab,p 13000 | 27000 | 7.1 14 0.23 0.62
Early Ab, & Asay | 15000 | 31000 | 9.2 14 0.23 0.62
Results Known 6.2 19 2.9 7.1 0.23 0.64
(100 pJy 5 bins Ab,p 61 140 3.5 7.8 0.23 0.64
rms/beam, Ab; 88 200 | 35 | 79 | 0.23 0.64
2000 deg?) Ab; & As; 100 220 35| 7.9 | 0.23 0.65
Known 12 24 0.79 | 1.8 0.15 0.35
KA 1 bin Abyy 46 91 |082| 1.8 | 0.20 0.44
Aba & Asay 48 96 1.0 | 1.9 | 0.20 0.44
Known 0.20 0.59 | 0.17 | 0.39 | 0.092 0.21
(1 pJd
/{; Y ) 5 bins Aban 0.29 0.80 | 0.20 | 0.46 | 0.13 0.29
rms/beam
Ab; 1.4 32 [0.32]0.73| 0.17 0.39
Ab; & As; 1.7 4.0 0.33 | 0.74 | 0.17 0.39

Table 7. Same as table 4 but for ;4o and 7 assuming a phenomenological parameterization of modified
gravity as a ACDM+p0+70 model. In this case, the external data is Planck+BAO-+RSD.

— 93—



# redshift Bias Data combination and constraints on
Survey . . extended models
bins uncertainty -
Galaxy Clustering (GC) GC+ISW | GC+ISW+Planck*
INL fNL INL
Known 4.0 3.9 2.9
1 bin Aball 4.2 4.0 3.0
Abal] & Asall 5.1 4.9 3.2
Known 7.1 6.6 4.4
.
5 bins Abay 7.3 6.7 4.5
Ab; 7.6 7.0 4.6
wo W wo We wo We
Known 1.1 3.2 0.93 | 2.5 | 0.18 0.46
EMU 1 bin Abay 1.2 4.8 0.98 | 0.27 | 0.19 0.47
ith Ab,y & Asay | 3.0 11 1.7 | 45 | 0.26 0.71
wi
X Known 0.56 1.6 0.49 | 1.4 | 0.19 0.48
multi-tracer
5 bins Abay 0.57 1.7 0.50 | 1.4 |0.19 0.49
. Ab; 1.2 4.4 0.78 | 2.1 | 0.25 0.68
Design
e Ab; & As; 1.7 5.7 1.2 | 28 |0.25 0.70
Sensitivity
(10 J X 100 x Qk 100 x Qk 100 x Qk
/t” Y ) Known 3.9 3.6 0.16
rms/beam .
1 bin Aban 4.9 3.9 0.16
. Abay & Asan 4.9 4.1 0.19
Using
Known 4.1 3.6 0.17
T-RECS Ab, 4.5 3.8 0.17
5 bins all - ’ ’
Ab; 11 6.7 0.19
Ab; & As; 13 7.1 0.19
Ho 0 Ho "o Ho "0
Known 0.93 2.6 0.50 | 1.1 | 0.14 0.33
1 bin Abay 3.1 6.4 0.69 | 1.6 | 0.15 0.34
Ab,y & Asay | 8.9 18 0.70 | 1.6 | 0.19 0.43
Known 0.36 0.90 0.31 | 0.71 | 0.12 0.29
. Abay 0.39 0.95 0.33 | 0.75 | 0.13 0.31
5 bins
Ab; 2.4 5.2 0.60 | 1.3 | 0.19 0.43
Ab; & As; 2.8 6.1 0.61 | 1.3 | 0.19 0.43

Table 8. Same as in tables 4, 5, 6 and 7, but only for the EMU survey at design sensitivity and
using SFGs and AGNs as different tracers. “+Planck*” means Planck+BAO in all case but in the
ACDM+po+7 constraints, where means Planck+BAO+RSD.
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Figure 6. Left: dN/dzd) for the galaxies observed assuming a rms flux/beam of 10uJy from S°
simulation, always requiring a signal of the flux of five times larger than the rms/beam to consider a
detection. We also plot the Gaussian window functions of the five redshift bins considered to compute
the cosmological observables. Right theoretical galaxy bias for SFGs and AGNs and the corresponding
weighted total from S%. We show the quantities related to the whole sample in blue, with SFGs alone
in orange and with AGNs alone in green. We also show the galaxy bias for radio quiet quasars and
Fanoroff-Riley type-II in red and purple dotted lines, respectively.

The quantities shown in figure 6 are to be compared with their equivalents using T-RECS
(figure 1). The total number of galaxies above the threshold of detection is similar for both
galaxies. However, the distribution in S® is broader than in T-RECS, and there are also
more AGNs than SFGs, especially at large redshifts. This is very important, since it affects
significantly the values of the weighted mean of b(z) when all galaxies are considered as a
single tracer. It also reverses which tracer has more weight in the multi-tracer analysis. These
differences are the responsible of the discrepancies between S3 and T-RECS.

The results using S are reported in table 9 and 10. Since the average bias is larger in
S3, the signal to noise ratio of the galaxy power spectra and ISW are larger too. Therefore,
the constraints on wg and w, coming only from the galaxy power spectra are ~ 30% better
using 52, although the difference is negligible when ISW is included in the analysis. Also the
magnitude of the impact of marginalizing over the galaxy and magnification biases is similar
using both simulations. The gains using two different tracers to constrain (wow,)CDM are
similar too. In the case of ACDM+1+7o, the differences between using S* and T-RECS are
not significant.

However, since the galaxy bias has so large impact in the signal of local PNG, there is a
significant difference in the constraints on fyr, using each simulation. Using S the constraints
are ~ 3 — 4 times better using all galaxies as a single tracer and combining the galaxy power
spectra and the ISW. Then, EMU alone would be able to improve current bounds on fnr,
even without performing a multi-tracer analysis , measuring oy, ~ 5. Using two different
tracers, the difference between the results from each simulation assuming a single redshift
bin is negligible. However, as considering S AGNs are more abundant than SFGs and they
do not suffer from low numbers in the high redshift bins, the constraints using five redhsift
bins improve with respect to those using only one (as it was the case considering T-RECS).
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. . Data combination and constraints on
# redshift Bias
Survey ) . extended models
bins uncertainty
Galaxy Clustering (GC) GC+ISW | GC+ISW+Planck*
INL L L
Known 19 18 5.4
1 bin Ab,y 29 19 5.5
Abay & Asan 49 40 6.0
Known 5.7 5.5 3.6
5 bins Aban 5.8 5.6 3.6
Ab; 6.0 5.8 3.8
Ab; & As; 6.3 6.1 3.8
wo Wq wo Wq wo Wq
Known 6.5 35 2.0 | 6.0 |0.19 0.45
1 bin Ab,y 13 66 23 | 6.1 |0.25 0.71
Abay & Asay | 15 79 3.0 | 7.7 10.26 0.73
EMU Known 0.43 1.3 0.40 | 1.1 | 0.17 0.43
Design 5 bins Ab,y 0.44 2.0 0.40 | 1.2 | 0.19 0.57
Sensitivity Ab; 1.0 4.0 0.71 | 2.0 | 0.24 0.67
(10 pJy Ab; & As; 1.6 5.8 1.0 | 2.6 | 0.25 0.70
rms/beam) 100 x Qy 100 x Qy 100 x
Known 7.6 7.1 0.16
Using S° 1 bin Abyy 7.8 7.1 0.19
simulation Ab, & Asan 7.9 7.2 0.19
Known 4.7 3.5 0.16
5 bins Aban 8.3 5.7 0.18
Ab; 9.0 5.8 0.19
Ab; & As; 9.9 6.0 0.19
Ho 0 Ho o Mo Y0
Known 10 23 1.1 | 2.6 | 0.15 0.35
1 bin Ab,y 10 23 1.2 | 2.6 | 0.20 0.45
Abay & Asay | 12 26 1.3 | 2.7 | 0.20 0.45
Known 0.37 1.1 0.28 | 0.67 | 0.12 0.28
5 bins Ab,n 1.2 2.8 0.46 | 1.0 | 0.18 0.40
Ab; 2.9 6.4 049 | 1.1 | 0.19 0.42
Ab; & As; 44 9.8 0.50 | 1.1 | 0.19 0.42

Table 9. Same as in tables 4, 5, 6 and 7, but only for the EMU survey at design sensitivity and
using the S2 simulation [52] instead of T-RECS to obtain the redshift distribution of sources and the
bias. “+Planck*” means Planck+BAO in all case but in the ACDM+p9+yo constraints, where means
Planck+BAO+RSD.
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4 redshift Bias Data combination and constraints on
Survey . . extended models
bins uncertainty - -
Galaxy Clustering (GC) GC+ISW | GC+ISW+Planck*
INL fNL INL
Known 4.3 4.3 3.0
1 bin Aban 4.6 4.3 3.1
Aball & Asau 6.1 5.7 3.1
Known 3.8 3.7 3.0
5 bins Ab,p 4.0 3.8 3.2
Ab; 4.9 4.6 3.5
wo We wo W wo We
Known 1.2 3.5 0.85 | 2.4 | 0.17 0.43
1 bin Ab, 1.5 6.2 1.0 | 2.9 | 0.20 0.47
EMU ol
ith Abay & Asay | 2.8 12 1.3 | 3.6 | 0.26 0.71
wi
. Known 0.40 1.2 0.35 | 1.0 | 0.16 0.43
multi-tracer
5 bins Ab,y 0.41 1.3 0.36 | 1.1 | 0.18 0.47
X Ab; 0.98 3.8 0.55 | 1.6 | 0.24 0.65
Design R .
e Ab; & As; 14 5.9 0.67 | 1.8 | 0.24 0.67
Sensitivity
(10 J 100 x £ 100 x 100 x
/b“ Y ) Known 43 3.7 0.16
rms/beam .
1 bin Abay 6.0 4.5 0.16
. Aban & Asau 6.1 4.6 0.19
Using
53 Known 3.2 2.8 0.16
5 bins Aban 3.7 3.1 0.17
Ab; 9.6 5.3 0.19
Ab; & As; 11 5.7 0.19
Ho 0 Ho "o Ho 20
Known 0.74 1.9 0.45 | 1.0 | 0.14 0.31
1 bin Abay 3.1 6.3 0.64| 14 |0.14 0.32
Abay & Asay | 5.8 12 0.65 | 1.5 | 0.19 0.43
Known 0.29 0.73 0.24 | 0.56 | 0.12 0.29
5 bins Abay 0.32 0.77 0.26 | 0.60 | 0.12 0.29
Ab; 1.2 2.7 0.44 | 0.99 | 0.18 0.41
Ab; & As; | 1.7 3.7 0.46 | 1.0 | 0.19 0.41

Table 10. Same as in table 8, but using the S® simulation [52] instead of T-RECS to obtain the
redshift distribution of sources and the bias.
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4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE

4.2 Optimal extraction of cosmological
information from line-intensity mapping

Line-intensity mapping (IM) provides a promising way to probe cosmology,
reionization and galaxy evolution. However, being so sensitive to cosmology
and astrophysics at the same time may become a nuisance. Here we propose a
methodology to optimally extract cosmological information from the anisotropic
IM power spectrum, accounting for the uncertainties in astrophysical sector. We
parametrize astrophysical contributions to the IM power spectrum and marginalize
over them so that the impact on the cosmological measurements is minimized. In
addition, we account for redshift space distortions, the Alcock-Paczynski effect,
different regimes in the mode counting depending on the dimensions of the volume
observed, and provide an accurate analytic prescription for the covariance matrix
of the multipoles of the IM power spectrum. Although we mostly focus on the
auto-power spectrum, we also discuss the adaptation of the methodology to cross-
correlations for completeness. Altogether, our formalism facilitates cosmological
constraints robust to astrophysics.

We study the gains of including the hexadecapole of the IM power spectrum in the
analysis, finding a 25%-75% increase in the precision of the BAO scale measurements
when included. As an illustration of the potential of our formalism, we estimate
future constraints from IM power spectrum measurements on the sum of neutrino
masses and local primordial non Gaussianiaties. We find that an experiment
targeting CO at high redshift, observing a quarter of the sky during ~ 30000,
hours can achieve 68% confidence level marginalized errors o (> mv) ~ 0.05 eV
and o (fxr) ~ 5, respectively.

Considering the power of the formalism presented in this work, we recommend
its use for cosmological analyses of the IM power spectrum to fulfill the promising

potential of IM experiments.
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4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE
4.2.1 Introduction

An impressive experimental effort put in galaxy surveys, in combination with
Cosmic Microwave Background (CMB) observations, has achieved percent level
precision in the inferred cosmological parameters of the standard cosmological
model, A-Cold Dark Matter (ACDM), and provided stringent constraints on possible
deviations from it (Planck Collaboration et al., |2018; |Alam et al., 2017b). This
success has encouraged further investment for the coming years on experiments
measuring the large scale structure, whose outcome will further constrain or detect
physics beyond ACDM (Bernal et al., [2019; [DESI Collaboration et al., [2016a;
Amendola et al.| 2018} [Doré et al.| 2014} |Square Kilometre Array Cosmology Science
Working Group et al., [2018)).

Galaxy surveys rely on resolving individual galaxies to trace the matter density
field, which naturally limits their scope to z < 2, reaching z < 3 only thanks to
Lyman-« forest measurements (see e.g., |de Sainte Agathe et al.| (2019); Blomqvist
et al| (2019)). Although there are proposals motivating the use of spectroscopic
observations of Lyman-break galaxies to reach z ~ 5 (Wilson & White, 2019; |Ferraro
et al., [2019)), it is extremely unlikely that a galaxy survey. This is mainly because
galaxy surveys only use sources brighter than a given threshold and treat them as
number counts, while galaxies at high redshift are sparse and faint. In addition, the
need of observing individual resolved sources with a high signal-to-noise ratio (S/N)
slows down the sky coverage, and therefore increases the budget required to carry
out the survey.

On the other hand, intensity mapping (IM) experiments propose a great
alternative. IM techniques use all the observed flux coming from the sky, hence
exploiting unresolved and much fainter sources, too. These faint sources would
not satisfy the requirements to be claimed as a detected source in a galaxy survey.
Basically, IM integrates all the emission along the line of sight. This way, IM
techniques grant access to significantly larger redshifts than galaxy surveys. The
dark ages could also be probed thanks to IM (theoretically, up to z < 500 (Breysse
et al., 2018)), which would provide strong constraints on deviations from ACDM, as
explored in Bernal et al.| (2018)); [Short et al.| (2019); |[Furlanetto et al. (2019a).

Conveniently, no resolved sources are needed, which softens the angular

resolution requirements and allows to survey the sky fast. Targeting easily-
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identifiable spectral lines and tuning the frequency of the receivers makes possible

to measure the redshift of the emission along a line of sight. On the other hand, the
intensity of each line is intimately related with various astrophysical processes, so
targeting different lines allows to study reionization and galaxy evolution. Moreover,
since these lines are sourced in halos, they act as a biased tracer of the underlying
density distribution, with the bias depending on the specific line. In this way,
accurate three-dimensional maps of the large scale structure of the Universe over

huge volumes can be obtained. Altogether, IM experiments hold great promise both

for cosmology and astrophysics (Kovetz et al 2017, 2019).

Several lines can be targeted with IM. Probably, the most study line to date is HI
21, first detected by |Chang et al.| (2010). Some 21 cm IM experiments will target the
epoch of reionization (Bandura et al., |2014; |DeBoer et al.,[2017), while the planned

Square Kilometer Array has great potential for cosmology at low redshift (Bull et al.
2015 Square Kilometre Array Cosmology Science Working Group et al., 2018)), and

is expected to probe fundamental physics, too (Bull et al.,[2018]). However, HI line is

weak, especially when compared with galactic foregrounds in the frequency range of
interest. Other lines have also been subject of study, such as the rotational lines of
CO (Li et al} 2016} Padmanabhan| |2018a), CII (Silva et al., 2015 Pullen et al.| |2018;
Padmanabhan, 2018b)), Ha and HS (Gong et al., 2017; Silva et al.| 2018), oxygen
lines (Gong et al.) 2017), and Lymana (Silva et all [2013), among others. Some
of them have been already detected at intermediate redshifts (Keating et al., 2015,
2016)), at least tentatively (Pullen et all, 2018} [Croft et all,[2016)). A significant effort
is being invested preparing the stage 2 of IM, with some experiments which have
already started observing and some others which soon will do it, as COMAP
2016), TIME (Crites et al, 2014), and SPHEREx (Doré et all, [2014)), among

others.

The plethora of possible targeted lines facilitates multitracer techniques, which
reduces cosmic variance (Seljakl, 2009; McDonald & Seljakl 2009). Nonetheless,

non-targeted spectral lines may also introduce contamination in the observed signal

acting as interlopers, due to redshift confussion. This contamination, as well as
galactic foregrounds, must be subtracted and corrected for. Cross-correlations of
different spectral lines, or between one line and galaxy number counts, are one of

the most optimal techniques to identify and remove foregrounds and interlopers (see
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e.g.,|Sun et al. (2018)); Silva et al.| (2013))). Other strategies to remove foreground and

interloper contaminations include the identification of a distorted Alcock-Paczynski
effect (Cheng et al.,|2016) and blindly masking the brightest sources (Breysse et al.,
2015)).

The dependence of the spectral line intensity on both astrophysical processes
and cosmology entails degeneracies in the observed signal. Given the high level of
ignorance regarding the luminosity function of spectral lines at high redshift, being
able to disentangle cosmology and astrophysics is of utmost importance. Otherwise,
these degeneracies hinder the extraction of clean information from the observations.
Nevertheless, the interrelation between cosmology and astrophysics is often neglected
when IM observations are analyzed or forecasted, fixing the sector that is not
targeted. Ignoring the astrophysical uncertainties when extracting cosmological
constraints from IM observations may result in a considerable underestimation of
the errors.

Here we propose and develop a general formalism applicable to any spectral
line, to optimally extract cosmological information from the IM power spectrum.
This methodology builds upon some concepts imported from galaxy surveys, and
marginalizes over the astrophysical uncertainties. We primarily focus on the best
strategy to maximize the precision of the BAO scale measurements through the
Alcock-Paczynski effect. We take into account redshift space distortions and that
the anisotropic observed power spectrum will need to be compressed in Legendre
multipoles (or in angular wedges). Applying our methodology, the measured BAO
scale becomes robust to astrophysics. On the other hand, constraining the growth
rate would need prior information about the mean brightness temperature. We also
discuss how this formalism can be extended to infer the value of other cosmological
parameters, as the sum of neutrino masses and primordial non Gaussianity in the
local limit. For completeness, we also provide the optimal parametrization for cross-
correlations between spectral lines or between one line and galaxy number counts.

In any case, it is important to bear in mind that brightness temperature
fluctuations are far from following a Gaussian distribution. Therefore, not all
the information contained in the IM signal is encoded in the corresponding power
spectrum. Alternative summary statistics, as the bispectrum or the voxel intensity

distribution, are then needed in order to exhaust the information encoded in IM

182



4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE

observations. Concretely, the voxel intensity distribution is more sensitive to the

line luminosity function than the IM power spectrum, as shown in [Breysse et al.
(2017), and it may very well provide a prior on the astrophysics. Of course, both
the IM power spectrum and the voxel intensity distribution can be measured and
analyzed at the same time, taking into account the correlation between them (Ihle
et al., 2019).

In a companion paper (Bernal et al.) [2019a), we propose the use of BAO
measurements obtained from IM observations to obtain cosmic rulers at the epoch of
reionization. We also highlight the great potential of the methodology presented in
this work to optimize the BAO measurements and constrain the expansion history
without contamination from astrophysical uncertainties. In addition, our formalism
could be adapted to measure the velocity-induced acoustic oscillations (Munoz,
2019b), recently proposed as standard ruler during the cosmic dawn in [Munoz
(2019a)), in a more robust way.

We modify the public code LIl\ﬂ to analytically compute the anisotropic IM power
spectrum and the corresponding covariance. This modified version uses outputs
from CAMB?| (Lewis et al [2000) and Pylians?| (Villaescusa-Navarro], 2018) to obtain
the matter power spectrum and other cosmological quantities, and the halo mass
function and halo bias, respectively.

This manuscript is structured as follows. In Section we review the basics
of the anisotropic IM power spectrum in redshift space. Afterwards, the optimal
parametrization to measure the Legendre multipoles of the IM power spectrum and
maximize the extraction of cosmological information is discussed in Section [4.2.3]
with an accurate analytic prescription of the corresponding covariance between the
multipoles presented in Section [4.2.4] Finally, the application of this methodology
is discussed in Section [4.2.5] including a motivation to include the hexadecapole in
the analysis, as well as illustrative examples of forecasts regarding models beyond
ACDM. Finally, the conclusions can be found in Section [4.2.6, and an adaptation
of our formalism to be applied to cross-correlations is included in Appendix

"https://github.com/pcbreysse/lim
’https://camb.info/
3https://github.com/franciscovillaescusa/Pylians
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4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE
4.2.2 Intensity Mapping Power Spectrum Modeling

One of the most powerful summary statistics to probe the large scale clustering
is the power spectrum. Therefore, here we focus on the brightness temperature, 7',
(or intensity, I) fluctuations power spectrum. Depending on the frequency band of
the experiment, either brightness temperature or intensity are conventionally used
to quantify the observed flux. Brightness temperature and intensity depend on the

luminosity, L, of a spectral line with rest fram frequency v at a given redshift as:

A1+ z)? c

T(z) = 87T/’<;BV3]-I(Z)L7 Iz) = ArvH(z)’

(4.1)
where c¢ is the speed of light, kg is the Boltzmann constant and H(z) is the Hubble
parameter at redshift z. Both brightness temperature and intensity are continuous
fields which trace the matter density field in a different, biased way, depending on
the line (e.g., while HI line traces neutral hydrogen, CO rotation lines are found
in star forming regions, etc.). This is due to the emission being sourced in halos.
Hereinafter, we will use the brightness temperature in order to homogenize the
nomenclature, but all the expressions are equally valid if intensity is used instead.
In many cases, it is possible to relate the luminosity of a spectral line to the
mass of the host halo, L(M). For instance, it is possible to estimate the hydrogen
fraction, or the star formation rate, in a halo of a given mass. This way, the
luminosity function can be computed using the halo mass function, dn/dM, and
L(M). Although the luminosity function can be parametrized directly with a fitting
function, we consider the former option. An effective linear bias for IM can be

computed as a luminosity-averaged halo bias for the targeted line, given by:

[ AML(M)by (M) 37
B fdML(M)d—”d’ (4.2)

dM

where by, is the halo bias. Since in this work we focus on fairly large scales, we
neglect any scale dependence of the halo bias.

In addition, it is important to take into account that these observations are made
on redshift space, i.e., the radial coordinate is only given by the redshift of the signal.
Therefore, the real space prediction of the IM power spectrum has to be converted

into redshift space. This introduces anisotropies in the a priori isotropic real space
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power spectrum. At linear scales, peculiar velocities boost the power spectrum

in redshift space by the Kaiser effect. In turn, small-scale velocities suppress the
clustering at small scales, effect known as the fingers of God. We use a Lorentzian
damping factor whose scale dependence is driven by the parameter op,q, related with
the halo velocity dispersion. This damping factor can be also a Gaussian function.
We have checked that the results of this work do not depend on the choice between
these two options.

The relation between the density perturbations in real and redshift space (6" and
9%, respectively) can be approximated with a linear redshift space distortion factor,
such as 0° = Frgpd”. The redshift space distortion factor, accounting for Kaiser

term and the fingers of God, is given by:

f(2) 1
b(z) ) 1+ 0.5 (kuorea)?’

Frsp = (1 + (4.3)
where f(z) is the logarithmic derivative of the growth factor (also known as the
growth rate), k is the module of the wavenumber, and p = k- lg:H is the cosine of the
angle between the wavenumber k and the line of sight (p € [—1,1]).

Finally, the brightness temperature is a continuous field, hence there is no shot
noise contribution due to the discreteness of the field (as happens in galaxy surveys).
Nonetheless, there is still a scale-independent contribution to the IM power spectrum
sourced by the variance of the brightness temperature, which would be still present
even in the absence of clustering. This has been called the shot noise contribution,
Pihot, due to historical reasons.

Taking all these contributions into account, we can express the anisotropic IM
power spectrum as function of £ and p as as the sum of a clustering and shot noise

contributions:

P(ky ,LL) - Pclust(k:7 ,u) + Pshot;
Pclust(k7 :u) = <T>2b2Fl:2{SD(kv M)Pm(k)v (44>
Pshot = <T2>7

where all quantities depend on redshift, P, is the matter power spectrum, and the
moments of the brightness temperature distribution are computed using the halo
mass function (as in the denominator of Equation (4.2])).
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4.2.3 Measuring the intensity mapping power spectrum

Any IM experiment will have a limited angular and spectral resolution.
Therefore, every observation returns a voxelized map of brightness temperature
so that the measured power spectrum is always smoothed with respect to the
signal that arrives to the telescope. In other words, the observed clustering is
the result of the convolution of the true signal and the voxel window function of
the experiment. In Fourier space: P(k,pu) = P(k, )W (k, ), where P(k,p) is
the power spectrum computed from the observed signal, P(k,u) is the true power
spectrum, and W (k, p) is the voxel window function. The smoothing due to the voxel
window function introduces further anisotropies, and modifies the ratio between
Pt and Py,oe. This might facilitate the detection of the IM power spectrum in
some cases, as explicitly computed in |Chung| (2019). However, the cosmological and
astrophysical information encoded in this measurement is polluted by some artificial
signal introduced by the experiment.

Here we consider a different avenue. If the voxel window function is modeled
well enough, it is possible to deconvolve the observed power spectrum and recover
the true signal. In this case, we can still use Equation to model the IM power
spectrum which will be analyzed, since P(k, u) = P(k, u)W~'(k, u). Following this
approach, we preserve the cosmological and astrophysical signal in the IM power
spectrum unpolluted. As discussed in Section [4.2.4] the voxel window has instead
an effect in the noise of the IM power spectrum. Note that in order to avoid the
inclusion of observational systematics, an accurate description of the voxel window
function is needed, no matter the approach chosen.

As mentioned in Section [4.2.2] to measure the three-dimensional IM power
spectrum, it is necessary to transform redshifts into distances. Hence, a further
artificial anisotropy is introduced if the fiducial cosmology assumed to apply this
transformation does not match the actual cosmology. This effect, known as the
Alcock-paczynski effect, distorts radial and transverse distances in a different
way (Alcock & Paczynski, [1979). In order to model this effect in the theoretical
power spectrum, rescaling parameters are use to redefine the distances:

Da(2)/rs (H (z)ry)™

a2V e o LT 45
(Da(2)/rs)" : (49)
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where Dj(z) is the angular diameter distance, and 7y is the sound horizon at

radiation drag; the superscript ‘fid” denotes the corresponding values in the assumed
fiducial cosmology. Due to this distortion, the true wave numbers are related to the
observed ones by kT = k" /o and kzﬁr = k:ﬁbs /oy This relation can be expressed

in terms of k£ and p (Ballinger et al., 1996):

kobs -1/2
B — [1 + () (Fi2 - 1)] ,
L (4.6)
,Lttr _ /’LObS [1 + (,uobs)2 (F72 _ 1)i| —1/2
FAP AP ’
where Fpp = o/ay. In addition, the power spectrum needs to be corrected

for the modification of the volumes multiplying by the factor: H(z)/H%(z) x
(D (2)/Da(2))".

Finally, the information encoded in the anisotropic power spectrum can be
optimally compressed using Legendre polynomials, £,. Accounting also for the
Alcock-Paczynski effect, we can compute the multipoles of the IM power spectrum

as:

fid 2 1
PR = HHﬁgz) (11)71:((5))) %; 1 /_1 A PR, 1)L (1), (4.7)
where P (k™ p'™) is given by Equation . Another option is to compress the
information in bins in p (wedges), rather than using Legendre multipoles (see
e.g., Kazin et al.| (2012)). In this work we will focus on the Legendre multipoles
of the IM power spectrum, and leave the exploration of the angular wedges for
future work.

Equation must be used in a smart way in order to maximize the outcome
of the observations for cosmology. This is not trivial, since one needs to identify
where the information lies and if it is astrophysical or cosmological. First of all,
the overall shape of P, (k) is not very sensitive to small variations of most of the
standard cosmological parameters. Taking this into account, it is preferable to
use a template for P, (k) computed on the fiducial cosmology used to transform
redshift into distances. Then, the impact of the cosmological model on the IM

power spectrum can be modeled only varying terms that relate P,, and P‘(k°b).
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The only exception for which this procedure breaks down is when a cosmological

parameter clearly modifies P,,, as it could be the sum of neutrino masses, Y m,,.

In addition to the growth rate, the amplitude of the clustering contribution of the
IM power spectrum at large scales depends on three factors: the luminosity-averaged
bias, the amplitude of the matter power spectrum (which can be parametrized with
the root mean square of the density fluctuations within 8 AMpc™!, og), and the
mean brightness temperature (see Equation (4.4)). In turn, the amplitude of the
shot noise contribution depends solely in (T?). This contrasts with the galaxy power
spectrum, which does not have any prefactor for the clustering part, and for which
the shot noise is the inverse of the galaxy number density (when the shot noise is
assumed to be Poissonian).

Therefore, the terms og, b, and (T) are completely degenerate within a
measurement of the IM power spectrum at a given single redshift, as well as og,
(1 + fu?), and (T). These degeneracies could be broken using tomography if
a cosmological model is assumed, given that each of these quantities evolve in
a different way as function of redshift. However, we prefer to remain as model
independent as possible and only assume a fiducial cosmology, needed to obtain
radial distances and for the template of P, (k). Another way to break these
degeneracies, at least partially, is to measure higher order statistics in combination
with the IM power spectrum. We leave the study of higher order statistics for future
work.

Taking all this into account, we group all degenerate parameters, and

reparametrize the IM power spectrum from Equation (4.4]) as:

+(T?), 4.8
14 0.5 (kpopeg)’ o3 T (48)

where, again, all quantities depend on z. From Equation [4.8] the set of combination
of parameters that can be directly measured from the IM power spectrum for each

independent redshift bin and patch of the sky observed is:

0 = {aL, o, (T) fos, (T)bos, orec, (T?), 3}, (4.9)

where ¢ includes all parameters that significantly modify P,,, as discussed above.
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In that case, the template used in Equation (4.8) would be P, (k,<) instead

(where ¢ woud be varied as free parameters too). Note that in some cases, the

parameters embedded in ¢ will be common to all redshifts and patches of the sky,
and hence need to be treated differently than the rest. In any case, each IM power
spectrum measurement from each sky patch and redshift bin can still be considered
independent from the rest, whenever each of these volumes does not overlap with
the rest.

Now, we need to ascertain which of the parameters entering Equation (4.9))
contain cosmological information and which can be considered as nuisance
parameters. Let us begin for Frgp: while its contribution at large scales is dominated
by f, the small scales, where the fingers of God dominate RSD, are controlled by
Oro- 1t is obvious that f contains cosmological information (it is very sensitive
to modifications of General Relativity), but the situation for op,g is not so clear.
Although og.q is related with the halo velocity dispersion, and therefore contains
cosmological information, this is very difficult to trace. Therefore, we prefer to be
conservative and consider op,q as a nuisance parameter.

The luminosity-averaged bias and the moments of the brightness temperature
depend mostly on astrophysics, rather than on cosmology. In fact, the only
cosmological dependence existing in these quantities is through the halo mass
function and the halo bias. Since the exact dependence of both the halo bias and the
halo mass function on cosmology is uncertain, we neglect any possible cosmological
information that could be obtained from these quantities. As can be seen in
Equations and , the key quantity is L(M ). Therefore, the measurement of
(T, (T?) and b would be very useful to constrain luminosity function, which is still
very unknown for any line at high redshift. The question is how much astrophysical
information can be recovered from the IM power spectrum.

L(M) can be parametrized in many different ways, depending on the specific line
and model. Let us illustrate the potential of the IM power spectrum to constrain the
shape of L(M) by considering the CO emission line assuming the model introduced
in |Li et al.| (2016). In Figure we show the CO IM power spectrum at z = 2.73
using the fiducial values for the parameters of the model reported in |[Li et al.
(2016)), and compare it with the resulting CO IM power spectra when each of these

parameters are varied 5% one by one.
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Figure 4.1: CO IM power spectrum at z = 2.73 assuming the fiducial astrophysical
model used in [Li et al.| (2016) (blue) and varying 5% each of the parameters entering
L(M) separately (top), and the corresponding ratio with respect to the fiducial case
(bottom).

It can be seen how, with the exception of ogpgr, all parameter variations produce
just a change in the amplitude of the power spectrum. The particularity of ospr
is that it changes Pyo; and P in a different way, hence the scale dependence
appreciable on the ratio. Figure evidences that individual parameters of the
luminosity function or astrophysical model cannot be constrained using the IM
power spectrum. Therefore, the only accessible information is indeed (T'), (T?)
and b, rather than the underlying astrophysics. Although Figure represents a
specific example, this result is expected to be qualitatively similar for most models
and spectral lines.

Since significant cosmological information is only present in «y, o, and (T') fog
(and &), we consider the rest of parameters in Equation as nuisance parameters
and marginalize over them. Moreover, using a prior on (T') is the only way to
constrain fog.

Small scales are dominated by Pior (as can be seen in e.g., Figure {4.1)), so
extending the analysis until very small scales does not entail great benefits in terms of
cosmological information. Note however that this regime of the IM power spectrum
is not affected by non-linearities (since Py,or does not depend on clustering), hence

small scales are not limited by theoretical systematics. Therefore, this regime can
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be used to attempt IM detection, as done in e.g., Keating et al.| (2016). However, if

brightness temperature and galaxy number counts are cross-correlated, considering
a scale dependent bias might be necessary.

Finally, in order to improve the coverage of the BAO scale, while maintaining
the control over the modes included in each k£ bin, we use a linear binning in &,
unless otherwise stated.

The parametrization introduced in Equation is especially useful since
it disentangles astrophysics and cosmology. Given the intrinsic correlation of
astrophysics and cosmology existent in IM, this parametrizations allows for
marginalization over the astrophysics without affecting to the features depending
on cosmology. This facilitates robust cosmological constraints, especially for BAO
measurements.

Note that we choose the parametrization of the IM power spectrum depicted in
Equation in order to separate b and f. However, the IM power spectrum can
be reparametrized in a different way to target other parameter combinations. For

example, if a measurement of 8 = f/b is wanted, one could use:

Pty = (DO B Pl

+(T?). 4.10
14 0.5 (kpopeg)® o3 ) (4.10)

In this case, the measured quantities would be § and (T)bog, instead of (T')fog
and (T)bog. However, we consider the parametrization of Equation (4.8)), which
allows us to measure the parameters appearing in Equation (4.9), more suitable for

cosmology, avoiding any contamination from b on the measurement of f.

4.2.4 Covariance of the measured intensity mapping power
spectrum

While precise measurements of the galaxy power spectrum at small scales
are limited by the shot noise, in the case of IM power specturm, Py, contains
information of interest (mostly astrophysical). Nonetheless, IM power spectrum
still has three contributions to its error budget: the cosmic variance (common to

the galaxy power spectrum), the instrumental noise, that introduces an artificial
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floor brightness temperature in the observed map, and potential non-corrected

foregrounds or interlopers.

The size of the impact of foregrounds and interlopers in the observed IM power
spectrum greatly depends on the emission line and redshifts of interest. For instance,
galactic foregrounds are several orders of magnitude larger than the signal in HI,
while the ratio is significantly smaller for CO. Moreover, the foreground subtraction
and interloper identification techniques are quite general in terms of the measured
emission line. Therefore, we expect great advances in this part of the observational
analysis in the coming years. Therefore, in this work we assume a complete control
of foregrounds and interlopers, considering that the signal has been successfully
cleaned and neglecting this contribution to the measurement errors. In addition, we
assume a Gaussian covariance without mode coupling.

As mentioned in the previous section, the experiment returns a voxelized map of
brightness temperature. We consider that the pixel size (i.e., the size of the angular
grid) is given by the full width half maximum of the beam of the experiment, Opwm,
so that each observed patch of the sky will have Qge1q/ H%WHM pixels, with {2404 being
the solid angle of the patch observed. The radial binning, in turn, is given by the
spectral resolution of the experiment and the corresponding width of a frequency
channel, dv. Thus, the total number of voxels in an observed field is given by the
product of the number of pixels and the number of channels, Av/dv, where Av is
the bandwidth of the experiment.

We consider the voxel window function associated with the limited resolution of
the experiment, W (k, i) to be well described by a Gaussian function. The Gaussian

voxel window widths in the transverse and radial directions are given by:

c(1+4z)ov

m, | = X(Z)@FWHM, (411)

oI =

where v, is the observed frequency, and x(z) is the radial comoving distance. The

corresponding voxel window function is (Li et al. 2016):
W (k, p) = exp {—k* [07 (1 — p°) + aﬁuﬂ }. (4.12)

Although we have assumed W (k, ) to be Gaussian, the beam profile might not

be a perfect Gaussian, and the frequency channels are discrete bins (corresponding

192



4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE

to a top-hat window). Nonetheless, this approximation is enough for the scope of

this work. In any case, an exhaustive characterization of both the beam profile and
spectral binning will provide an accurate determination of W (k), hence a correct
deconvolution of the observed IM power spectrum (see Section [4.2.3)). The exact
description of W (k) does not affect the conclusions of this work.

The instrumental noise is related with instrumental limitations of the experiment.
For instance, the system temperature of the experiment, Ty, limits its sensitivity.
The noise power spectrum for a total observing time t,,s with Ngeqs independent

detectors, is:

T2 Vie T2 Vie
p o= coystld  Teyslield (4.13)
Nvofoeedséytpix AV]eredstobs

where ¢, is the time invested in observing each pixel. Equation (4.13)) describes

the instrumental noise of the observed power spectrum. However, since we want to

analyze the deconvolved power spectrum, the inverse of W (k) should be applied to
P,. This is equivalent to directly model the effect of the voxelization only in the
noise, which limits the significance of the signal at small scales, those close to the
dimensions of the voxel and whose information cannot be resolved.

Finally, these uncertainties are statistically suppressed as more modes of the
power spectrum are measured. It is only possible to access the information at scales
between the size of the survey and the dimensions of the voxel. Therefore, the
number of observed modes, Nyoqes, depends on the total volume surveyed and on

the size of the voxels. An observed patch of the sky has a volume:

(1+—z>2A’/] ' (4.14)

Vied = [X°(2)Qfietd] {C )

Each term in Equation corresponds to the transverse area and the length of

the radial side of the volume observed, respectively (i.e. Vieq ~ LiLH). Then, each

of these dimensions set the minimum accessible wavenumbers for an experiment:

k™ =2r/L, and k"™ = 27 /L. Likewise, the voxel size determines the maximum

k accessible in each direction, K" and k***. Taking into account possible ignorance

about the voxel window function, we prefer to be conservative and set the smallest
Jmax

scales probed to K" = 2 /o1 to avoid the introduction of observational systematics

coming from a poor modeling of the voxel window function.
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Considering the accessible scales either in the transverse or radial directions,

the number of modes per bin in k and g has three different regimes. Let us

min min

assume KT < k" and BT < kP for illustration. In this example, while the

modes k € [kﬂni“, kJTaX] are completely accessible (so that we can access the full
three-dimensional information), for k£ < kﬁ”i“, the experiment can only probe the
Universe observed as in a two-dimensional survey (i.e., it has no access to the radial
information because these scales are larger than the depth of the survey). Similarly,
for k& > kT the survey cannot resolve transverse modes (since these scales are
smaller than the size of the pixel), hence only one-dimensional information can be
recovered. Thus, the number of modes per bin in k£ and g in an observed field

corresponding to these three regimes is:

2
(3D) ~ k*AEAR .
Niodes (k) = Wvﬁelda
kAL
Nr(ngc])?tl)es(k:) = ot Sﬁeld; (415)
Ak
1D
Nr(nod)es(k) = ELH,ﬁelda

with Ak and Ay referring to the width of the wave number and p bins, respectively,
and Ssurvey 18 the transverse area of the field. Following this logic, the measurements
are limited to k € [min(kfin, k|‘|mn), max (kT klrlnax)].

Now we have all the necessary pieces to compute the covariance per k and y bin,
o?(k, p):

o2 (k, p) = m (P(k;, 1) + ﬁ) . (4.16)

Since the multipoles of the IM power spectrum are the summary statistics of
interest, we need to compute the covariance of each multipole, and the covariance
among them. This is necessary to perform the combined analysis of the IM power
spectrum multipoles correctly, accounting for all possible correlations between the
multipoles. We refer the interested reader to (Grieb et al| (2016) for a thorough
derivation of the analytic multipole covariance for the galaxy power spectrum under
the Gaussian assumption. Here, we extrapolate those results to the case of the IM
power spectrum. The total covariance matrix is formed by the blocks of each of the

auto- and cross-covariance matrices. These blocks, corresponding to multipoles ¢
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and ¢, are given by (Grieb et al., [2016)):

20+1)(20' + 1 !
Gt i) = EEEED o [ i, o ali,  aam)
-1
where 6% is the Kronecker delta.
If we build the vectors © = [P%(ko), P°(ky),..., P*(ko), P2(ky),...], and
O(k) = [Pk),P2(k),..], we can compute the total signal-to-noise ratio, S/N,

and S/N(k) per k bin as:
(S/N)?=67eO,  (S/N(k))?=06T(k)C(k)O(k), (4.18)

where the superscript 7" denotes the transpose operator and C(k;) is a N, x N, matrix
(with N, being the number of multipoles included in the analysis) built with the
corresponding elements of Cyy(k;, k;). Similarly, we can compute the x? of the IM
power spectrum for a given experiment defining A® as the difference between the
model prediction for the IM power spectrum multipoles and the measurements (or,
in the case of performing a Fisher matrix forecast, the fiducial IM power spectrum
multipoles), using:

Y2 = ABTeAB. (4.19)

4.2.5 Application

In this section we illustrate the application of the formalism presented in

Sections [4.2.3|and 4.2.4] First of all, we present our assumed experiment, as well as

the Fisher matrix formalism and the models considered. Afterwards, we study the
impact of adding the hexadecapole to the monopole and quadrupole in the analysis
of the IM power spectrum, as well as different correlations between the measured
parameters. Finally, we forecast cosmological constraints for the models previously

introduced, and discuss the best possible strategies to improve such constraints.

4.2.5.1 Assumed experiment

While the formalism introduced above is completely general for any given
emission line, we need to consider a specific experiment in order to compute the

covariance of the IM power spectrum and discuss different strategies for future IM
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observations. For this work, we choose a future CO experiment within the Intensity

Mapping Stage 3 observational effort, introduced in Bernal et al.| (2019a)), in order
to illustrate how the results change with redshift.

CO line has a rest frame frequency vco = 115.27 GHz. For our assumed
experiment, we consider a wide frequency band (Av = 12 — 36 GHz) split
in five non-overlapping, independent redshift bins such as log;o[A(1+ z)] =
logy [A(vco/Vebs)] = 0.1. Furthermore, we consider 10000 hours of observations
along 1000 deg® of the sky with 500 dual polarization feeds (i.e., effectively
Nreeas = 1000), with an angular and spectral resolutions corresponding to Opwmn = 4
arcmin and 6v = 2 MHz. Finally, we assume a T, model from the performance

of heterodyne-based instruments for centimeter radioastronomy (see e.g., (Prestage,
2006; Murphy, [2018])):

Tiys = max [20, vohs (K/GHz)] . (4.20)

We choose Qgeq = 1000 deg? to maximize the S/N maintaining the rest of survey

parameters fixed.

4.2.5.2 Fisher matrix and considered models

We use the Fisher matrix formalism (Fisher, 1935; Tegmark et al., 1997) to
evaluate different strategies regarding IM power spectrum measurements in terms
of the forecasted constraints. The Fisher matrix is the average of the second partial
derivatives of the logarithm of the likelihood around the best fit (the fiducial model

in our case):
9 log L 00T 00
Fﬂaﬁb—<aﬁaaﬁb>_;(aﬁae 6_19[))2-73-7 (42]‘)

where 9, and v}, denote the parameters entering the analysis. We assume the halo

mass function and halo bias presented in Tinker et al. (2010), and follow the CO
emission model (with the corresponding fiducial parameter values) introduced in |Li
et al| (2016). Regarding the cosmological model, we assume the Planck baseline
ACDM model and take the best fit value parameters from the combined analysis
of the full Planck 2018 and galaxy BAO measurements assuming ACDM (Planck
Collaboration et al.| [2018; |Alam et al., 2017b)): baryon and dark matter physical
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densities at z = 0, Qph? = 0.0224 and Q.qmh? = 0.1193, respectively; spectral index

ns = 0.967; amplitude of the primordial power spectrum of scalar perturbations at
the pivot scale log (A,10'%) = 3.047; Hubble constant Hy = 67.67 km/s/Mpc; and
sum of neutrino masses > m, = 0.06 eV. When combining forecasts from IM power
spectrum measurements with current observations, we use priors obtained from the
public results of the Planck collaboration legacy data releas{] Planck Collaboration
et al.| (2018).

We first consider a ACDM model, with no parameters in ¢. As an example of
a case where the template for P, (k) should be varied, we also consider a sum of
the neutrinos masses that can be larger than 0.06 eV. In this case, = > m,. In
addition, since IM has been claimed to be a powerful way to constrain primordial
non Gaussianity, especially in the local limit (Moradinezhad Dizgah et al., [2019;
Moradinezhad Dizgah & Keating, [2019), we consider also local primordial non-
Gaussianity and the potential of our assumed experiment to constrain deviations
from Gaussian initial conditions.

Any imprint caused by primordial deviations from Gaussian initial conditions
would have been preserved in the ultra-large scales of the matter power spectrum,
since these modes have remained outside of the horizon since inflation. In the local
limit, primordial non Gaussianity can be parametrized with fNLE] as the amplitude of
the local quadratic contribution of a single Gaussian random field ¢ to the Bardeen

potential ®:
D(z) = ¢(x) + far (¢°(2) — (%)) (4.22)

where we have assumed a fiducial value of fy, = 0, i.e., the Gaussian limit. The
skewness introduced in the density probability distribution by local primordial
non Gaussianity increases the number of massive objects, hence introducing a
scale-dependence on the halo bias (Matarrese et al., 2000; Dalal et al., 2008}
Matarrese & Verde, [2008; Desjacques & Seljakl 2010). Denoting the Gaussian
halo bias with b, the total halo bias appearing in Equation is given by

'The specific Monte Carlo Markov Chains can be found in  the
public Planck repository (http://pla.esac.esa.int/pla). The data combination is denoted as
plikHM_TTTEEE lowl_lowE_lensing and plikHM_TTTEEE_lowl_lowE_lensing post_BAO (whether
galaxy BAO are included or not), or equivalent for extended models.

2Here we assume the convention of large scale structure rather than the one for CMB
(fE5S = 1.3fSMB (Xia et all, [2010)).
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bi(k,2) = b5 (2) + Aby(k, ), with Aby(k, 2) being:

30, H?

Abh(k', Z) = [bg(z) - 1} fNLéeCCQk'QTm<k)D(Z) )

(4.23)

where €),, is the matter density parameter at z = 0, .. = 1.68 is the critical value
of the matter overdensity for ellipsoidal collapse, D(z) is the linear growth factor
(normalized to 1 at z = 0) and T,,(k) is the matter transfer function (~ 1 at
large scales). Equation evidences a fyr.k~2 dependence on the luminosity-
averaged bias. Note that varying fxi, does not exactly fall under the definition of ¢
inEquation since fyr, does not modify the shape of P, (k). However, we include
it in ¢ for simplicity.

Note that varying either > m, or fyr, would also slightly modify the halo mass
function and therefore alter the IM power spectrum via modifications of (T'), (T?)
and b. We do not model this dependence, but our findings are not affected by this:
the halo mass function would affect just in a minimal way the amplitude of P,
and the Py, contribution, which are marginalized over. We left the exploration of

these effects to future work.

4.2.5.3 IM power spectrum multipoles

Contrary to most of the IM research in the literatureﬂ we use the Legendre
multipoles of the IM power spectrum as our summary statistics (Equation (4.7))).

For the simplest redshift space distortions prescription, including only the Kaiser
effect, all the information enconded in the power spectrum is contained in the
monopole, quadrupole and hexadecapole. This is no longer true when a small
scale damping due to the fingers of God is included. However, while measuring
the monopole and quadrupole is relatively easy, given their reasonably high S/N,
detecting the hexadecapole is challenging, since usually the signal is well below
the noise. Focusing only on the astrophysics and considering the observed power

spectrum (i.e., before deconvolving the voxel window function), |(Chung| (2019)) finds

'Most examples in the literature only considers the spherically averaged IM power spectrum,
or unrealistically study directly the two-dimensional IM power spectrum as function of k and pu
without any data compression
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that including the hexadecapole (¢ = 4) does not significantly improve the estimated

constraints.

However, regarding cosmology, including the hexadecapole might be useful. Even
if the hexadecapole does not add information for the BAO determination (especially
if the errors are dominated by cosmic variance), it might help to break degeneracies
between the BAO rescaling parameters and RSD. This is because a non-detection
of the hexadecapole is also informative, since its amplitude is mostly independent
of the luminosity-averaged bias and provides a distinct feature which facilitates to
disentangle the anistropies sourced by RSD and the Alcock-Paczynski effect. For
instance, including the hexadecapole in the analysis of the quasar power spectrum
in eBOSS (Gil-Marin et al., 2018), resulted in smaller degeneracies between o
and o, and between o and fog, compared with the case without including the
hexadecapole.

Moreover, the hexadecapole can be measured and estimated at the same time
as the lower order multipoles, not requiring additional computing time. However,
the hexadecapole is more sensitive to potential systematics related with the radial
direction (u ~ 1). This would impose stronger requirements on experiments to
ensure a clean and robust measurement. In order to assess the benefits of adding
the hexadecapole to the IM power spectrum analysis, we compare the projected
results with and without its inclusion.

We explore the gain of adding the hexadecapole to the IM power spectrum studies
and discuss if the effort of correcting the corresponding systematic errors is worthy.

First of all we evaluate the straightforward gain of including the quadrupole and
hexadecapole: we compare the S/N(k) of the IM power spectrum using only the
monopole and adding one by one the other two multipoles (Equation (4.18))). The
results for our assumed experiment in each of the five redshift bins are shown in
Figure [4.2]

As can be seen, while adding the quadrupole returns an increase in the S/N(k) at
scales below the BAO scale, the further gain obtained by adding the hexadecapole is
negligible (except at very small scales). It is also evident that the S/N(k) decreases
with redshift. This is because the amplitude of the IM power spectrum decreases
with redshift, added to the fact that the noise power spectrum, P, stops decreasing
at z 2 4.7, due to the minimum reached by Ty, (Equation (4.20)). In addition,
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Figure 4.2: Signal-to-noise ratio per k bin for each redshift bin of the IMS3
CO experiment considered in this work (color coded) including only the monopole
(dotted lines), the monopole and the quadrupole (dashed lines) and adding also the
hexadecapole (solid lines). The S/N(k) exhibits a drastic cut-off at large k (i.e., when
k > kT'*) because the survey becomes efficiently one-dimensional. At very small k&
for the lowest redshift bin, k < k:hmn, hence the survey is efficiently two-dimensional.

we can see a drastic drop in S/N(k) at large, k, different for each redshift. This
happens at k > k7 (for our assumed experiment, the angular resolution is poorer
that the spectral resolution), hence passing from a three-dimensional to an one-
dimensional survey, with the subsequent reduction of Nyoqes (see the discussion
around Equation (4.15))). This also occurs at large scales for the lowest redshift bin,
where k£ < kl"na"; however, in this case the reduction is smaller because the transition
is from a three-dimensional to a two-dimensional survey. Note that the maximum
and minimum scales change with redshift, since the relation between angular and
spectral resolution with the physical dimensions of the voxel depends on redshift.
While the general behaviour shown in Figure 4.2 when all three dimensions are
accessible is completely general, the scales at which S/N(k) drastically drops are of
course very dependent on the specific experiment.

Nonetheless, adding multipoles beyond the monopole yields more benefits that
just and increase of the S/N. First of all, adding at least the quadrupole is necessary

to measure the anisotropic BAO, and so D4(z)/rs and H(z)rs. Secondly, we need to
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Figure 4.3: Correlation matrices of the parameters a , o) and (T') fos, marginalized
over the nuisance parameters, for each redshift bin of the IMS3 CO experiment. The
correlations in the upper triangular matrix correspond to the case where monopole,
quadrupole and hexadecapole are included, and the lower triangular matrix, without
including the hexadecapole.

study how the correlation between the cosmological quantities measured change with
the inclusion of the hexadecapole. The correlation matrices for each redshift bin after
marginalizing over nuisance parameters (i.e., only remaining o, ) and (T') fos) are
shown in Figure [4.3[ comparing the results including or not the hexadecapole. This
figure shows a reduction of the correlation between the cosmological parameter when
the hexadecapole is included with respect to the case in which it is not. Note that
this reduction is smaller for larger redshifts (where the global S/N, and especially
that of the hexadecapole is smaller).

Lower correlations have a positive impact on the final marginalized constraints.
Table reports the forecasted 68% confidence level marginalized precision of the
measurements of the BAO rescaling parameters and the parameter combination
(T) fog for each of the redshift bins of our assumed experiment. While the fiducial
value of a; and «y is 1 for all redshifts, the corresponding fiducial value of (T') fog

at each redshift bin is: {0.78, 0.67, 0.56, 0.43, 0.29} pK (for increasing z).
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el (1) (%) || v () (%) || 0va ((T) fos) (%)
(<2]e<4afle<2][e<4afe<2] (<4
273 15 o8 || 22 [ 1.3 [ 1.1 0.71
401 14 0097 | 23 | 15 [ 1.1 0.83
IMS3(CO) [ 530 | 1.8 | 1.3 | 28 [ 21 || 12 0.97
6.58 | 34 | 27 || 57 | 44 | 16 1.3
7.87 | 8.4 7.0 14.2 | 11.6 2.1 1.9

Exp. z

Table 4.1: Forecasted 68% confidence level marginalized relative constraints from an
IMS3 CO experiment on the BAO parameters and (T') fog, expressed as percentages.
We show results using only the monopole and quadrupole and adding also the
hexadecapole.

The worsening of the precision with redshift is expected, given the decreasing
of S/N with redshift (as shown in Figure . Interestingly, the marginalized
constraints on the BAO rescaling parameters are between a 25% and 75% stronger
when including the hexadecapole. The improvement obtained by including the
hexadecapole decreases with redshift, as expected by the reduction of the difference
between correlations with and without the hexadexapole shown in Figure 4.3|

The BAO rescaling parameters can be interpreted in a cosmological frameworks
using Equation (4.32)), yielding measurements of the angular diameter distance and
the Hubble expansion rate. We show projected constraints on the D 4-H plane in the
left panel of Figure [4.4] derived from the results shown in Table [1.1 and Figure [4.3]
It can be seen how the correlation between these parameter changes with redshift,
as well as the improvement obtained by including the hexadecapole.

As noted in Section [4.2.3] any IM experiment needs a prior on (T") to provide a
reliable constrain on redshift space distortions. Always that the IM power spectrum
is measured with enough S/N; as is the case considered here, the precision of the
measured (T") fog will be very good (in the 1%-2% level for our assumed experiment).
Therefore, the error budget on the inference of fog will be dominated by the error on
(T) (which is expected to be much larger than percent level, at least in the coming
years).

Of course, inferred constraints on fog will be correlated with the luminosity-
averaged bias. We show in the right panel of Figure forecasted 68% and 95%

confidence level marginalized inferred constraints on the plane fog-bcoog for all
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Figure 4.4: Left: Forecasted 68% and 95% confidence level marginalized constraints
on the plane (Da(z)/rs)rid x (1 + 2)2 — (H(2)rs) /rid x (1 + 2)~! from each
redshift bin of the IMS3 CO experiment, obtained from the constraints on the
plane a; — ) using Equation . We show results using only the monopole
and quadrupole (yellow contours), as well as including also the hexadecapole (blue).
Right: Forecasted 68% and 95% confidence level marginalized constraints in the plane
b(2)os(2) x (1 + 2)? — f(2)os(z) x (1 + 2)? from each redshift bin of the IMS3 CO
experiment. We show results using a 20% prior and a 10% prior on (7')(z) in maroon
and grey, respectively. The black dashed line corresponds to the prediction of the
fiducial model.

redshift bins from the CO experiment within IMS3. We consider a 20% and a 10%
precision prior on (Tgo) on each redshift bin. As expected, the uncertainty in the
prior on (Tgo) dominates the budget error of fog and bog. The degeneracy between
(T') and fog compromises the potential of IM to constrain the growth rate. This
Figure shows that also the degeneracy between f and b changes with redshift.

However, cross-correlations of different spectral lines, or with galaxy number
counts, might be able to partially break the degeneracy between (T') and fog by
investigating the values of (T') fog and (T')bog for the auto- and cross-correlations.
This is because, while f is a cosmological quantity, common to any tracer, b is unique
for every line.

Note that the redshift range shown in both panels of Figure 4.4] is completely
unconstrained to date. Therefore, any measurement on this regime would be very
informative. While the errors on fog are quite large (they are essentially the error of
the prior on (T)), the precision of the D4(z) and H(z) measurements (although the
last bin is in the ~ 10% level) is very good. The potential of IM to provide precise

standard ruler measurements at high redshift is studied and highlighted in Bernal
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Extra parameter [ o O-m) || o(fae) |
IMS3(CO)* 0.20 29
Planck 0.078 6.6
Planck+galBAO 0.038 6.6
IMS3(CO)*+Planck 0.065 6.4
IMS3(CO)*+Planck+galBAO || 0.036 6.4

Table 4.2: Forecasted 68% confidence level marginalized constraints from an IMS3
CO experiment on the extra parameters for the corresponding models beyond ACDM,
using the monopole, quadrupole and hexadecapole of the intensity mapping power
spectrum. Y m, values are given in electronvolts. * Here we consider Qgeq =
1000 deg? and tops = 10000 hours for our CO experiment within IMS3; Figure
show the corresponding projected constraints for other survey specifications.

et al.| (2019a).
Although measuring higher multipoles might still concur some gain, the
improvement would be marginal, and the level of observational systematics would

be too high to consider these measurements reliable. This is why we limit our study
to ¢ < 4.

4.2.5.4 Constraining ACDM

The measured a and o, as well as fog (using a prior on (1')) can be used
to constrain cosmological parameters. However, here we focus on constraining
parameters which are measured in a different way, studying their effect on the
template of P,,(k), or the scale dependence of the luminosity-averaged bias. Then,
we forecast constraints on Y m, and fyi, from our assumed CO experiment within
IMS3. Note that the imprints of both a higher sum of neutrino masses and primordial
non Gaussianity are more significant at very large scales. In addition, > m, and fxr,
do not evolve with time, yielding the same value over all redshift bins. Therefore,
in order to optimize the constraints on these parameters, rather than on the BAO
scale, we choose a different strategy than the one discussed in We consider
a single redshift bin over the whole bandwidth of our experiment, centered at 24
GHz (z = 3.80), and a logarithmic binning in k, so that the coverage of the largest
scales probed is maximized. Furthermore, we also marginalize over (T') fos, so that

the constraints obtained are robust to astrophysics.
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Table shows the estimated 68% confidence level marginalized constraints on

>~ m, and fxi from our assumed experiment, Planck (with and without current

galaxy BAO measurements) and the combination of both. The projected constraint
on »_ m, from just IMS3 yields 0.20 eV of uncertainty. When combined with
current CMB and galaxy BAO constraints, the constraint tightens to 0.035 eV.
Moreover, these constraints improve even more with a (optimistic) 1% prior on
(T') (and using the corresponding inferred measurement on fog) to 0.15 eV and
0.028 eV, from IMS3 on its own and when combined with current constraints,
respectively. These result may provide a 20 detection of > m, in the best case
scenario, but the constraints would be still weaker than e.g., the combination of
DESI and Planck (DESI Collaboration et al., 2016a), which has the potential of
achieven a 30 detection. On the other hand, forecasted constraints on fy, will not
be competitive with current constraints from current CMB measurements (Planck
Collaboration et al., 2019).

At this point, it is worthy to remember that we have envisioned IMS3 optimized
to measure the BAO scale, hence choosing Qgeq to maximize the overall S/N.
Therefore, we now explore the dependence of the projected constraints on Qgeyq.
In addition, we also increase the observing time to reduce the noise power spectrum
(varying t.ps has exactly the same effect as varying Nieqs). The projected 68%
marginalized constraints are shown in Figure 4.5

As expected, the constraints on fyr, and ) mv improve as both Qgeq and tops
increase. In the case of fyr,, our assumed experiment could improve over current
constraints if it would cover ~ 8000 deg? of the sky during 20000 hours. Regarding
the sum of neutrino masses, a similar experiment than the one assumed here, but
observing a quarter of the sky during 25000 hours could reach a 1o constraint
on » m, of ~ 0.06 eV without a CMB prior, which is an extremely powerful
measurement for a constraint coming from large scale structure.

Note that we only consider modifications on Qgqq and to,s to improve the
forecasted constraints. A more detailed analysis is beyond the scope of this work.
We refer the interested reader to [Moradinezhad Dizgah & Keating| (2019), where a
comprehensive study of the survey optimizations to reach a 1o constraint on fyr,
of order unity is carried out. However, note that Moradinezhad Dizgah & Keating

(2019) use an inaccurate expression for the covariance, ignore the correlation between
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Figure 4.5: Forecast 68% confidence level marginalized constraints on fni, (left)
and > m, (right) from the IMS3 CO experiment using the monopole, quadrupole
and hexadecapole, as function of Qgeq and tops. >, m, constraints are given in
electronvolts. The bottom left corner of each panel corresponds to the values reported

in Table

different p bins or multipoles, fix the astrophysical parameters as if there was a
complete knowledge about the luminosity function, and consider fid = 1.

Finally, we emphasize that these results are only an illustration of the potential
of IM experiments for cosmology when the formalism proposed in this work is used.
These results have room for improvement with more optimized surveys, as well as
with cross-correlations between several spectral lines or galaxy number counts. We

leave this study for future work.

4.2.5.5 Further improvement

In this work, we have focused on the optimal parametrization of the IM
power spectrum and provided an accurate analytic prescription for its covariance
to maximize the extraction of cosmological information robust to astrophysics.
However, there is also room for improvement in the treatment of the brightness
temperature maps, when analyzing the observed IM power spectrum.

One possibility would be to assign an arbitrary weight, w, to each of the observed
voxels. Then, w(7) can be chosen to maximize the S/N of the measured IM power
spectrum. Thanks to the introduction of these weights, a minimal variance estimator
can be derived. This would be an analogy of the FKP weights used on galaxy
surveys (Feldman et al., [1994).
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Overlapping or narrower redshift bins may be used to compute the IM power

spectrum, and actually be more optimal than non overlapping independent bins,
depending on the main objectives of the survey. However, in this case, each
redshift bin cannot be considered independent from the rest anymore, and potential
correlations must be taken into account. Moreover, the actual optimal frequency
band of the experiment depends on the targeted parameters. We leave the
exploration of redshift binning optimization and tomographic analysis strategies
for future work.

Finally, in this work we have enforced the redshift bins to be narrow enough such
that the redshift evolution of the large scale brightness temperature fluctuations do
not change significantly (except in Section . However, this can be somehow
taken into account thanks to the redshift weighting techniques (Zhu et al.; 2015)). In
this case, redshift dependent weights are chosen in order to minimize the projected
error on the target cosmological or astrophysical parameter using a Fisher matrix
forecast, so that the constraining power is maximized. These techniques can become
specially useful when wide redshift bins are needed, as for primordial non Gaussianity
(see e.g., Mueller et al. (2019)).

4.2.6 Conclusions

Intensity mapping has the potential to become one of the most powerful
cosmological probes in the coming years, as well as providing key observations to
study galaxy evolution and reionization. IM is experiencing an intense observational
effort, with many planned experiments. While most of the focus is centered on HI
line, experiments targeting other emission lines are maturing quickly. Although
foregrounds and interlopers may contaminate the signal and hinder its exploitation,
having so many spectral lines to target and the potential to survey ever larger
volumes at ever higher redshifts, makes IM an incredibly attractive way to probe
the Universe.

However, the cosmological information encoded in the IM signal is always
intrinsically related with astrophysics. Nevertheless, most previous cosmological
studies of IM ignore this degeneracy and fix the astrophysical parameters, as if
the processes driving the emission of the line were completely known. This is

far from true. Although IM is also extremely interesting to characterize galaxies
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and study their evolution, this work focuses on cosmology and provides a way to

isolate the cosmological information of the IM power spectrum. This allows for a
marginalization over the astrophysical and other nuisance parameters.

We introduce a general pipeline applicable to the IM power spectrum of any
spectral line. We propose to use the Legendre multipoles of the IM power spectrum
in order to compress the anisotropic information, and we account for RSD and the
Alcock-Paczyinski effect. We also derive an accurate analytic covariance to consider
the correlation between multipoles, which is necessary for a correct parameter
inference or Fisher matrix forecast. We also extend the formalism to the case of
cross-correlations for completeness.

Thanks to the parametrization proposed in Equation , we avoid the
contribution of astrophysics to the measurable cosmological parameters (except for
fos). Then, marginalizing over the rest of the parameters, precise and robust
constraints can be obtained, especially regarding the BAO scale. This will allow
to probe the expansion history of the Universe with really competitive precision at
redshifts unobserved so far (i.e. 3 < z < 10), as proposed in Bernal et al.| (2019a).
Moreover, with complementary measurements constraining the mean brightness
temperature of a given line, it will be possible to set constraints on the growth
of structures by inferring fos.

We also study the benefits of including the hexadecapole in the IM power
spectrum analysis. We find that, even although its S/N is very low, including it
in the analysis will be very convenient. We find that marginalized constraints on
the BAO rescaling parameters and (T') fog improve between a 25% and a 75% when
the hexadecapole is included, with respect to when it is not. This is because even
a non-detection of the hexadecapole partially breaks the degeneracy between these
parameters and significantly reduces the correlations.

Finally, we forecast constraints on » m, and fy;, independently on the
astrophysics. This serves as an example of possible models beyond ACDM which
can be efficiently constrained by IM experiments. We find extremely promising
results for a wide CO experiment within IMS3. " m, can be constrained to 0.06
eV at 68% confidence level just using the IM power spectrum, if a quarter of the

sky is observed during 25000 hours. Moreover, our assumed experiment, covering
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~ 8000 deg? during 20000 hours, is has the potential to improve current constraints

on fyr, on its own.

Note that these results are only an illustration. IM observations have much room
to improve thanks to cross correlations of different spectral lines and with galaxy
number counts, and applying the strategies mentioned in Section [4.2.5.5]

Unfortunately, there is still much unknown about the luminosity function of most
emission lines at high redshift, with a large number of plausible models spanning
a wide variety of amplitudes and shapes. This affects mainly to (T), b and Py,
hence the amplitude of the power spectrum. However, this will never affect the
robustness of the cosmological measurements, only their S/N, by having an error
more or less dominated by cosmic variance. Therefore, the actual S/N may change
considerably with respect to theoretical expectations until precise determinations of
the luminosity functions are achieved.

Contributing to the promising future of IM for cosmology, the formalism
and findings presented in this work will allow for a robust, independent and
optimal extraction of cosmological information from IM observations. Therefore,

we recommend its use for future exploitation of IM power spectrum measurements.

4.2.7 Appendix: measuring cross-power spectra

The formalism discussed in this work focuses on the auto-power spectrum
of brightness temperature fluctuations.  Nonetheless, this formalism can be
straightforwardly generalized for the case when two different lines, or IM and galaxy
number counts, are cross-correlated. For completeness, we discuss here these cases
and recommend the use of this formalism to measure the multipoles of the cross-
power spectra.

Let us consider two generic brightness temperature maps of two different spectral
lines, and a galaxy catalog, denoted by X, Y and g, respectively. In this case, the
Kaiser effect present in the RSD factor is different for each tracer. For instance, in
Fgsp o< (14 fu?/bx), with bx being the luminosity-averaged bias for the line X. In
the case of galaxy number counts, we can use the same expression, substituting bx
by the galaxy bias, b,. Then, the intensity mapping cross-power spectra of the X

and Y lines, and the cross-power spectrum of galaxy number counts and intensity

209



4. THE NEXT FRONTIER FOR LARGE SCALE STRUCTURE

mapping, are given by:

P Plust—l—Phot’

Par = (Tx)(Ty)bxby Fisp Fisp P (4.24)
Pt = <TXTY> )

PXQ Plust+Ph0t;

C

Xg
Py = (Tx)bxby Frsp Fiisp Pan (4.25)
shot — n )

g

where we have dropped the explicit notation regarding dependence on k and p
(as will be done hereinafter). In Equation (4.25), (T'), is the mean brightness
temperature sourced by the galaxies belonging to the galaxy catalog used, and
ng is the number density of such galaxies. Note the difference in the shot noise
terms in Equation (4.25)) with respect to Equations and . This is because
contributions to P . come only from the locations occupied by the galaxies targeted
by the galaxy survey, and the shot noise between the galaxy distribution and the
luminosity sourced elsewhere vanishes.

Here we also assume that the shot noise of the galaxy power spectrum is
Poissonian (i.e., P = 1/n,). Nonetheless, clustering and halo exclusion
introduce deviations from a Poissonian shot noise. This non Poissonian contribution
may change the amplitude of the shot noise and even induce a small scale
dependence (Ginzburg et al.; 2017, Schmittfull et al., 2018)).

In any case, the parametrization of the cross-power spectra can be equally
optimized. Following the same arguments as in Section [4.2.3] we express the power

spectrum of two different lines as:

P, /o?
pXY = /73 e <T1/2bxag + T fosp )
(1+0.5 [kporc]?) (4.26)
X <T)1(/5by0'8 + T)l(/lsz'glu2) + <TxTy>,

where Txy = (Tx)(Ty). Since we have two different biases and two different
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brightness temperatures (one per each line), the combination of parameters that

can be measured is:
Oxy = {ay, a\\>T)1(/1§f08, T)lcebXUSa T)lg/)?bYUSa oroc, (IxTy), <} (4.27)

Similarly to Equation (4.26]), we prefer to express the cross-power spectrum of IM

and the galaxy number counts as:
P, /o2

(1 + 0.5 [k’,U,O'FO(;]2>

P9 =

2 (<TX>1/25X08 + <TX>1/2f08/L2) X

4.28
<TX>9. ( )

n

X (<TX>1/2bgUS -+ <Tx>1/2f08M2) +
g

In this case, the parameter combinations measured would be:

éXg = {OZL a, <TX>1/2f08> <TX>1/2bXC78> <TX>1/2bgC78> OFoG <Tx>g/ng, 5} . (4-29)

The possible extra variation of the amplitude of lefgt due to non-Poissonian
contributions mentioned above is already accounted for, since it is implicitly
embedded in (T’x), when we marginalize over (Tx),/n,. Note that if the goal is
to measure (Ty),, the non-Poissonian contribution to the shot noise needs to be
explicitly modeled. We neglect the potential scale dependence introduced, which is
a good approximation at this stage.

The covariance of the cross-power spectra is also slightly different than for the
auto-power spectrum. Although the two tracers (no matter if they are two lines
or one line and galaxies) can be observed by the same experiment, let us consider
without loss of generality the case in which each tracer is observed by a different
experiment. In this case, most of the quantities introduced in Section 4.2.4] would
be specific of each experiment. The covariance per p and k bin of the cross-power

spectra of two different lines is given by:

o3 _ L By +oxo (4.30)
X 2 Nmodes X '

where oy and oy are the square root of the covariance reported in Equation (4.16)),

computed using the power spectrum and survey specifications corresponding to the
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tracer X and Y, respectively. In the case of cross-correlating one line and galaxy

number counts, the covariance can be computed as:

1 P3 Fyg + o
2 Xg ng
S E. ¢ ) 4.31
UXQ 2 (Nmodes i o \% Nmodes ’ ( )

where (P, + 1/14) /v/Nmodes is the square root of the covariance of the galaxy power
spectrum (when Poissonian shot noise is assumed). In addition, Vgeq (which enters
in the Npoges calculation) would be determined by the overlap of the two volumes
surveyed using each tracer. It is possible to use a more detailed description of Vieq
by accounting for the two different volumes probed by each tracer (not only the
overlap) and then compute the power spectrum taking into account the fact the
some region would not overlap. We leave the exploration of this option for future
work.

Finally, the computation of x? (and, similarly, the S/N) when cross-correlations
are considered needs to be adapted. If the cross-power spectrum of two tracers can
be measured, also the corresponding auto-power spectra can be. Therefore, when
comparing the model to the observations, all this information needs to be taken into
account. In this case, Equations and are still correct, but both the
data vector and covariance matrix need changes. The former will include both auto-
and cross-power spectra, hence © is the concatenation of © XX, e) xy and éyy. In
turn, the covariance matrix will be formed by four square submatrices of the same
size, where the diagonal blocks would be Cxx and Cyy, and the off-diagonal blocks,
Cxy. Note that in this case, Y can be line intensity mapping signal or galaxy number

counts.
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4.3 Cosmic rulers at the Epoch of Reionization
with Intensity Mapping

Baryon acoustic oscillations (BAO) provide cosmic standard rulers to probe the
expansion of the Universe across time. However, galaxy surveys are not able to
reach redshifts beyond z ~ 3 — 5. We propose the use of line-intensity mapping
(IM) observations to access redshifts beyond this limit and measure the BAO scale
at the epoch of reionization. In a companion paper, we present an unbiased
methodology to optimally extract cosmological information from the IM power
spectrum marginalizing over the astrophysical uncertainties, which is especially
suitable for measuring the BAO scale. We consider the planned experiments
SPHEREx and COMAP, which will target the Ha and Lyman-a, and the CO
spectral lines, respectively. We also envision a CO experiment within the next
generation of IM observational effort, the Intensity Mapping Stage 3 (IMS3). We
show that SPHEREx has the potential to measure the BAO scale with a precision
of ~ 7—20% at 0.5 < 2z < 6.5, and COMAP, with a precision of ~ 3 — 4% at
z ~ 2.8. On the other hand, the IMS3 CO experiment will provide percent level
measurements of the BAO scale at 2 < z < 7, and with a 7 — 11% error at z ~ 8.
These measurements will be of paramount importance to probe the Universe in an
unexplored regime, and test exotic models of dark matter, dark energy and modified

gravity.

Introduction

Constraining the expansion of the Universe is one of the most powerful ways to
probe dark energy. Understanding how the Universe expands equals to improve our
knowledge about the curvature of the Universe and to detect any extra specie whose
energy density evolves in a different manner than that of the matter or radiation.
The expansion history can be constrained measuring directly the expansion rate
or the distance-redshift relation (which is the integral of the Hubble parameter).
And the best way to measure these quantities after recombination is using standard

distance indicators. Among them, the most powerful ones are the BAO (as standard
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rulers) and the SNela (as standard candles). However, the latter only give relative

measurements because the Hubble constant and the absolute magnitude of the
SNela are completely degenerate. In addition, gravitational waves from neutron
star mergers with electromagnetic counterparts (Abbott et al.), 2017a)b) provide
well-calibrated distance measurements with accompanying redshifts, hence acting
as standard sirens (Abbott et al., 2017). Standard sirens have a great potential to
constrain the expansion rate of the Universe in the near future (see e.g., Feeney
et al.| (2019)).

BAO can be used as standard rulers because the BAO scale is robustly
determined by the sound horizon at radiation drag, r,. Before recombination,
dark matter clusters due to its own gravity, but baryons are impeded to fall
into the gravitational potentials due to their interaction with photons. This
unbalance produces acoustic oscillations in the matter density field: the BAO.
After recombination, this pattern is frozen in the density distribution, given that
the photon mean free path becomes larger than the Hubble length. Then, as the
Universe evolves, overdensities grow keeping the BAO feature: a small enhancement
of the correlation function at a distance corresponding to r,. These oscillations and
their corresponding scale are extremely well measured in the CMB, and can be also
measured at low redshift using large scale structure experiments.

All existing BAO measurements have been obtained using observations from
galaxy surveys, mostly using galaxy clustering (see e.g., Eisenstein et al. (2005);
Cole et al. (2005); |Alam et al. (2017b); Bautista et al. (2017); The Dark Energy
Survey Collaboration & Abbott|(2017))), but also quasar clustering (Gil-Marin et al.,
2018)), the Lyman-« forest (de Sainte Agathe et al [2019), and the cross-correlation
of quasars and the Lyman-« forest (Blomqvist et al., [2019)). Planned future galaxy
surveys, such as DESI (DESI Collaboration et al., [2016a)), Euclid (Amendola et al.
2018)) or SKA (Square Kilometre Array Cosmology Science Working Group et al.,
2018)) will improve over these measurements. However, any of these measurements
are restricted to z < 2 (2 < 3 for quasars and the Lyman-« forest). Even recent,
ambitious proposals for future experiments would present an upper bound in redshift
at z ~ 5 (Wilson & White, 2019; Ferraro et al., |2019). This is not a fundamental
restriction to measure BAO, whose feature is of course present in the large scale

structure at higher redshift. This upper bound is due to observational limitations of
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galaxy surveys: galaxies are too sparse and faint at high redshifts for galaxy surveys

to have enough number density and yield meaningful measurements.

Alternative tracers or observational techniques are then required to measure the
BAO at z 2 3 — 5. Line-intensity mapping (IM) experiments integrate all the
light received by the telescope along the line of sight, adding the emission of every
source. This makes possible to use much fainter sources than in galaxy surveys,
where they would be discarded as they would not surpass the detection threshold.
IM experiments target easily-identifiable spectral lines so that the redshift can be
precisely determined by tuning the frequency of the receivers. The intensity of these
lines traces the large scale structure, since they are sourced in halos. Taking all
this into account, IM experiments return a biased map of the large scale structure
of the Universe (where the actual bias depends on the line), reaching much higher
redshifts than galaxy surveys. Then, BAO obtained from IM observations have the
potential to become a very powerful probe of the expansion history of the Universe

at high redshifts, even reaching the epoch of reionization.

BAO from the IM power spectrum

The BAO scale at high redshift can be constrained using future measurements
of the IM power spectrum. To transform redshifts into distances and then be able
to measure the power spectrum from the observations, a fiducial cosmology must
be assumed. However, if the assumed fiducial cosmology does not match the actual
one, the distances reconstructed from the observations would be distorted. This is
known as the Alcock-Paczynski effect (Alcock & Paczynski, [1979)). Rather than a
nuisance, this effect is the key to interpret the measured BAO scale in a cosmological
framework.

In Fourier space, we denote the true and observed wavenumbers as k™ and k°,
respectively. Their relation along the line of sight and transverse directions is given
by ki = kﬁbs’ /oy and k' = k™ /o, . The rescaling parameters relating the observed
and true scales are defined as:

Da(2)/rs (H(z)re)™

L= o= 4.32
(Da(2)/ro)" : (482
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where D4(z) and H(z) are the angular diameter distance and the Hubble expansion

rate at redshift z, respectively, and fiducial quantities are denoted by the superscript
‘fid”. The BAO feature, probably the most prominent in the power spectrum at the
observed scales (unless the turnover due to matter-radiation equality is observable),
helps to correct any distortion produced by the Alcock-Paczynski effect, hence
increasing the precision of the measurements of a; and «). Therefore, comparing
this measurements with the fiducial expectations directly provides a measurement
of Da(z)/rs and H(z)rs. Afterwards, an external prior on rg can be applied to infer
absolute measurements of the expansion history of the Universe.

Disentangling cosmological and astrophysical information is one of the main
challenges that appear when analyzing the IM power spectrum. Cosmology and
astrophysics are intrinsically intertwined in the IM signal, since the astrophysical
processes involving the emission or absorption of the spectral line determine the way
the underlying matter distribution is traced. This difficulty is addressed by Bernal
et al. (2019b), who propose an optimal way to extract cosmological information
from the IM power spectrum. This methodology accounts for the astrophysical
degeneracies and marginalizes over them, models redshift space distortions and the
Alcock-Paczynski effect, and provide an accurate analytic covariance. Thanks to this
methodology, it is then possible to obtain measurements of the BAO scale robust to
astrophysics. In addition, if a prior on the mean brightness temperature is available,

this methodology provides a way to measure the parameter combination fog, too.

Spectral lines targeted

HI is the spectral line that has received more attention, due to its great potential
to probe reionization (Furlanetto et al., 2019b)) and constrain cosmology at low
redshift (Bull et al. 2015; Square Kilometre Array Cosmology Science Working
Group et al., [2018). However, HI line is quite weak, so that foregrounds may
impede cosmological measurements at high redshifts. On the other hand other
atomic and molecular lines have been detected at z ~ 3. Some examples include
the CO auto-power spectrum detection at small scales (Keating et al.; 2016)), and
tentative detections of the CII line (Pullen et al., 2018) and the Lyman-« line (Croft
et al., [2016). In this work, we focus on these spectral lines, which are brighter than

HI with respect to the corresponding foregrounds, hence more promising to provide
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higher signal-to-noise measurements of the large scale structure at the epoch of

reionization.

CO is the second most abundant molecule in the Universe, and it can be found in
cool and warm, metal-enriched molecular gas where stars form efficiently. Although
there is a whole cascade of rotational lines, here we focus on the ground level
(J =1 — 0), with has a rest frame frequency of 115.27 GHz. On the other
hand, emitting CII photons (with rest wavelength of 158 um) is one of the most
efficient cooling mechanism in photodissociating regions powered by UV emission.
The Lyman-a line (rest wavelength of 121.6 nm) is mostly sourced by hydrogen
recombinations, although it can be triggered by collisional excitations, too. The
hydrogen ionizes mostly due to UV photons emitted by young stars. But since
hydrogen recombination timescales are small, it is a good approximation to consider
the number of recombinations to be the same as the number of ionizations. Besides
Lyman-«, other lines are also emitted as hydrogen recombines. Ha, with a rest
frame wavelength of 656.3 nm, is one of the brightest among these. Although the
physical processes that trigger the emission of these four lines are different, all of
them can be considered as tracers of the star formation rate, with Lyman-a and Ha

signal extending along the halo of star forming galaxies, contrarily to CO and CII.

IM experiments considered

We propose to use the power spectrum of star formation spectral lines, as CO,
CII, Lyman-o and Ha to measure the BAO scale and extend the cosmic distance
ladder up to reionization, reaching z ~ 8. To estimate the potential of IM BAO
measurements, we forecast measurements of IM power spectrum from planned and
future IM experiments targeting star formation spectral lines.

SPHEREx (Doré¢ et al., [2014), in addition to be a galaxy survey, will carry out
IM surveys. Launching in 2023, this satellite’s IM missions will target Lyman-
a and Ha emission, as well as HF and the oxygen lines OIl and OIIIl. However,
the power spectra of the first two lines are expected to yield higher significance
and lower contamination from foregrounds and interlopers, which makes them more
suitable for cosmological analyses. SPHEREx’s wide survey will observe the whole
sky, but the corresponding IM observations are expected to have low signal-to-

noise ratios. Hence, we focus on the deep IM survey, which will cover 200 deg?,
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but with much higher sensitivity. SPHEREx will have an angular resolution of

6.2 arcsec at full-width half maximum, and a spectral resolution R = ¢, /vgps = 41.4
at 0.75 < Agps < 4.1 pm and R = 150 at 4.1 < A < 4.8 pm (where v is the
width of the frequency channel, and v.,s and Ay, are the observed frequency and
wavelength, respectively). We restrict ourselves to 0.75 < Agps < 4.1 pm, since a
spectral resolution of R = 150 is too low for our interest. Note that SPHEREx will
observe the Lyman-a line at 5 < z < 8, and Ha emission, at z < 5. Although Ha
and Lyman-a emission from higher redshifts enters into the observable frequency
band of SPHEREX, the corresponding noise will be too high to achieve significant
measurements.

On the other hand, COMAP (Cleary et al., 2016)), already under construction,
is a single-dish, ground-based telescope targeting the CO lines in the frequency
band 26 — 34 GHz (which corresponds to 2.4 < z < 3.4 for the first CO rotational
line). The experiment’s telescopes include 19 single-polarization detectors with an
angular resolution of 4 arcmin at full-width half maximum and channel width of
dv = 15.6 MHz. The expected system temperature is Tiys ~ 40 K. In its first phase,
COMAP1, the experiment will employ one telescope. However, due to the small
volume observed (only 2.25 deg? of the sky will be probed), its observations will not
be suitable for cosmological analyses. The second phase of COMAP (COMAP2)
will observe during t,,s = 10000 hours with four identical, additional telescopes.
The spectral resolution of the five telescopes used by COMAP2 will be improved to
ov = 8 MHz. The precise survey strategy for COMAP2 has not been decided yet.
Therefore, we optimize the total signal-to-noise ratio and assume a sky coverage
Qgelq = 60 deg?.

There are promising CII planned experiments, such as TIME (Crites et al., [2014)).
It is expected that in the coming years, these experiments will confirm tentative CII
detections with significant measurements of the power spectrum. However, the sky
coverage of the planned surveys will be so small that large enough scales will not be
accessible. Unfortunately, this means that the BAO scale will not be measured.

We also envision the next generation of IM experiments, the Intensity Mapping
Stage 3 (IMS3). One of the primary goals of the IMS3 observational effort will be

to probe cosmology at the epoch of reionization. Therefore, IMS3 must involve a
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Instr. Paramater COMAP 1 | COMAP 2 | IMS3 (CO)
Tiys K] 40 40 max(20,Vobs)
# detectors 19 95 500*
Ang. resolution (FWHM) [arcmin] 4 4 4
Frequency band [GHz] 26-34 26-34 12-36

dv [MHz] 15.6 8.0 2.0

tobs [h] 6000 10000 10000
Qﬁeld [degg] 2.25 60 1000

Table 4.3: Experimental specifications for COMAP 1 (under construction), the
planned COMAP 2 and the CO experiment within the IMS3. * These are dual
polarization detectors, which double the effective number of detectors.

coordinated experimental effort developing several experiments to target different
spectral lines over large volumes at higher redshifts.

Among all the lines that will be targeted by IMS3, we focus on CO, the only
spectral line that has been robustly detected at intermediate redshifts using IM.
We conceive this ground-based CO experiment as an upgrade of COMAP. Taking
the upgrades between the two phases of COMAP described above as benchmark,
we consider 500 dual-polarization detectors, and a frequency channel width of
ov = 2 MHz. The great upgrade in spectral resolution is easy to achive, since, as
noted by [Ihle et al| (2019), COMAP’s spectrometer can operate at higher spectral
resolution than 15.6 MHz, having a basic resolution of ~ 1.95 MHz. COMAP will
not be able to exploit such great resolution due to limited signal-to-noise per voxel,
but this will not be the case for a CO experiment within IMS3.

We assume that the CO experiment within IMS3 will observe at frequencies
between 12 — 36 GHz (2.2 < z < 8.6) during 10000 hours. Finally, we use a model
based on the performance of heterodyne-based instruments for radioastronomy at
centimeter wavelengths to model Ti,s = max [20, vons (K/GHz)| (see e.g., Prestage
(2006); Murphy| (2018)). As done for COMAP2, we choose Qgq = 1000 deg? in
order to optimize the total signal-to-noise ratio of the CO IM power spectrum. We
compare the experimental specifications of both phases of COMAP and the IMS3
CO experiment in Table [4.3]

The evolution of the large scale structure and the luminosity function of the

spectral lines as function of redshift is non negligible over the wide redshift ranges
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SPHx (Ha) SPHx (Lya) || COMAP2 IMS3
z 0.55 [ 1.90 [ 3.20 | 4.52 [| 5.74 [ 7.00 2.84 2.73[4.01]5.30 [ 6.58 | 7.87
Da(z)/rs [ 11.0] 6.9 [ 9.6 [19.8 [ 11.4 ] 379 31 0.83]0.98] 13 [27[70
H(z)ry |[151]10.6 | 16.1 [36.5 [ 21.9 | 76.4 45 13 [ 1521 ] 44 [11.6

Table 4.4: Forecasted 68% confidence level relative marginalized relative constraints
on Da(z)/rs and H(z)rs from COMAP2, an IMS3 CO experiment and SPHEREx
observations of the Ha and the Lyman-« lines. The relative constraints are expressed
in percentages. Note that all these constraints are independent among them, except
those of COMAP2 and the first bin of the IMS3 CO experiment.

probed by the experiments that we consider. Therefore, we need to bin the volumes
observed in different redshift bins. We consider in every case non-overlapping,
independent redshift bins such as log; [A(1 + 2)] = log;o [A(V/Vebs)] = 0.1 (where
v is the rest frame frequency), with the corresponding effective redshift located in
the center of the frequency bin. This results in four bins for the SPHEREx Ha
observations (with effective redshifts z = {0.55,1.90,3.20,4.52}), two bins for the
volume probed by SPHEREx using the Lyman-« line (z = {5.74,7.00}), a single
redshift bin for COMAP2 at z = 2.84, and five redshift bins for the CO experiment
within IMS3 (z = {2.73,4.01,5.30,6.58, 7.87}).

Results

We apply the Fisher matrix formalism (Fisher, 1935; Tegmark et al., 1997)
to forecast constraints on the BAO measurements using the IM power spectrum
multipoles up to the hexadecapole, as measured by SPHEREx, COMAP2 and a CO
experiment within IMS3. We model Lyman-a, Ha and CO emissions following the
models and prescriptions of Silva et al.| (2013),|Gong et al.| (2017)) and |Li et al.| (2016)),
respectively. Regarding the cosmological model, we assume the Planck baseline
ACDM model with the bestfit to the full Planck data set and BAO from galaxies
as fiducial values for the cosmological parameters. Finally, we use the halo mass
function and halo bias fitting function introduced in Tinker et al. (2010). We use
the methodology proposed by [Bernal et al.| (2019b) to model the multipoles of the
IM power spectrum and their corresponding covariance.

In table [4.4] we report forecasted marginalized 68% confidence level relative

constraints on Da(z)/rs and H(z)rs from the surveys considered. We find that
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Figure 4.6: 68% confidence level marginalized measurements and forecasted
constraints of the angular diameter distance as a function of redshift, weighted by
the ratio between the actual sound horizon at radiation drag and its fiducial value.
Estimated constraints from IM observations of Ha (green) and Lyman-« (red) lines
using SPHEREX, and of CO line using COMAP2 (blue) and IMS3 (cyan) are included.
We also show current measurements from BOSS and eBOSS collaborations (purple),

and projected constraints from DESI (orange).

SPHEREx’s IM BAO measurements will not be very precise: the precision of the
strongest constraint would be of 6.9% at z = 1.9, while most of the remaining
measurements would have errors above the 10%. The estimated low precision of
SPHEREXx is caused by the poor spectral resolution of the experiment.

In turn, COMAP2 will measure BAO scale at a redshift similar to that of
the Lyman-« forest, and with competitive precision (3.1% and 4.5% errors in the
transverse and radial directions, respectively). IMS3 CO experiment, on the other
hand, will provide very precise measurements at 2 < z < 6 (some even below the
percent level), while the precision degrades at larger redshifts. At the last redshift
bin (z = 7.87), IMS3 will measure D4 /rs and Hrs with a precision of 7% and 11.6%,

respectively.
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Figure 4.7: Same as Figure but for the Hubble expansion rate over (1 + 2)3/ 2
as function of redshift.

In Figure[4.6]and Figure 4.7 we present a comparison of the forecasted precision
of the angular diameter distances and Hubble expansion rates to be measured by
IM experiments, with existing and projected measurements from galaxy surveys.
We show the results weighted by the ratio of the fiducial r, and its actual value,
to avoid the inclusion of external information in the analysis in the form of a prior
on 75. We include existing measurements from the BOSS (Alam et al., 2017b) and
eBOSS (Gil-Marin et al., [2018;|de Sainte Agathe et al.,[2019; Blomqvist et al.,[2019)
galaxy surveys, as well as forecasted constraints from the DESI galaxy survey
(Collaboration et al., [2016a). For all of them, we include results from galaxy or
quasar BAO (z < 2), and BAO from the Lyman-« forest and its cross-correlation
with quasars (2 < z < 3.5).

As can be seen from these comparisons, COMAP2 measurements will be really

competitive, improving current eBOSS measurements and having the same level of
precision than DESI estimates. In turn, SPHEREx precision at the intermediate

redshift bins is comparable to current constraints from eBOSS using the quasar
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power spectrum at z = 1.52, but worse than constraints from the Lyman-« forest.

Interestingly, while BAO measured from the IM power spectrum (and from
galaxy clustering) usually yield stronger constraints on the transverse direction (i.e.,
D,) than in the radial direction (i.e., H), measurements using the Lyman-a are
more precise on the radial direction. Therefore, it is very likely that the degeneracies
between D4 and H as measured from these two observables are very different. Then,
if IM and Lyman-« forest BAO are combined, we expect that degeneracies will be
broken and the final constraints will be much stronger. In addition, there is no
expectation of measuring the BAO scale at z 2 4 in the coming years besides IM
observations, so that SPHEREx measurements, even if with large errors, can be
really meaningful until more precise experiments become available.

Conversely, the CO experiment within the IMS3 envisioned in this work would
yield incredibly precise results at very high redshifts, increasing the determination of
the expansion of the Universe beyond reionization. Only the first redshift bin of the
IMS3 CO experiment would overlap with existing or projected measurements from
the Lyman-« forest, and the forecasted constraints from IMS3 are 3 — 5 times and
2 — 3 times stronger than those from eBOSS and DESI, respectively. Furthermore,
IMS3 would maintain the same level of precision until z = 5.30, where it starts to
degrade, yielding a 3 — 4 times worse constraints at z = 6.58 than at lower redshifts.

Finally, we also consider the case in which we have access to a prior on the
mean brightness temperature or intensity of the spectral lines. In this scenario, as
proposed by Bernal et al. (2019b)), it would be possible to obtain inferred constraints
on fog after marginalizing over astrophysics. We show the forecasted precision of
the inferred values from IM experiments in Figure 4.8, assuming different precisions
for the brightness temperature prior. As above, we include existing measurements
from galaxy surveys, from BOSS and eBOSS, but also from 2dFGRS [Percival et al.
(2004), 6dFGRS (Beutler et al., 2012) and WiggleZ Kazin et al.| (2014), and the
estimated results of DESI.

Note that it is not possible to obtain reliable fog measurements from the Lyman-
« forest, hence existing and coming galaxy surveys measurements can only reach
z < 2. Therefore, if robust measurements from IM are to be obtained, these
experiments will be able to study the growth of structure in regimes where galaxy

surveys are still very far from probing, and maybe never reach. As can be seen, if
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Figure 4.8: Same as Figure but for the parameter combination fog (considering
different possibilities for the prior on (T')), and also including existing constraints from
WiggleZ (yellow) and 6dF and 2dF surveys (pink).

the measurement of (T') fog (the quantity that can be directly measured from the

IM power spectrum (Bernal et al.| [2019b))) is precise enough, the error is completely
dominated by the uncertainty in (7"). This is the case for COMAP2 and IMS3

measurements. This further motivates precise measurements of the luminosity

function of star forming spectral lines.

As mentioned above, the forecasted constraints from IM experiments we report
are completely independent, due to our chosen redshift binning. In the case of
SPHEREx, IM targeting Lyman-a and Ha will not overlap in redshift. SPHEREx
and COMAP, will observe different patches of the sky, so they will be independent,
too. The only exception involves COMAP2 and the first redshift bin of the CO
experiment within IMS3. As we consider the IMS3 experiment an upgrade of
COMAP, we assume that their volumes would overlap. Finally, for a fair comparison
with galaxy surveys, one does need to bear in mind that most of the measurements
presented in Figures[4.6] [4.7 and [4.§ are correlated, especially for BOSS and eBOSS
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(only the measurements close in redshift) and WiggleZ, but probably also for the

final measurements of DESI if so many redshift bins are used.

Conclusions

Throughout this letter, we have demonstrated the potential of planned and future
IM experiments to constrain the expansion history of the Universe up to the epoch
of reionization. This would be an incredible achievement for cosmology and almost
the only way to directly measure how the Universe expands beyond z ~ 3 — 5,
since galaxy surveys cannot reach higher redshifts. Standard sirens (Abbott
et al. [2017) might also achieve this goal, although the sensitivity needed to
obtain precise measurements of neutron star mergers and their electromagnetic
counterparts at these redshifts is considerably more exigent than current and coming
experiments. Another option is to measure the velocity-induced acoustic oscillations
at cosmic dawn, as proposed in Munoz| (2019a)); however, these measurements are
complementary to those proposed here, since they probe different epochs of the
Universe.

In order to asses the potential importance of these future measurements, one
can assume a cosmological model and forecast constraints using them. We show
forecasted relative constraints on the total abundance of matter at z = 0, 2y, and
the Hubble constant, Hy, assuming ACDM, in Figure We combine all redshift
bins, lines and experiments as independent measurements (avoiding the combination
between COMAP2 and IMS3), and also combine them with existing results from the
legacy results of Planck and their combination with measured galaxy BAqﬂ(Planck
Collaboration et al., 2018)).

While IMS3 can constrain Hy around the percent level, IM BAO constraints
are a factor ~ 2 — 3 worse than Planck’s. For instance, Planck’s marginalized
68% confidence level relative constraints on €y and Hy are ~ 2% and ~ 0.8%,
respectively (~ 1.6% and ~ 0.6% when galaxy BAO are included); if we combine
them with the IM constraints, we obtain ~ 1.8% and ~ 0.6%, respectively (~ 1.4%

and ~ 0.5%). Adding fos measurements from IM observations using a conservative

We obtain the priors from the public Planck repository (http://pla.esac.esa.
int/pla), using the data combination denoted as plikHM TTTEEE lowl_lowE_ lensing and
plikHM_TTTEEE_lowl_lowE_lensing post_BAO.
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Figure 4.9: Forecasted marginalized 68% confidence level relatived constraints on
Oy and Hp assuming ACDM from the CO experiment of the IMS3, using only
BAO (marginalizing over the amplitude of the power spectrum) and using also fog
measurements (+RSD), using a 100% prior on (7). We also include current constraints
from Planck and BAO from galaxies, as well as their combination. Markers with two
colors denote the combination of the corresponding data sets.

prior on the mean brightness temperature of the lines (i.e. 100% error), does not
improve significantly the measurements. In addition, the projected measurements
reported here have little constraining power on standard parametrizations of dark
energy, such as wCDM or the CPL parametrization, using wy and w, (Chevallier
& Polarski, 2001). This is because IM BAO are measured at high redshift.
These measurements are not going to set strong constraints on standard deviations
from ACDM. On the contrary, given that all these models predict an expansion
history fully determined by the matter abundance from z ~ 2 until recombination,
and accounting for Planck’s strong constraints on Qnh?, consistent high redshift

measurements of the expansion history will not improve cosmological constraints
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significantly. SKA is expected to yield precise BAO measurements from IM

observations at low redshift (Square Kilometre Array Cosmology Science Working
Group et al., 2018).

We emphasize ‘consistent results’ because there is no cosmological probe between
z ~ 2.5 and recombination. Therefore, blindly assuming that the expansion of
the Universe during this period was matter-dominated without any deviation from
ACDM requires assuming that the nature of dark matter and dark energy is very
well known. There are models that predict other behaviors, including modified
gravity theories or decayind dark matter into lighter dark particles (see e.g., Raveri
(2019) or |Vattis et al. (2019))). These models, or alternative modifications of the
cosmic expansion in the matter dominated era, could reduce the tension between
the direct measurement of H, (Riess et al., 2019) and the corresponding inferred
value found by Planck assuming ACDM (Planck Collaboration et al. 2018). In the
end, model independent reconstructions of the Hubble parameter are unconstrained
beyond z ~ 0.7 (Bernal et al., [2016b; Verde et al., 2017). Moreover, measuring
fos at high z will allow to constrain modified gravity theories beyond the €2},
parametrization.

During this work, we have considered that by the time IM observations over
large volumes are available, there will be enough control over foregrounds and
line interlopers. In this case, a successful subtraction could be achieved, hence
foregrounds and interlopers would not hinder the signal. Accounting for foregrounds
might degrade the results reported here, but we emphasize that in the coming
years there will be several IM observations which will overlap with galaxy surveys.
Cross-correlations between different tracers will make possible the subtraction of
this contamination from the IM signal (see e.g., Silva et al.| (2013); Sun et al.
(2018))). Finally, the luminosity functions of spectral lines at high redshift are highly
unknown, which would affect the amplitude of the IM power spectrum. Although
this will not bias the BAO measurements (because they are marginalized over the
astrophysical uncertainties), it will certainly affect the precision of the measurement
by modifying the signal-to-noise ratio. We have account for this fact by choosing
line emission models whose predictions are not too optimistic nor too conservative.

In summary, IM experiments will provide precise and robust measurements of the

BAO scale up to the epoch of recombination z < 8. These observations will provide
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constraints on the expansion of the Universe at redshifts which are not accessible

otherwise, and test key assumptions of the most common cosmological models, as

well as probing exotic models of dark energy and gravity.
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5. Conclusions and future

prospects

This Chapter summarizes the main conclusions of the research collected in this
thesis, and discusses its relevance and impact in a broader context. Finally, potential

avenues for research worthy to pursue as follow ups of this work are discussed.

5.1 The tension on H; and the role of r,

The nature and origin of the tension on the Hubble constant, Hy, has been one
of the most intriguing enigmas in cosmology during the last few years. Hj is a
crucial quantity in cosmology, since it provides an absolute scale for the expansion
history of the Universe. Starting from Hy, the distance-redshift relation is measured
using distance indicators such as standard candles (e.g., SNela) or standard rulers
(e.g., BAO). This procedure builds the direct cosmic distance ladder. However, the
distance-redshift relation can be measured starting from an early-Universe quantity,
too. The sound horizon at radiation drag, rs, provides the calibration of BAO
as standard rulers, hence normalizing the BAO distance measurements. When 7
instead of Hy is used to anchor the expansion history of the Universe, the inverse
distance ladder is built. Of course, both the direct and inverse cosmic distance
ladders must yield consistent results.

The strongest constraints on the anchors of the cosmic distance ladder, Hy and
rs, come from the CMB angular power spectra measurements. However, CMB can
measure Hy and rg only in an indirect way. CMB observations probe the Universe
at recombination, and therefore require a cosmological model to reconstruct the
evolution of the Universe to infer low redshift quantities such as Hy. On the other
hand, the CMB angular power spectra measure extremely well the angular acoustic
scale. However, the conversion from the angular scale to the physical sound horizon
requires an assumption about the expansion history and the sound speed of the early

Universe. Due to these reasons, both measurements are model-dependent.
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There have been claims of internal inconsistencies in the Planck data sets, which
might affect the inferred values of ry and Hy (Addison et al., 2016). These claims

are based on analyses of the large and small scales of the Planck temperature

angular power spectrum by separate (i.e., £ < 1000 and ¢ > 1000) yielding
inconsistent results. This discrepancy is aligned with the shift in the best fit of
the cosmological parameters measured by Planck with respect to WMAP results
(which only measured ¢ < 1000 with enough signal-to-noise ratio). However, the
shifts between Planck and WMARP results are not unusually large according to the
expectations obtained from simulated data sets (Planck Collaboration et al., 2016¢),
so the discrepancies found in |Addison et al.| (2016) fall within the expectations.

While the anchors of the cosmic distance ladder cannot be directly measured from
CMB observations, they can be inferred using other probes. Unfortunately, there is
no known direct, independent way to measure ry without assuming any model. The
best attempts include model-independent measurements of the low redshift standard
ruler, rgh, (Verde et al., 2017); and indirect measurements of r, using inferred values
of Qyh? (obtained from primordial deuterium estimates (Cooke et al., 2017)) and
BAO, requiring the assumption of a cosmology before recombination (Addison et al.
2017). On the other hand, Hy can be measured directly in the local Universe using
the distance ladder without the need of assuming any cosmological model (Riess
et al., 2011)). Since the first Planck data release, direct measurements and CMB
inferred values assuming ACDM have shown increasing levels of discrepancy: from 2-
2.50 (Planck Collaboration et al.,[2014)) to the current ~ 4.40 (Planck Collaboration
et al., 2018 Riess et al.;|2019)), as more precise measurements did not show significant
shifts of the best-fit values.

However, building the distance ladder to directly measure H, requires a set of
astrophysical assumptions, especially related with the homogeneity of the standard
candles used. Recent studies of the Tip of the Red Giant Branch (which can
be also used as standard candle) confirm distance measurements using cepheids
(see e.g., Hatt et al.| (2018)), which dissipates doubts about the homogeneity
of cepheids. Moreover, it has been shown that the H, measurement is robust
against different cepheid callibration modeling choices (Follin & Knox, 2018), and
other collaborations beyond SHOES have measured H, with independent SNela

observations, yielding similar results (Burns et al., [2018)).
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Nevertheless, SNela are not perfect standard candles.  After light-curve

standardization, it is possible to differentiate between at least two populations in
terms of their brightness. While the convention is to separate these two populations
by the stellar mass of the host galaxy, Rigault et al, (2018)) prove that the age
of the SN environment is a better tracer to distinguish the two populations.
Interestingly, using the stellar mass as an indicator of the two populations concurs
in an underestimation of the difference between the brightness after light-curve
standarization of SNela belonging to each population. Therefore, the conventional
SNela analysis might introduce a systematic bias which would affect the distance
ladder and, therefore, the Hy, measurements (Rigault et al., [2015). In any case,
a definitive quantification of this bias on the SHOES’s measurement requires the
application of the analysis using the age of the SN environment to the SNela
sample used by this collaboration. Meanwhile, statistical reanalyses of the SHOES
measurements have confirmed the original result, without finding any systematic
error which explains the tension (Feeney et al. 2017, Cardona et al., 2017).

Since CMB inferred values of H, are model-dependent, new physics may alleviate
the tension. Several models have been advocated to ease this tension, but none
of them has been favoured over ACDM by observations. One of the preferred
candidates over the past few years to solve the Hj tension was the introduction
of extra relativistic species, which lowers the inferred value of ry and increases
the derived Hy. However, CMB polarization power spectrum strongly constraints
this model, even with theory motivated priors such as those coming from QCD
axions (D’Eramo et al., [2018). These results have been confirmed by the corrected
CMB polarization power spectrum of the Planck legacy data release (Planck
Collaboration et al., 2018)). Other models beyond the standard deviations of ACDM
were studied in e.g.,|Di Valentino et al.| (2016, 2017, 2018)); |Chiang & Slosar| (2018));
Renk et al.| (2017).

When it proves hard to find a cosmological model to explain the tension, one
of the best options, in my opinion, is to use model-independent analyses. With
this agnostic approach, it is possible to extract conclusions from the data in the big
picture, isolate the sources of the discrepancy and develop strategies to mitigate it.
Then, model-independent analyses have the potential to lead theoretical research to

alleviate the tension.
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With this in mind, and taking into account that the inverse and direct cosmic

distance ladder must coincide, model-independent determinations of the two anchors
of the cosmic distance ladder are of utmost importance. Only using BAO and SNela,
and assuming that they can be treated as standard rulers and standard candles,
respectively, we measure the low redshift standard ruler, r¢h, with a precision of
~ 2% in a model-independent way, even without imposing spatial flatness (Verde
et al., 2017).

Then, the measurement of the low redshift standard ruler allows to infer the
values of one the anchors of the cosmic distance ladder by using a prior on the
other. This was explored in |Bernal et al. (2016b), obtaining a r value significantly
lower than the CMB inferred value when the local measurement of Hy is imposed.
The resulting tension with respect to the CMB inferred value of r4 is ~ 2.60. In
turn, when 7, from CMB is applied to the measured 7", a low value of Hy is obtained,
resulting in a similar tension with SHOES’s Hy measurement than between Planck’s
and SHOES’s. This evidences that the H, tension is in reality a mismatch between
the two anchors of the cosmic distance ladder.

Besides, the shape of the expansion history of the Universe obtained from model-
independent analyses does not deviate more than 5% within a 68% confidence level
for z < 0.7 (at higher redshifts, SNela measurements are sparser and less precise),
as we reported in Bernal et al.| (2016b)). Therefore, SNela and BAO alone, analyzed
in the most agnostic way possible, strongly constrain any dynamical dark energy or
deviation from the expansion history of the Universe predicted by ACDM at very
low redshift (precisely at the dark energy dominated epoch). This result disfavors
modifications in the dark energy sector as a way to alleviate the Hj tension.

Our work in Bernal et al| (2016b) changed the way to address the tension on
H,. Later works confirmed these results focusing on the dark energy density instead
of the Hubble parameter (Poulin et al., 2018b)), or solely on ry (Aylor et al., 2019).
Now that it has been shown that no changes in the late Universe will reduce the
tension, most of the theoretical efforts are focused on early Universe modifications
yielding lower values of 4 with respect to the ACDM prediction. However, state-
of-the-art observations still favours ACDM over them. Standard extra relativistic
species, for instance, cannot ease this tension due to the changes they produce in

the growth of perturbations prior to recombination by changing the diffusion scale.
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Some examples of promising models to ease the Hy tension include self interacting

neutrinos (Kreisch et all 2019)), axionic early dark energy (Poulin et al., 2018al), or
evolving scalar fields which add energy to the Universe at a narrow redshift window
around recombination (Agrawal et al., 2019)).

On the other hand, unknown systematics might be always present in the data,
and therefore source this kind of tensions. There is an extensive literature in
cosmology related to the definition and evaluation of tensions between data sets
(see e.g., Verde et al.| (2013)); |(Charnock et al.| (2017)); |Lin & Ishak| (2017))). However,
subjectivity is always involved when defining the threshold between consistency and
tension. In addition, if two data sets are considered in tension, one of them needs
to be discarded. Usually, this is also a subjective decision. When a way to reconcile
these data sets is not found (as happens currently in the case on Hy), there should
be a procedure capable to analyze the data accounting for the inconsistencies and
extract robust, although weaker, constraints. In the epoch of precision cosmology,
accuracy must really be the goal.

This was the main motivation to develop a formalism to perform joint analysis of
several data sets in a conservative way, no matter the level of discrepancy between
them, as well as accounting for the presence of unknown systematics. We introduce
this methodology, along with the the release of a public code, BACCUS, in Bernal
& Peacock (2018)). It involves extra parameters to model possible unaccounted-
for systematics of two types: misestimation of the covariance of the data (already
introduced in [Hobson et al. (2002)) and a bias in the best fit (introduced in a
consistent way for the first time in this work).

Thanks to these two types of parameters, the methodology is completely flexible
and can account for any kind of discrepancy or systematic errors affecting the
data sets. This methodology provides a way to obtain conservative and agnostic
constraints from the data. Of course, the resulting constraints will be pessimistic,
since potential systematic errors are considered and marginalized over. However,
this avenue works as a sanity check to avoid any false claim of new physics. In this
sense, this approach should be always used in parallel with standard, more aggressive
analysis. In addition, this methodology has the power to ascertain which data set

might be contaminated by non-accounted systematics.
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Besides introducing introduce the methodology, we apply it to the tension

in Hy, using every independent existing observation at low redshift providing a
constraint on the expansion history of the Universe. The results obtained applying
the conservative approach peak at larger values than the standard approach.
Nevertheless, the conservative uncertainties are so large that there is no tension
with either the CMB inferred value or the direct measurement, nor it is possible to
ascertain whether any of the data sets included is affected by systematics.

Finally, this methodology has been proved useful to use external data from a
different probe, when different experiments or assumptions provide inconsistent
results. In this case, rather than choosing between them, BACCUS can be used to
obtain a conservative result from all existing measurements and use it as prior. For
instance, BACCUS was used for this purpose in [Jimenez et al.| (2019b]) to combine the

age of globular clusters obtained assuming different stellar models.

5.2 The role of primordial black holes in
cosmology

PBHs may form in the very early Universe (before matter-radiation equality)
from high peaks in the density perturbations within the horizon. Therefore, the
abundance and mass distribution of PBHs carry information about the primordial
power spectrum. Moreover, if the abundance of PBHs is high, they might be a
significant fraction of the dark matter. There has been an increasing interest in
PBHs since the first detections of graviational waves. However, the vast majority
of these studies consider that all PBHs have the same mass. This assumption is
unrealistic, not only because not all of the PBHs would form at the very same time,
but also because each PBH would experience a different accretion and merger history,
which also produces an extended mass distribution. Furthermore, any correlation
between the fraction of dark matter as PBHs, fppy, and the cosmological parameters
is often ignored. Of course, correctly considering these two facts has a large impact
in the observational constraints on fpgy.

As PBHs accrete gas, they inject energy in form of radiation into the medium.
This affects the thermal and ionization histories of the Universe and, if abundant

enough, leave observable imprints on the CMB anistropies (as suggested by [Ricotti
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et al| (2008) and revised by |Ali-Haimoud & Kamionkowski| (2017)) and the 21

cm intensity mapping signal (as we studied in Bernal et al. (2018))). The more

massive the PBHs, the faster they accrete matter, hence the stronger the energy
injection into the medium. Starting from the modeling of the impact of PBHs on
the CMB (Ali-Haimoud & Kamionkowski, 2017)), we perform a robust statistical
analysis (improving the treatment used in |Ali-Haimoud & Kamionkowski (2017)),
and study the degeneracies with the rest of parameters Bernal et al.| (2017). A
strong degeneracy with the spectral index n, and a mild degeneracy with rg are
found. Moreover, there are strong degeneracies with additional parameters of models
beyond ACDM, especially the number of relativistic species. These degeneracies,
common to other energy injecting mechanisms, such as annihilating dark matter
(see e.g., Green et al| (2019))), open the possibility to impose stronger constraints
on fpgy combining CMB with other observations such as galaxy clustering.
Furthermore, we set constraints on fpgy from CMB anisotropies explicitly
accounting for PBH extended mass distributions for the first time in Bernal et al.
(2017). This result also tests with success the methodology to convert fppy
constraints assuming that all PBHs have the same mass to cases with extended mass
distributions, introduced in [Bellomo et al. (2018). Whenever the mass distribution
extends towards high masses, CMB angular power spectra set stronger constraints on
fpeu than in the unrealistic scenario of a monochromatic distribution located at the
same mass where the extended mass distribution peaks. As shown by Bellomo et al.
(2018)), this also happens for microlensing constraints when the mass distribution
extends toward lower masses. This way, and taking into account other constraints,
as those obtained from SNela magnifications (Zumalacarregui & Seljak, 2018b)), the
hypothesis of PBHs of Mppy 2

Y

1078M,, being a significant fraction of the dark
matter is disfavored.

On the other hand, even if the abundance of PBHs is significantly lower than
the abundance of dark matter, massive PBHs (10°My < Mppy < 10*Mg) could
provide a solution for a long-lasting open question in astrophysics and cosmology:
the origin and formation mechanism of supermassive black holes. In this scenario,
PBHs would be the seeds that, after growing significantly since z ~ 20, become
the supermassive black holes that are located in the center of the galaxies. These

massive seeds (no matter if they are primordial or astrophysical, as direct collapsed

235



5. CONCLUSIONS AND FUTURE PROSPECTS
black holes) are needed to explain the observed population supermassive black holes
with M ~ 10% — 10°M,, at 2z ~ 8.

In Bernal et al.| (2018), we propose the first robust and unequivocal probe to

test if the massive seeds are primordial, independently of the dark matter nature.
Kohri et al.| (2014) propose the use of CMB spectral distortions or the cosmic ray
background to rule out this hypothesis. However, their results present a set of
caveats. First, they assume an incorrect model of the effects of PBHs on the CMB,
which leads to an overestimation of the PBH contribution to spectral distortions.
This constrain vanishes when a better model is used. We refer the interested reader
to |Ali-Haimoud & Kamionkowski| (2017)) for the discussion of the incorrect model
which obtains such overestimate. On the other hand, the argument related with the
cosmic ray background is only valid if WIMPs are most of the dark matter, so that
they would annihilate around the PBHs and produce a more intense flux than that
observed.

Given that the fpgy needed to explain the supermassive black hole populations
is so small (fpgg ~ 1078 — 1079), the imprints on the CMB would be undetectable.
Moreover, the required fpgy on the mass range of interest is unconstrained by current
observations. Nevertheless, this sparse population of PBHs could be detectable using
21 cm intensity mapping, since 21 cm emission is extremely sensitive to the baryon
temperature and neutral fraction. Then, if a signal from the dark ages (before the
first stars formed) consistent with a black hole is detected, such black hole must be
primordial. Conveniently, the 21 cm brightness temperature during the dark ages is
an extremely clean signal, with no contamination from astrophysical surveys. This
is why this probe is so robust.

Considering the radial profile of the 21 cm brightness temperature around each
PBH, we added their global contribution to the standard emission. Afterwards, the
total sky-averaged emission and 21 c¢m intensity mapping angular power spectrum
were computed, accounting for the angular structure of the PBH contribution for the
first time. The contribution of PBHs is much larger in the angular power spectrum,
where an enhancement of the signal at small scales is predicted. Even so, these
imprints would be very difficult to detect with SKA, due to the low signal-to-noise

ratio of its measurements at so high redshift. An experiment with a longer baseline,
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which would entail lower noise and provide access to smaller scales, would be needed

to achieve a detection of the PBH contribution.

Thanks to more ambitious experiments, such as an upgraded SKA and a radio
array on the far side of the Moon (which would avoid the opacity of the atmosphere
at the frequencies corresponding to 21 c¢m radiation emitted at z 2 30), the PBHs
contribution could be characterized very well. Therefore, besides providing a robust
and powerful avenue to probe if PBHs are the seeds of the supermassive black holes,
we motivate an upgrade of the HI intensity mapping experiments proposing this

science case.

5.3 Radio-continuum and intensity mapping
surveys

After the great success of Planck, the next decade will bring a golden era for
large scale structure experiments. In order to achieve the ambitious goals expected,
a tremendous observational effort will be needed. Therefore, in addition to the
more common spectroscopic and photometric galaxy surveys, the coming years
will witness the comeback of radio-continuum galaxy surveys, as well as the rise
of intensity mapping (IM) experiments.

Both radio-continuum observations and IM techniques propose different
strategies to survey the sky deeper and faster than standard optical spectroscopic
and photometric galaxy surveys. Radio-continuum galaxy surveys achieve it by
averaging the received light over all frequencies to boost the signal-to-noise ratio, at
expenses of losing redshift information. On the other hand, IM techniques use all
the light received to trace the underlying density distribution, rather than selecting
only the sources brighter than a given threshold, as galaxy surveys do.

These two strategies have some advantages over spectroscopic or photometric
galaxy surveys. The increased sky coverage speed also facilitates that larger fractions
of the sky are surveyed, granting access to larger and larger volumes. In addition,
radio-continuum galaxy surveys have the potential to detect many more galaxies,
which decreases the impact of the shot noise. On the other hand, IM experiments
can target any easily-identifiable spectral line, which naturally makes possible cross-

correlation between line brightness temperature maps, as well as with galaxy number
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counts. This is incredibly useful to mitigate systematics, foregrounds and line

interlopers, as well as allows us to carry out multitracer analyses. Moreover, IM
grants access to high redshifts, where the galaxies are so sparse and faint than a
galaxy survey is not possible: in theory, IM could probe also the dark ages, even
reaching z < 500 (Breysse et al [2018)). This makes IM the perfect way to probe
the Universe and study galaxy evolution during and before reionization.

In Bernal et al.| (2019), we estimate the potential of all-sky radio-continuum
galaxy surveys like EMU or SKA to constrain deviations from ACDM. Given
the huge volumes that will be probed by these surveys and the poor redshift
sensitivity, their constraining power peaks for models whose deviations from ACDM
in the galaxy clustering appear at the largest scales, such as local primordial non
Gaussianity, parametrized with fyy,. We show that EMU has the potential to
improve CMB constraints on fyr, by a factor two, approximately. However, this
goal will only be achieved if external data can be used to infer the galaxy redshifts
(hence enabling us to carry out tomographic analyses) and distinguishing between
two populations of galaxies to carry out multitracer analyses and reduce cosmic
variance.

However, the precision goal of achieving an error on fyr, below unity, needed
to discriminate between different models of inflation, is still out of reach for radio-
continuum surveys on their own. The only way to achieve it would be to probe
the whole sky detecting ~ 30 — 40 times more galaxies than EMU. This upgrade
will be very hard to achieve, since only ~ 13 times more galaxies are expected to be
detected with 10 times better sensitivity than EMU (i.e., a SKA-2-like survey). This
being the case, radio-continuum surveys will need to be combined with other galaxy
surveys, IM experiments, or other probes (as, for example, the Sunyaev-Zeldovic
effect) to achieve a precision on fy;, below unity. In addition EMU will also be
able to improve current constraints on modified gravity models and, marginally, on
dynamical dark energy.

The results of this work are less optimistic than previous works studying radio-
continuum surveys, but this is due to the adoption of a more realistic simulation of
the radio-continuum signal (T-RECS (Bonaldi et al., 2019) instead of S* (Wilman
et al 2008)) to estimate the number of sources detected and the relative abundance

of each galaxy population. Finally, I shall emphasize that a similar technique was
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used to forecast the results of radio-continuum surveys of the phase 1 of SKA (Square

Kilometre Array Cosmology Science Working Group et al., 2018)).

On the other hand, the work in progress presented in this thesis about IM
highlights the great promise that this technique has for probing the Universe at
high redshift. Together with the current huge experimental effort that is being
carried out, theoretical work developing the tools and methodologies required
to ensure the correct exploitation of this kind of observations is needed. In
concrete, in |Bernal et al. (2019b) we focus on the optimization of the extraction
of cosmological information from measurements of the IM power spectrum. This is
not a trivial question, since each spectral line is subject to a whole different plethora
of astrophysical processes. This makes that the dependence of the observed signal
on cosmology and on astrophysics is highly intertwined.

Therefore, the work presented here is timely and needed. Compared with
previous cosmological analyses of the IM power spectrum, this is the first time
in which the degeneracy between cosmology and astrophysics is considered. In
addition, we compress the anisotropic IM power spectrum on Legendre multipoles
and provide an accurate analytic prescription for the covariance. Finally, we
propose an optimal parametrization to maximize the precision of the cosmological
measurements and avoid degeneracies between key cosmological parameters.

The main result of this work is the possibility to measure the BAO scale, and
parameters which significantly modify the shape of the matter or the halo power
spectrum (such as > m, or fy1,) independently of the astrophysical uncertainties in
a robust way. In addition, the product of the growth rate and the amplitude of the
density perturbations, fog, may be measured if an external prior on the mean of
the brightness temperature is provided. This is not an unrealistic requirement, since
other techniques, such as the voxel intensity distribution, are specifically designed to
constrain the luminosity function (Breysse et al., 2017). We also show that including
the hexadecapole of the IM power spectrum results in a 25% and a 75% improvement
in the cosmological constraints. This is because the hexadecapole helps to to break
parameter degeneracies, even if it is not detected.

Finally, thanks to this methodology, IM has a great potential to provide cosmic
ruler measurements at the epoch of reionization. InBernal et al. (2019a]) he highlight

this opportunity and forecast constraints on the expansion history from planned
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IM experiments such as SPHEREx (Doré¢ et al. 2014) and the second phase of
COMAP (Cleary et al.| 2016)), as well as a future CO experiment within the Intensity
Mapping Stage 3. We reach percent level with COMAP at z ~ 2.8, and especially
with the future CO experiment, at 2 < z < 8, while SPHEREx will soon provide

~ 7 —20% constraints at 0.5 < 7. These measurements are crucial for model-

independent analyses of the expansion history, which, as shown above, are key to
study the tension on Hy. Furthermore, these measurements will be able to constrain
decaying dark matter models (see e.g., |Vattis et al| (2019) and dynamical dark
energy and modified gravity theories that go beyond standard parametrizations, as

that proposed in Raveri (2019)).

5.4 Future prospects

This thesis collects research focused on the theoretical problems of ACDM
and the discrepancies between the results from independent experiments obtained
assuming this model. These might be smoking guns of the need of new physics;
however, ACDM is still favoured over any other model considered to date. This is
why these inconsistencies and open questions should be studied at the same time
in a global context. This subsection is focused on possible further work along these

lines.

5.4.1 Studying the H, tension

Throughout this thesis, it has been shown that the tension on Hj is in reality a
mismatch between the two anchors of the cosmic distance ladder. Moreover, SNela
and BAO observations constrain deviations from a cosmological constant, hence it is
difficult that new physics in the late Universe can ease this tension. Therefore, there
are only two ways to reconcile Hy measurements: either finding a physical way to
lower the value of rg by modifying the physics before recombination, or modifying
the expansion history of the Universe in the non-probed period of the Universe
between recombination and z ~ 3.

The CMB power spectrum is measured with exquisite precision. This is why any
extra component that modifies the expansion history to achieve a lower value of rg

cannot affect the CMB power spectra peaks. Since the CMB power spectra is very
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sensitive to the diffusion scale, the reduction of 4 needs to be achieved before the
< 10 Mpc at z =~ 2.5 x 10*. This is why

~Y

damping scale grows too much. However, ry
the modification in ry evolution needs to happen during a narrow window around
2 =~ 10%. Otherwise, a way to avoid modifications of the diffusion scale is needed.
Moreover, the CMB power spectrum is also sensitive to the supersonic neutrino
phase shift, so any modification of the cosmology should keep this unchanged. Early
dark energy (Poulin et al., [2018a)), self-interacting neutrinos models (Kreisch et al.,
2019) or evolving scalar fields injecting energy before recombination (Agrawal et al.
2019) are some of the models explored which fulfill these requirements. However,
there is no evidence of any of them being favored over ACDM. In any case, these
models show promising results, and further research along these lines might lead to
a reduction of the tension.

There is no a priori physical motivation to modify the expansion history at
3 < 2 <1000, when matter is supposed to completely dominate the expansion rate.
However, it is important to bear in mind that we have no measurement of H(z)
at these redshifts and that there are models that predict these deviations, such as
decaying dark matter into lighter dark matter particles (Vattis et al. [2019), or some
modified gravity theories (Raveri, [2019)).

Fortunately, future experiments will provide standard ruler measurements in this
redshift range. While there are some proposals for spectroscopic surveys reaching
z ~ 5 (Ferraro et al.; 2019; [Wilson & White, 2019)), the noticeable improvement will
be brought about by IM surveys, providing BAO measurements up to z ~ 8 — 9
with better, or at least competitive, precision (as we show in [Bernal et al.| (2019a))).
Standard ruler measurements using velocity-induced acoustic oscillations at the
cosmic dawn (z ~ 15—20) (Munoz, 2019a,b)) would be complementary to BAO from
IM and extend the cosmic distance ladder even to larger redshifts. Therefore, low
redshift standard ruler measurements up to much higher redshift will be possible.
The higher this upper limit on the redshift is, less time there will be for the expansion
history of the Universe to accommodate changes in order to match the two anchors
of the cosmic distance ladder.

Finally, in order to definitively address the tension on H,, alternative,
independent and competitive probes of the expansion history are needed. The

obvious candidates are the standard sirens: gravitational waves with electromagnetic
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counterparts which provide very precise redshift measurements (Abbott et al.,|2017)).

It is expected that the number of detections during the coming decade is high enough
to discriminate between the two competing measurements of Hy (Feeney et al. 2019).
In addition, other alternatives include the so-called cosmic chronometers (Jimenez
& Loeb) [2002; Moresco et al., 2016) or the measurements of the age of the Universe
using the oldest globular clusters (Jimenez et al., 2019b). Further work in the
modeling of these two avenues is needed, so that they become robust and reliable
tracers of the expansion history of the Universe and Hy, competitive with current
standard probes.

Once we have several independent measurements of Hy, as most model-
independent as possible, and coming from the largest number of different physical
phenomena, it will be possible to fully address the tension on Hj in a global, agnostic
way. This way, the source of the tension, being either cosmological or artificial, will

arise.

5.4.2 Primordial black holes

Taking into account current observational constraints on the abundance of PBHs,
the possibility that PBHs are a significant fraction of the dark matter is very unlikely,
except for very light PBHs. Nonetheless, through the quest for detecting PBHs or
ruling them out, our understanding of astrophysical processes related with lensing,
accretion, and binary black hole mergers, among others, has increased.

On the other hand, the abundance and masses of PBHs are intimately related
with the amplitude of the primordial power spectrum at a given scale, respectively.
This makes PBHs a very powerful probe of the primordial power spectrum, especially
at the smallest scales; actually light PBHs abundances are one of the very few
observational consequences of the amplitude of the primordial perturbations in this
regime. Therefore, pursuing black hole observational detection is still very relevant
for cosmology, even if fppy is constrained to very small values. Nevertheless, further
understanding of the exact relation between the shape of the primordial power
spectrum, curvature and density perturbations, and the formation of PBHs and
their abundance is needed in order to set robust constraints on the primordial power
spectrum from PBHs (Germani & Musco, [2019; [Musco, [2018).
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It is possible to improve the prospects of constraining PBHs as seeds of the

supermassive black holes, too. While in [Bernal et al.| (2018)) we restrict attention
to the 21 c¢cm emission coming from the dark ages, motivated by considering cleaner
signal, this probe can also be extended towards lower redshifts. Although at lower
redshifts the signal is polluted by other astrophysical sources and astrophysical
black holes may be already formed, this redshift range will be measured by planned
experiments like SKA, HERA or JWST. Furthermore, mergers of PBHs of these
masses produce graviational waves that may be detected by future gravitational
waves interferometers, such as LISA and the Einstein Telescope. While the former
is sensitive to higher masses, the latter will be able to detect mergers at higher
redshifts. Following a similar logic as for the 21 cm signal from the dark ages, if a
binary black hole merger is detected at redshifts higher to those corresponding to
the formation of the first stars, those black holes must be primordial. Therefore,
improving the phenomenological descriptions of all these processes will help to
ascertain the origin of the supermassive black holes.

Finally, the existence of massive PBHs, even if they are not a significant fraction
of the dark matter, may have tremendous consequences for other dark matter
candidates, such as WIMPs. As first proposed by Lacki & Beacom| (2010) and then
revised by Adamek et al. (2019) and Bertone et al.| (2019), these two candidates
for dark matter cannot coexist, given current observations. If PBHs exist but they
are not all of the dark matter, they would be at the center of ultra compact mini
halos, formed in the early Universe as the rest of the dark matter clusters around
them. These ultra compact mini halos would have very steep density profiles, with
incredibly large densities in their cores. In this scenario, if the dark matter that
is not made by PBHs is composed of WIMPs (or annihilates somehow to energetic
electromagnetic species), the annihilation rate around the PBHs should be very
high. This would originate many gamma rays point sources, clearly surpassing the
abundance observed. Thus, detecting PBHs can rule a significant region of the
parameter space of weak-scale theories beyond the standard model which attempt
to explain the nature of dark matter. Nonetheless, this argument also works in the
other direction: if WIMPs are to be detected, the abundance of massive PBHs must

be extremely low. This fact further motivates the research on PBHs.
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5.4.3 The future of large scale structure surveys

DESI and Euclid will measure the BAO scale and the growth of structures at
z < 3 with unparalleled precision. But they will also provide, along with EMU (and
later on SKA and LSST), the largest volumes surveyed to date. This will not only
improve the statistics for standard measurements, but will also grant access to the
largest observable scales, those close to the horizon.

At these ultra-large scales, contributions to the observed clustering beyond the
standard density and peculiar velocity terms, dominate the signal. In this regime,
relativistic corrections (redshift space distortions along the light-cone accounting
for relativistic processes such as lensing and gravitational redshifts) and eventual
signatures from primordial non Gaussianity dominate (Bertacca et al., [2012, |2018;
Raccanelli et al.; 2016, 2018, |2017). The former can be used as a test for GR, and the
latter provides one of the few possible ways to probe inflation. For instance, single
field slow roll inflation predicts negligible local non Gaussianity (i.e., fxr, < 1).
Therefore, strong constraints on fyr, may rule out a whole family of inflationary
models.

However, primordial non Gaussianities and relativistic corrections contributions
to the observed clustering are degenerate (Raccanelli et al.; 2018). Therefore, a very
careful modeling of the relativistic corrections and a suitable analysis should be
included and performed in order to avoid any bias in the measurement and robustly
measure primordial non Gaussianity from LSS.

Radio-continuum surveys have the potential to probe large enough volumes
to make these searches possible. However, they are limited by the degradation
of redshift measurements.  Therefore, a global strategy involving different
collaborations should be implemented in order to maximize the overlap between
spectroscopic and photometric surveys with radio-continuum observations. This
would ensure a more reliable redshift inference for radio-continuum galaxy surveys.

The dominant contributions to the ultra large scales (especially primordial non
Gaussianity) grow with redshift. Furthermore, since these contributions are only
dominant at the very large scales, both the angular and redshift resolution can be
moderately degraded with no significant loss. Then, primordial non Gaussianity is a
natural target for IM (see e.g.,|Square Kilometre Array Cosmology Science Working
Group et al. (2018); Moradinezhad Dizgah et al.| (2019)); [Moradinezhad Dizgah &
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Keating| (2019) and Bernal et al. (2019Db)). Unfortunately, the largest scales are more

susceptible to be affected by foregrounds which may contaminate and impossibilitate

the measurements. Nevertheless, there are already some procedures for foreground
removal (see e.g. [Silva et al.| (2013)); Breysse et al.| (2015)); Sun et al.| (2018)); Cheng
et al| (2016) and Kalus et al| (2019b))). Observational efforts to build upon these

works and ensure clean IM measurements by the time the experiments are ready is

therefore of utmost importance.

Finally, for IM experiments to achieve the promised potential, a significant
theoretical and observational effort must be carried out. After achieving the first
detections of HI (Chang et al., 2010) and CO (Keating et al.,[2016), other lines must

be detected, and better determinations of the astrophysical processes and spectral

lines luminosity functions are needed to fully exploit IM for cosmology. In any case,
in Bernal et al| (2019b), we show that the BAO scale can be robustly measured
without knowledge about the astrophysics, yielding impressive potential to constrain
the expansion history at the epoch of reionization (as we highlight in [Bernal et al]
(2019a))). Therefore, further research along these lines will prove extremely useful

in order to carry observational cosmology to unexplored epochs and regimes.
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