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Observations of high-redshift galaxies have provided us with a rich tool to study the physics at play
during the epoch of reionization. The luminosity function (LF) of these objects is an indirect tracer of the
complex processes that govern galaxy formation, including those of the first dark-matter structures. In this
work, we present an extensive analysis of the UV galaxy LF at high redshifts to extract cosmological and
astrophysical parameters. We provide a number of phenomenological approaches in modeling the UV LF
and take into account various sources of uncertainties and systematics in our analysis, including cosmic
variance, dust extinction, scattering in the halo-galaxy connection, and the Alcock-Paczyiski effect. Using
UV LF measurements from the Hubble Space Telescope together with external data on the matter density,
we derive the large-scale matter clustering amplitude to be o3 = 0.761“8_‘112, after marginalizing over the
unknown astrophysical parameters. We find that with current data this result is only weakly sensitive to our
choice of astrophysical modeling, as well as the calibration of the underlying halo mass function. As a cross
check, we run our analysis pipeline with mock data from the IllustrisTNG hydrodynamical simulations and
find consistent results with their input cosmology. In addition, we perform a simple forecast for future space
telescopes, where an improvement of roughly 30% upon our current result is expected. Finally, we obtain
constraints on astrophysical parameters and the halo-galaxy connection for the models considered here. All
methods discussed in this work are implemented in the form of a versatile likelihood code, GALLUMI, which

we make public.
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I. INTRODUCTION

A promising avenue in observational cosmology today
involves the exploration of the epochs of cosmic dawn and
reionization, which broadly cover the redshift range
302 z 2 5. The Universe found itself in an interesting
state during this time: the cosmic microwave background
(CMB) photons had long decoupled from the baryons,
allowing the latter to fall into the dark-matter (DM)
potential wells that had been building up for about a
hundred million years. It was during this era that baryons
could cool down enough to collapse inside DM minihalos
and the first stars formed [1,2]. As the growth of DM
structure continued over several stellar lifetime cycles, the
mass of star-forming regions followed suit, which even-
tually lead to the formation of larger galaxies whose
emission reionized the hydrogen in the intergalactic
medium. With the advent of modern galaxy surveys, we
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are about to enter a novel era of cosmology where these first
few generations of galaxies could be directly observed [3-5].
These objects hold a wealth of information about astrophys-
ics and cosmology during a relatively uncharted epoch.
The extraction of such information requires understand-
ing galaxy formation and evolution at high redshifts. While
many questions remain, great progress has been made
thanks to a decades-long observational campaign with the
Hubble Space Telescope (HST) that has culminated in a
number of catalogs spanning the redshift range z = 4-10
and which has led to the discovery of tens of thousands of
UV-bright galaxies, see e.g., [6-16]. The key observable we
will focus on is the UV galaxy luminosity function (UV
LF), which follows the abundance of galaxies as a function
of their UV luminosity (or magnitude). This quantity
depends on the complex physics that governs galaxy
formation and therefore directly captures the interplay
between a number of cosmological and astrophysical
effects [17]. In particular, galaxies are formed inside DM
halos, which means that their abundance depends on the
halo mass function and thus the physics of DM structure
formation [18]. One of the main challenges to unearth this
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information involves the poorly understood connection
between (invisible) DM halos and (visible) galaxies, which
is highly dependent on the astrophysics at play [19]. For
example, one expects a smaller number of very bright
galaxies, since the abundance of the heaviest DM halos is
exponentially suppressed. Nevertheless, quasar feedback in
high-mass galaxies is known to reduce the efficiency with
which star formation occurs, thereby diminishing the abun-
dance of the brightest galaxies as well [20]. Likewise, the
faint end of the UV LF probes the smallest DM halos, where
deviations from the standard cold-DM paradigm would leave
the most striking impact on their abundance [21-24]. It is,
however, also in this range where feedback mechanisms such
as supernovae shocks and stellar winds are expected to
reduce the brightness of low-mass galaxies [25-27].

It is, therefore, crucial to separate the cosmological and
astrophysical contributions to the UV LF. Several different
approaches have been utilized in the literature to model the
UV LEF, ranging from analytic approaches [28-31], to more
complex models based on N-body simulations [32-35], and
full-scale hydrodynamical simulations [36—40]. The uncer-
tainty in the cosmology part is well-controlled, as the
process of how DM halos collapse and form is reasonably
well established, especially given the guidance from N-
body simulations. In contrast, the baryonic physics is much
harder to model, often necessitating a trade-off between
complexity and analytical understanding. Here we will
follow a simple, semianalytic method (SAM) in modeling
the relationship between galaxies and their host halos. This
has two advantages: first, a minimal set of assumptions
provides a greater amount of flexibility to let the data guide
our model, and second, SAMs can swiftly evaluate the UV
LF without computationally expensive simulations. The
main drawback of SAMs is that their functional forms are
not derived ab initio, and thus require simulations or data to
be calibrated. Nevertheless, the two advantages outlined
above allow for a quick way to use the UV LF to learn
about cosmology as well as astrophysics. The UV LF has
been used in previous works to measure the star-formation
efficiency at early times [16,33], improve our knowledge of
reionization [41,42], and determine the clustering ampli-
tude og in combination with other datasets [43]. Beyond the
Standard Model, there exists a rich literature on exploiting
the UV LF to study reionization in alternative cosmologies
[44], and to derive constraints on warm- and fuzzy-DM
models [45-51], dynamical dark energy [52], the primor-
dial matter power spectrum [53], as well as small-scale non-
Gaussianities beyond the reach of the CMB [54,55].

The goal of this work is to establish a versatile pipeline to
model the UV LF, with the aim of extracting cosmological
and astrophysical parameters in conjunction with other
datasets. We do this by implementing our methods as a
likelihood code, GALLUML, in the publicly available MCMC
sampler MONTEPYTHON' [56,57] (which interfaces with the

lhttps://github.com/brinckmann/montepython_public.

Boltzmann solver CLASS? [58,59]). We describe the code in
detail in the main text, but summarize some of its salient
features below:

(1) The code contains different astrophysical models for
the halo-galaxy connection. Given the large uncer-
tainties on the astrophysical conditions of the early
Universe, we implement three different approaches
to connect the magnitudes of galaxies to the mass of
their host halo, and compare between them. This
allows for a direct way to test the impact of a number
of assumptions that enter our modeling.

(i) From the data side, we include the latest compilation
of the UV LF obtained with the Hubble Space
Telescope [13,16]. Besides this real data, we also
analyze data from the hydrodynamical simulation
MustrisTNG [40], as a way to check the accuracy of
our parameter extraction technique and the consis-
tency with real data.

(iii) We consider a number of corrections to the data that
account for cosmic variance, the attenuation caused
by dust and the Alcock-Paczyniski effect. In addition,
we allow for scatter in the halo-galaxy connection.

(iv) The modular design of our code makes it straight-
forward to add new features to it, some of which we
have already included (e.g., different halo mass
functions and dust calibrations).

As a demonstration, we perform several analyses to
measure cosmological and astrophysical parameters, focus-
ing in particular on the clustering amplitude og. In our
companion work [60], we will use GALLUMI to measure the
small-scale clustering of matter, highlighting the comple-
mentarity of the UV luminosity function with other
cosmological probes.

The remainder of this paper is structured as follows: In
Sec. II, we describe our fiducial model for the UV galaxy
luminosity function. In Sec. III, we give an overview of the
data we use, together with an explanation of a number of
corrections and errors that we take into account. We present
our code and analysis pipeline in Sec. IV, summarize our
main results in Sec. V, and study the dependence of our
results on the astrophysical modeling in Sec. VI. Finally,
we conclude in Sec. VII. Complementary results and
checks are included in the Appendixes A—C.

Throughout this paper, we will assume a flat ACDM
cosmology and, unless otherwise stated, fix the total sum of
neutrino masses to »_ m, = 0.06 eV.

II. FORMALISM AND MODELS

In this section, we will lay out a phenomenological
description to model the UV luminosity function at high
redshifts. An important part of this approach will involve
the connection between the properties of galaxies and those

2https:// github.com/lesgourg/class_public.
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of their host halo. In what follows, we will first detail the
characteristics of our fiducial model for the halo-galaxy
connection. Several alternative approaches are then pro-
vided in Sec. VI, together with a discussion on their
implications for cosmological-parameter extraction.

The UV LF is defined as the (comoving) number density
of galaxies per unit magnitude: ®yy = dng,/dMyy, where
My is the absolute UV magnitude of the galaxies (usually
defined at 1500 A in the rest frame [61]). From this
definition, we can then decompose @y as a product of
three separate parts: (1) the halo mass function (HMF),
(2) the halo occupation distribution (HOD) and (3) the
halo-galaxy connection (the relation between halo mass
and the magnitude of the galaxies residing inside the halo).
The HOD specifies the average occupation number of
galaxies inside each halo, which to good approximation
can be assumed to be unity for the halos and red-
shifts considered in this work (M} ~ 10°-10'> M and
z =4-10) [62]. That is, there is only one central galaxy in
each halo. With such a choice, ny, = npy, = n, and the
UV LF can subsequently be written as’:

dl’lh « th

Byy = (2.1)

where dn;, /dM,, is the halo mass function. We will now
discuss both components of ®yy in detail.

A. Halo mass function

The halo mass function describes the mass distribution of
dark-matter halos and contains information about the initial
conditions of matter density perturbations in the early
Universe and their subsequent evolution. We adopt the
usual form for the HMF [63]:

dnh _ /bm dln GIT/II,,
dM, M, dM,

flowm,). (2.2)

where p,, is the average comoving matter energy density
(including both dark matter and baryons) and o6, is the
root-mean-square of the density field smoothed over a mass
scale My:

3
o () = / LK wa T2k P (). (23)

(27)*

with W), a window function (real-space spherical top hat
in our case), T ¢ the transfer function of the comoving

30ur LF does not include a turn-over mass that accounts for the
inefficiency of galaxies formed in small halos [31]. This is
justified for our Hubble Legacy Fields data (see Sec. Il A), as
they cover halo masses roughly above 10'° M (see Fig. 7), for
which the turnover is not relevant. Nevertheless, we plan to
extend GALLUMI to include this term.

curvature perturbation ¢ and P, its primordial power
spectrum. This last quantity is given by:

272 ko \ =l

pivot

(2.4)

In this equation, A is the amplitude of the primordial power
spectrum at the pivot scale ko and ng is the spectral tilt.
The transfer function 7 can be easily obtained from a
cosmological Boltzmann solver, such as cLASS [58,59] or
CAMB [64]. The function f(oy,, ) in Eq. (2.2) is the fraction

of mass that has collapsed into halos per In o;jh interval and

integrates up to unity. Within the spherical-collapse for-
malism of [65], the threshold above which matter density
perturbations collapse is mass-independent, allowing for
the function f (o), ) to be analytically derived [65,66]. This
results in a description that qualitatively agrees with what is
found in N-body simulations, but shows significant quan-
titative differences otherwise (see e.g., [63] and references
therein). On the other hand, excursion-set approaches based
on ellipsoidal collapse of dark matter halos, in which the
critical density varies with the peak height (i.e., with a
mass-dependent barrier height), are in better agreement
with numerical simulations [63,67,68]. The function
f(o,) in this case takes a more general form and has a
number of free parameters that are then calibrated to the
results of numerical simulations. In our fiducial model, we
will use the Sheth-Tormen mass function, given by [69]:

) o2 pst] 8
fST(UM) = Agt st [1 + < Mhz > ] -
b3 astogr om,

52
X exp <— dstost 5T>, (2.5)
20Mh
where Agp = 0.3222, agr =0.707, pgr=0.3 and

ost = 1.686. Note that, while this HMF is calibrated at
redshift z = 0, comparisons with simulations at higher
redshifts have shown that the prescription above still allows
for a good fit, see e.g., [34,70,71]. Besides the Sheth-
Tormen HMF, we will also consider the Reed HMF in a
check to assess the impact of the HMF choice on our results
(see Appendix A). This question has also interesting
consequences for models of cosmic dawn, see e.g., [72]
for a discussion.

B. Halo-galaxy connection

A number of properties of galaxies are known to be
correlated with those of their host halo [19,73,74]. For
instance, heavier halos tend to accommodate more massive
and luminous galaxies compared to lower-mass halos. Here
we follow a simple phenomenological approach to relate
the absolute magnitude of galaxies to the mass of their host
halo. We start with the assumption that the UV emission in
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high-redshift galaxies is dominated by young, massive
stars. As a consequence, the UV luminosity of a galaxy is
related to its star-formation rate (SFR) [75,76], which
depends on the halo mass among other properties. As
we are only interested in the abundance of galaxies as a
function of their luminosity (or host halo mass), we will
assume that the dependence of the SFR on other galaxy
properties mostly averages out (see also the end of
Sec. I B 1 for a discussion on this). Numerical simulations,
together with observational data, show that the average
SFR exhibits a peak for halos like that of the Milky Way,
see e.g., [19,33,35,77] and references therein. Star for-
mation tends to be less efficient in heavier halos, since
those often host active galactic nuclei whose emission can
significantly impact the surrounding environment [78]. A
similar picture also applies to lower-mass halos, where
various feedback processes, including supernovae shocks,
also reduce the star-formation efficiency [25]. A simple
function that captures this property is a double-power law
relation, either between the average star-formation rate M N
and the halo accretion rate M, or between the average
stellar mass M, and the halo mass M},. In this work, we will
take an agnostic look at this choice and consider both cases
through three models for the halo-galaxy connection. For
the sake of clarity, in this section we will only describe the
halo-galaxy connection used in our main analysis (which
we refer to as model I) and elaborate on the other two
models in Sec. VL.

1. Relating halo masses to magnitudes

In our fiducial model (model I), we relate the star- and
halo-mass accretion rates via a double-power law:

- M, €,

fom e
i G G

(2.6)

where a, <0, f, >0, ¢, >0 and M, > 0 are free param-
eters which we will fit for with the data. The parameters a.,
and p, regulate the slope of the faint and bright end of the
UV LF, respectively, while e, controls its amplitude (i.e.,
the star-formation efficiency) and M, sets the mass at
which the star-formation rate peaks. In principle, these
astrophysical parameters can evolve with redshift—we will
discuss this matter below in Sec. II B 2. The star-formation
rate M, of a galaxy determines its UV luminosity Lyy (or
equivalently its UV magnitude Myy) through [79,80]:
M, = kyvLuyy, (2.7)
where kyy = 1.15 x 1072 M serg=! yr~! is a conversion
factor that is derived from a stellar synthesis population
model with a Salpeter initial stellar mass function in the
range of 0.1-100 M, a constant star-formation rate and an
evolving stellar metallicity [81] (see also [82] for a

comment on this factor). The luminosity and absolute
magnitude are related as usual within the AB magnitude
system via [83]:

L
10g10< le> =04(51.63 - Myy).  (2.8)
ergs

We account for dust extinction directly at the level of the

data, which we will detail in Sec. IIIC. As for M, in
Eq. (2.6), we use the extended Press-Schechter formalism
and obtain the accretion rate as [84,85]:

\[ )M, 1686 dD(z)
/2, _62 D*(z) dz

with D(z) the linear growth factor, o-%,,h the variance of the

smoothed density field evaluated at redshift z [see
Eq. (2.3)] and o3, (Q) = 6*(My,/Q), where Q is a free
parameter that we fit for with the data using priors
motivated by simulations (see Table I). This equation for
M, provides an excellent agreement with results from N-
body simulations for the mass range of interest in this work
(M}, ~ 10'°-10'> M) [85]. It describes an exponential
mass accretion of dark-matter halos at high redshifts, which
is then followed by a less efficient power-law accretion at
low redshifts, when dark energy starts to dominate and
accelerate the expansion of the Universe. As a final step, we
plug Eq. (2.9) in Eq. (2.6) and solve for Myy as a function
of M. We provide a schematic overview of our three
astrophysical models in Fig. 1, and refer to Sec. VI for a
description of and comparison with models I and III.
An important note that should be made here is that the
above prescription is not applicable at the level of indi-
vidual halos and galaxies, since it does not depend on their

j =
Mh—|_ . J—»M*MUV
Mh_ f* !

FIG. 1. Schematic overview of our approaches to connect the
UV magnitude Myy of galaxies to the mass of their host halo M;,.
The blue, red and green lines correspond to models I-III,
respectively, described in this section and Sec. VI. The quantities
ﬂ and f, are the double-power law relations in Egs. (2.6) and
(6.1). The boxes with “acc” stand for the accretion models in
Egs. (2.9) and (6.2), the box with “x” indicates the relation
between star-formation rate and UV luminosity in Eq. (2.7), and
the box with “emp” denotes the empirically determined con-
nection between stellar mass and UV magnitude in model IIL
These different ways of linking Myy to M,, allow us to test the
robustness of our results against a number of assumptions in our
modeling.

(2.9)
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unique formation history. For example, baryonic processes,
such as starbursts, can cause the Myy — M, relation to
exhibit scatter [87]. Instead, the galaxy properties derived
here only depend on the halo mass and, therefore, should be
thought of as average quantities. This then also means that
there is some stochasticity in our predictions of the My —
M, relation that should be taken into account. An estimate
of this error can be obtained from simulations that track the
star formation and evolution within galaxies, see e.g., [34]
where an uncertainty of roughly 20%-30% is found. In our
work, we will account for this stochasticity by assuming
that the magnitudes of the galaxies that can be hosted by
DM halos are distributed according to a Gaussian:

P(Myy) = exp |-

1
—_ . (2.10)
V270,

where (Myy) is the average prediction from our halo-
galaxy prescription and 6, is a free parameter that we
will marginalize over, see Sec. V for more details. This
latter quantity is degenerate with f, and ignoring it would
therefore introduce a bias on f, [88]. We also make a
comparison with the scatter found in the IlustrisTNG
hydrodynamical simulations [40] in Appendix C.

After combining all ingredients together, we obtain the
UV LF as a function of cosmological parameters (through
the HMF) and astrophysical parameters (through the halo-
galaxy connection). In Fig. 2, we show the parameter

dependencies of the UV LF within our model I at z = 6. In
each panel, only one parameter is varied, while all the
others are fixed. In the case of varying oy, this is equivalent
to changing the amplitude A, of the primordial power
spectrum, which simply increases or decreases the amount
of formed halos and thus also galaxies. The situation is
similar when varying €, and ng. The UV LF increases with
larger ng due to the additional power at small scales. The
rest of the panels highlight how feedback processes
(through a, and f,), an altering star-formation efficiency
(through €,), and a different turn-over mass (M_.) change
the UV LF. This figure also shows the strong degeneracies
that exist between astrophysical and comological param-
eters at a single redshift (see lower-right panel).
Nonetheless, the degeneracy direction at each redshift slice
is slightly different, such that this problem can be alleviated
by combining data at different redshifts. This degeneracy
can also be further broken by assuming a parametric
redshift evolution for the astrophysical parameters.

2. Redshift evolution of astrophysical parameters

The approach described above, in which we relate the
magnitude of galaxies to the mass of their host halo, can be
readily applied at any given redshift. However, since we
have access to data over a wide range of redshifts, we are
also interested in the time evolution of the halo-galaxy
connection. Therefore, there still remains the question of
how the four astrophysical parameters in Eq. (2.6) evolve

‘bO L 4
<
E L 4
T
) - 4
o
= - Tlg 1t Oy g
= [— [ —
5 o 0.5 1.5 14 F -3 0 —
Fe‘lo*l?klkkklkkklkkklk PR TS S TS S S S N N N PR TS H TR S S H H RS PN ST R RS N R NI N1

100'|"'|"'|"'|' LA B L e B B B B S S S | LA L L B S B B L B
b 1072
<
g 107!
)
‘U 10—6
[
z 1078 - €x R

C
£ 10710 - 107 10"
LSl
10712‘|“‘|“‘|“‘|‘ P R RN R S Nt P SR R RS S B S R R AN SRR N S ST R NI N1
-23 =21 —-19 -—17 —23 =21 -—-19 -—17 —-23 =21 —-19 -—17 -23 =21 —-19 -—17
MUV [mag} MUV [mag] MU\/ [mag] MU\/ [mag]

FIG.2. Anillustration of the dependence of the UV galaxy luminosity function @y on the different relevant parameters at z = 6. The
first three panels show the influence of the main cosmological parameters, which are the clustering amplitude og, the matter-density
parameter Q, and the tilt of the primordial power spectrum ng. The next four display the effect of the astrophysical parameters
{a,,p.. €., M.} (see Eq. (2.6) for their definitions). The panel on the lower right shows the og and e, curves overlaid, which highlights
the strong—but not exact—degeneracy between these two parameters.
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Redshift evolution of the astrophysical parameters a,, f3,, €, and M, [defined in Eq. (2.6)] of galaxies using LF data from the

Hubble Space Telescope (see Sec. IIT A and Fig. 5 for details). The black dots with error bars are obtained within the most conservative
approach, where the parameters are inferred at each redshift independently, as in Eq. (2.11). The dots represent their average values, the
error bars the 68% confidence levels, and the arrows are upper or lower limits also at 68% C.L. Similarly, the solid curves and shaded
regions show the average evolution and 68% confidence intervals of the astrophysical parameters using our fiducial model, which
assumes a power-law behavior with z for e, and M, see Eq. (2.12). Note that in obtaining these plots, cosmological parameters are

marginalized over.

with redshift. A number of works in the literature have
studied this question, where some find that the observed
UV LF can be well described assuming that the astro-
physical parameters are redshift-independent [31,89].
Other works allow (some of) the astrophysical parameters
to evolve with redshift, for example via a power-law
relation [43], or obtain a z-evolution through abundance
matching or similar techniques [33,82].

Rather than forcing a certain parametrization for the
redshift evolution, we will start with the most conservative
approach and assign a set of {a,, §,, €,, M.} parameters at
each redshift slice. Such a choice will then cover any
possible redshift evolution, but comes with the downside of
having to deal with an additional 28 free parameters in the
analysis (4 at each redshift in the range z = 4-10). While
this does take into account our ignorance regarding the
redshift behavior, it may prove to be excessively
conservative. As such, given the results from this

conservative model, we can come up with a minimal model
that still fits the data well, but where the amount of free
parameters is appreciably reduced. Besides making the
analysis more computationally friendly, this will also
signify the most optimistic case when deriving cosmologi-
cal parameters. All other redshift parametrizations will then
give a result somewhere between those of the conservative
and minimal models.

The redshift evolution of the astrophysical parameters in
the conservative model is shown in Fig. 3, where the dots
indicate the average values, the error bars denote the
68% confidence limits and the arrows show upper or lower
limits also at 68% C.L. Given these fits, we can examine
which parameters evolve with redshift, and which stay
constant within their uncertainties. The index a, remains
roughly flat, whereas f, in particular cannot be well
measured in the HST data. This is simply because }j,
controls the slope of the bright-end tail of the UV LF and
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the Poisson errors dominate in that region. The other two,
however, may appear to evolve. In order to establish our
minimal model for the redshift evolution of the astro-
physical parameters, we have tested two other assump-
tions for each of the parameters, where we either keep
them constant with z or evolve them as power laws.* We
have found that keeping the indices a, and g, fixed, but
letting €, and M, evolve as power laws with z (or,
equivalently, linear in log-space for the logarithm of these
quantities) produces the best fit to the data with the
smallest amount of free parameters. This choice gives a
reduced y? per degree of freedom of ~1.2. We show in
Fig. 3 the redshift evolution of the astrophysical param-
eters in this minimal model. From a physical point of
view (and looking at the correlation between €, and M.
in Fig. 5), an increase of e, with time could indicate a
gradual growth of the star-formation efficiency at lower z,
and the decrease of M, could be pointing toward a build-
up of quasar feedback, which reduces star formation in
high-mass halos.

In summary, we propose a conservative and a fiducial
parametrization of the astrophysical parameters of the
following form:

Conservative

= {Independent set of{a,, f,,€,,M .} at each z (2.11)
a,(z) =a,
. (z) =P.

Fiducial = § 1og e, (2) =€ xlogip(t2) +¢ * (212)
log o %7 = M x log o (1) + ML

where the fiducial one has only six free parameters («,, f.,
€S, €., M$ and M1). In the rest of this work, we will perform
our main analysis with the fiducial model’ and show the
results as obtained with the conservative method in
Appendix B.

III. DATA

A. HST observations

The rest-frame UV light emitted by young stars at high
redshifts can be observed today with optical and (near-)
infrared telescopes. Over the years, a number of surveys
have been conducted with a variety of instruments,

“We note that a z-independent parametrization is less preferred
than our minimal model, with Ay?> ~ 4.6 for two degrees of
freedom difference, and results in a og that is not consistent with
the Planck CMB value at more than 36 (within ACDM).

This redshift evolution of the astrophysical parameters is
specific to the model chosen for the halo-galaxy connection, so
care must be taken when using models II and III outlined in
Sec. VI rather than our fiducial model I).

including, but not limited to, deep field surveys by the
Hubble Space Telescope [6—16], VIMOS-VLT [90] and the
Subaru/CFHT/Isaac Newton observatories [91-93]. In this
work, we will use data obtained with the HST, as it
currently allows for determinations of the UV LF over
the widest redshift range (z = 4-10). With the HST, there
are, broadly speaking, two different observing strategies
that can be utilized to identify and study the younger
generations of galaxies. One is based on blank fields
observations, where the survey area is devoid of any
foreground objects (e.g., stars) down to a certain threshold
magnitude. These are the Hubble legacy fields (HLF). The
other approach takes advantage of the power of gravita-
tional lensing, and uses fields where strong-lensing clusters
magnify the flux of faint, background galaxies enough to
become observable. These are known as the Hubble
frontier fields (HFF). Each of these methods has its own
benefits—for example, blank fields tend to cover more area
and thus allow to probe the bright end of the LF, while
lensing fields are particularly useful for determining the
faint end of the LF [94]. On the other hand, both types of
observations are potentially prone to different systematics,
such as lensing uncertainties in the modeling of the cluster
lenses [10], magnification bias in the blank field surveys
[95,96], and contamination of the signal due to the
contribution of quasars to the bright end of the LF [92].
In our analysis, we will use the HLF and HFF data
from [13,16], which are obtained from blank and para-
llel field surveys and cover the magnitude range
—23 < Myy < —16. That is, no lensing fields are included.
In addition, we will use mock data from the IllustrisTNG
hydrodynamical simulation [40] to cross-check the possible
impact of data systematics on our results (see Sec. III E).
The HST UV LF data together with our best-fit models are
shown in Appendix C.

B. Cosmic variance

One of the most relevant contributions to the total error
budget in the observed luminosity functions is cosmic
variance, which arises from the underlying fluctuations in
the matter density field. While at the bright end of the
luminosity function—where the number of observed gal-
axies is small—Poisson error dominates, cosmic variance
will remain an unavoidable error that should be taken into
account everywhere else. This is particularly important at
high redshifts and when the observed areas covered by
surveys are small [97] (in the case of the HST, these range
from a few tens to a few hundreds of arcmin?, see e.g., [16]).
Previous works have obtained an estimate for the cosmic
variance in the UV LFs, either through semi-analytic
methods [97-101] or through N-body simulations
[62,102-104]. As an example, for the magnitude range of
interest (—23 < Myy < —16) and a survey area of
500 arcmin? over a redshift width Az = 1, the cosmic
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variance amounts to an error of at most 20%—40% at z = 6.
Given that the Hubble LFs we use are constructed from a
collection of patches, each observed to different depths, we
take a simple approach here and impose a 20% minimal error
on each data point individually and uncorrelated with the rest.
For most magnitude and redshift ranges of interest, we find
that this choice corresponds to a conservative estimate of the
cosmic variance. We leave a more sophisticated approach to
take into account cosmic variance patch by patch in our
modeling for future work [97].

C. Dust correction

Massive galaxies can accumulate dust in their interstellar
medium. This dust preferentially absorbs the UV flux and
reprocesses it to be subsequently emitted in the infrared. As
a consequence, the UV LF of the brightest galaxies at low
redshifts can be significantly attenuated [29]. A common
approach in modeling dust extinction involves the so-called
IRX-f relation from [105]: by looking at the correlation
between the absorbed UV flux and the excess infrared flux
in the same star-forming galaxies, an estimate for the dust
attenuation can be obtained. So far, this approach has only
been applied to low-redshift objects, and thus it should be
noted that the underlying assumptions behind this method
and its applicability at high redshifts are still actively
debated topics (see e.g., [106—108] and references therein).
Assuming that the UV spectrum of galaxies follows a
power law f, ~ /%, a fit can be found between the average
dust extinction parameter (Ayy) and the average of f
[40,109]:

(Auy) = Co + O.21n(10)a/2,C% +C(p), (3.1)
where C, and C; are free parameters, and at each
magnitude the slope g is assumed to follow a Gaussian
distribution with standard deviation o5 = 0.34 [110]. The
average value of f is fitted to observations by following the
prescription in [111]:

b(z)

(B(z, Myy)) = {Cl(z)e @ + ¢
a(z)+b(z) +c¢

Myy 2 M
Myy < M,

(3.2)

where a(z) :ﬁMo(Z) —c, b(z) = (Myy — My)dB/dM(z),
¢ = —=2.33, My = —19.5 and the values of #;,, and d/dM,,
are taken from [112]. The exponent at magnitudes Myy >
M, prevents the dust extinction from becoming negative.
Note that the observations of () from [112] only cover the
redshift range z < 8. Nevertheless, at z > 8 the dust
extinction is significantly smaller than in the lower redshift
range, and thus, following [29], we simply neglect it.
Eq.uation (3.1) has been calibrated using different low-
redshift probes, see e.g., [[13—117]. In our main analysis,
we adopt the calibration from [114] with Cy = 4.54 and
C, = 2.07. This reference obtained the IRX-f relation by

remeasuring the same sample of galaxies as in the pioneer-
ing work [105], but with an instrument that has a larger
aperture size. This then allowed for a more complete
photometric sample and eliminated a number of systematic
errors previously introduced in the calibration of the IRX-f
relation in [105]. To check how our results depend on the
different calibrations of C, and C;, we rerun our analysis
with the fits from [115,118], and show the results in App. A.
We now can obtain the desired average extinction as:

(Auv)(z,Myy) =4.54+ 0.86ln(10)0§ +2.07(p)(z, Myy),
(3.3)

and the observed UV magnitudes can be converted to
intrinsic magnitudes. In addition, given that the dust extinc-
tion term (Ayy) is a function of magnitude, this correction
will also change the magnitude bin sizes—by altering both
ends of the bins by different amounts—and thus the UV LF
itself [48]. In summary, the dust attenuation changes the
magnitude My, the bin size AMyy, the luminosity function
®yy and its error og,,, as follows [48]:

My = M%h\j/ = (Auv) (z, Myy), (3.4)
AM
AMYY = AMYY + (Auy) (ZaMUV - 2UV>
AM

- {Auv) <Z’MUV + 2UV>, (3.5)

AMOld

_ 1d Uv

AMold

_ 1d uv
ng/ - %UV AM%C\\/V : (3'7)

The bin sizes of the HST data reported in [16] are
AMY, = 0.5 for z = 4-8 and AMYY = 0.8 for z = 9-10.

D. Alcock-Paczynski effect

The observed luminosity function is obtained by divid-
ing the number of detected galaxies in a magnitude bin by
the volume of the survey area. This volume is computed by
assuming a certain cosmology and, in order to avoid
introducing artificial biases, should be recomputed accord-
ingly when a different cosmology is assumed [119].
Therefore, since in our analysis we also vary cosmological
parameters, we need to rescale the data (LF and its errors)
as follows®:

®Note that the fraction of volumes here is the inverse of the one
shown in [43]. The UV LF is defined per unit volume and thus
has to be multiplied by a volume element in the fiducial
cosmology (i.e., Vq) in order to get the number of galaxies
in it.
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Voud new old v Voud (3 ) 8)

new __ dpold _
Oyy = Py ¥ Vo oy = Copy X,
new new

where V is a comoving volume given by:

V(z) = 47” {riom (z + %) — Fom (z - %ﬂ . (3.9

r (Z) —/ dZ
com 3

. (3.10)

where r,, is the comoving distance and H, is the Hubble
parameter today. The cosmology assumed in the HST data
from [16] is a flat ACDM cosmology with Hy =
70 kms~! Mpc~! and Q,, = 0.3, and the data was binned
using Az = 1. In addition to the rescaling of the LF data, a
different cosmology changes the luminosity distance to a
galaxy and thus also the derived absolute magnitude from a
given apparent magnitude. Keeping in mind that the
apparent magnitude is the observed quantity, and thus
ought to remain the same, the deduced absolute magnitude
shifts as:

Mgy = M8 — Slogio (o) = MUY — Slogy (Em
uv uv £10 dﬁld uv g0\ o |-

com

(3.11)

Note that this shift in magnitudes is linear, and thus does
not affect the magnitude bin sizes. We apply the three
corrections to the data (cosmic variance, dust and the
Alcock-Paczynski effect) in the same order as discussed in
this section.

E. Mock data from IllustrisTNG

Besides real data from the Hubble Space Telescope, we
also perform an analysis with mock data from the
MustrisTNG hydrodynamical simulations [40]. This makes
for an important check of our approach, as it allows us to
verify that our method is actually able to extract the
underlying cosmology. In particular, it cross-checks that
any potential systematics/contaminations in the real data,
such as contributions of quasars to the bright end of the UV
LF [92], do not significantly affect our results. We
summarize the main points in extracting the LF and
performing the analysis below, and refer the interested
reader to the corresponding script on the GitHub page for
more details. We also show the mock data together with our
best-fit model in Appendix C.

(i) We make use of all three simulation boxes (TNGS50,
TNG100, TNG300) [120-126] and stitch the lumi-
nosity functions together. In particular, we first
remove all the points where the simulations lose

accuracy due to resolution effects, ’and then compute
the total LF ®{\, using inverse error weighting:

tot \ 2 2 2
<(I)UV> _ (q)TNGSO> n <(DTNGIOO>
tot -
ouv OTNG50 OTNG100

o) 2
+( TNG300> ’ (3.12)
OTNG300
1 \2 1 2 1 2
() = o) * ()
ouv OTNG50 OTING100
1 2
+ < > , (3.13)
OTNG300
where the os indicate the errors in the LF

(see below).

(i) Each of the errors ongsosi00/300 above has two
contributions: Poisson error and “cosmic” (sample)
variance. We include Poisson errors simply by
taking the square root of the number of galaxies
in each bin. As for cosmic variance, we use the
GaLcy code® [97], which utilizes a bias approach to
find the LF in a region overdense by §, to be

0
q)UV |:l + €cy _b:| ’

3.14
p— (3.14)

where €, is the relative cosmic variance of the LF (the
output of the code), and 635 is the variance of &y,
which depends on the geometry of the region (a square
box for the IlustrisTNG simulations). By assuming
that o, follows a Gaussian distribution of width opg,
the 1-sigma error due to cosmic variance is then
simply given by ®yye.,. The error in the UV LF i
then obtained as 6% = 63 ;..n + O2osmic—variance- Fi-
nally, as in our HST data analysis, we impose a
minimal error of 20% on each data point in the LF of
each box, this time to account for intrinsic statistical
deviations.

(iii) The UV LF is corrected for dust by using the
original empirical model of [105]:

(Auv) (2. Myy) = 443 4+ 0.791n(10)07

+ 1.99(8)(z. Myy). (3.15)

In this case, the exponential tail in Eq. (3.2) is not
included, i.e., {ff) evolves linearly with Myy, and
Agy is set equal to 0 once it becomes negative.

"This manifests itself as a decrease in the number of galaxies at
fainter magnitudes. If we denote M%]V as the magnitude bin at
which the number of galaxies peaks, here we remove all points
with magnitudes Myy > M%:,” to account for this effect.

8https://github.com/adamtrapp/galcv.
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(iv) No massive neutrinos are included in the analysis.
Compared with the sum of neutrino masses Xm, =
0.06 eV used everywhere else in this work, this does
not have a significant effect (well below 1o) on the
inferred cosmological parameters.

IV. GALLUMI

In this section, we briefly overview our analysis pipeline.
Every model detailed in this paper is implemented as a
likelihood code in the publicly available MCMC sampler
MONTEPYTHON [56,57], which itself makes use of the
Boltzmann code cLASS [58,59] to obtain predictions of
the matter power spectrum and its integrated quantities. We
dub this package of galaxy luminosity function likelihoods
GALLUML’ A major advantage of GALLUMI is that the UV
LF analysis can be readily run together with other cosmo-
logical and astrophysical analyses, including the Planck
CMB [128] and the Pantheon [129,130] or JLA [131]
supernovae likelihoods. In addition, the MCMC chains can
also be quickly analysed with the built-in functions of
MONTEPYTHON. Finally, this implementation also allows
for a user-friendly way to adapt, modify, and extend the UV
LF code.

All quantities are computed as detailed in Secs. Il and I,
with the exception that we use the discrete form of
Eq. (2.1), given by:

q)UV(Z’MUVva)

My

X d_Mh(Z’Mh’H)[w

where Myy is the centre of the magnitude bin, AMyyy is the
bin width, Myy 1/, = Myy £ AMyy /2 are the edges of the
bin, @ represents a vector of the free parameters (astrophysi-
cal and cosmological) in our model, and P(M{;y. z, My, 0) is
the probability distribution for a halo of mass M}, hosting a
galaxy of magnitude My, at redshift z, and is given in
Eq. (2.10). In this last quantity, the halo mass enters the
computation of (Myy)(z, M}, @). In our fiducial analysis,
0= {687 ng, Wy, Wy, (Z*,ﬂ*, €§m 61*7 M?‘? Mlm Qv GMU\/}’
see Sec. IL

We assume that the data is Gaussian distributed, such
that the log-likelihood reads:

" AMY P(Mlyy.2. M. 0) |, (4.1)

UV.1

—2InL = 4*(z,0)

= Z Drodel (2, Myy, 0) — Pyoa (7, Myy, 0) 2
Ggema(vaUv’a) '

(4.2)

°See Ref. [127].

In this equation the @, and 63 terms both depend on the
cosmological parameters (via €) due to the Alcock-
Paczynski effect (see Sec. 111 D). While Eq. (4.2) is a good
approximation at fainter magnitudes, where the number of
observed galaxies is sufficiently large, it may break down at
the brighter end, as the number of galaxies there will follow
a Poisson distribution with a small mean. Nevertheless,
since these magnitude bins have the fewest amount of
galaxies, they also have the largest (Poisson) errors. As
such, they do not dominate the constraining power of the
UV LFE. We have explicitly checked that removing the
brightest data points with magnitudes Myy < —21 alters
our results for og by roughly three percent, well below our
uncertainties. This shows that our results are not driven by
the brightest objects (and that quasar contamination is
likely unimportant in our case).

V. RESULTS

Having discussed our fiducial model, the data we use and
our analysis pipeline, we can now present our results. We
remind the reader that all results shown in this section are
obtained with our model I for the halo-galaxy connection,
as described in Sec. II B.

A. Priors and external data

First of all, an important choice in the analysis comes in
the form of which parameters we assume are fixed, and
which priors are imposed on the free parameters. We
summarize and justify our choices below, which hold for
all analyses performed in this paper:

(i) We fix the angular scale of the sound horizon 6, to
the Planck CMB value of 8, = 1.04110 [132]. This
is a purely geometrical quantity that is determined
by the angular scales of the acoustic peaks in the
temperature and polarization spectra. It is extremely
well measured by CMB observations (down to
~0.03% [132]) and its determination is largely
independent of the underlying physics of the
CMB era. Fixing this parameter versus letting it
vary within its minuscule error makes nearly no
difference in our results.

(ii) The spectral tilt ng is restricted to 0.7 < ng < 1.3. This
is because UV LFs are not able to constrain ng well,
and thus we limit the range over which it can vary,
following a similar—but less restrictive—approach as
in cosmic-shear analyses, see e.g., [133—135].

(ili) We use a Gaussian prior on the baryon density
parameter @, = Q,h*> from measurements of the
primordial deuterium abundance. In practice, we add
the following term to the y? in Eq. (4.2):

_ .data\ 2
Bon(ap) = (2
XBBN\Wp) = )
O,

(5.1)

where @@ = 0.02233 and 64, = 0.00036 [136].
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TABLE L.

The parameters that we vary in our fiducial analysis, together with their (flat) priors. The astrophysical parameters a,, f,, €,

€', M$ and M., enter the halo-galaxy connection in Eqgs. (2.6) and (2.12). The parameter Q enters the accretion rate in Eq. (2.9), and its
prior range encompasses the several different calibrations found for this parameter in the literature, see e.g., [84,86]. The variable 6y, is
the width of the distribution in Eq. (2.10), and controls the scatter in the halo-galaxy connection. Note that its prior range stops at 1073, in
order to avoid division by zero. This does not have any impact on our results, as the data bins are much larger in size than this value of
Oy, Se€ Sec. TIIC. We also impose an upper limit on the matter density parameter of Q, <1, to ensure a flat Universe.

oy O 1000y, ng a, p.

S i S i
€ €:< Mc MIL Q OMyy

[0.1,3] [0, 1] [0, 1] [0.7, 1.3] [-3,0] [0, 3]

(=3, 3]

[-3,31 [-3,3] [7,15] [15,25] [1073, 3]

(iv) We make use of distance moduli measurements from
the Pantheon supernovae (SNe) type-la catalogue
[129,130]. In principle, this likelihood will constrain
the total-matter abundance Q,,, but not the Hubble
constant H, as these SNe have not been calibrated
(e.g., with Cepheids [137]).

(v) We fix the sum of neutrino masses to » m, =
0.06 eV and the effective number of relativistic
species to Ny = 3.044. This is the same choice
made in the main Planck CMB and cosmic-shear
analyses, which allows us to make a proper com-
parison (see also our companion paper [60]). For the
runs with the IlustrisTNG mock data, we do not
include neutrino masses, in order to match the input
of the simulations. We find the shift to og induced by
ignoring the small neutrino masses » m, =
0.06 eV to be well below our accuracy.

It is worth mentioning that by fixing 6, we essentially
also fix the quantity Q,4%* [138,139]. This means that
together with the BBN and Pantheon priors, we automati-
cally obtain a limit on the Hubble parameter /# within the
standard ACDM model assumed here. This by far

dominates the posteriors on & that we will show, as the
UV LF is not highly sensitive to the value of this variable.
For the rest of the parameters, we adapt the flat priors in
Table I.

B. Posteriors on cosmological
and astrophysical parameters

The main results of our analysis are shown in Fig. 4,
where the blue and red contours indicate the posteriors
obtained with the HST and IllustrisTNG mock data
respectively. These are obtained by varying all cosmologi-
cal and astrophysical parameters specified in Sec. IV. We
begin our discussion of the results when using the HST data
from [13,16]. We find that UV galaxy luminosity functions
are able to measure the clustering amplitude to be

oy = 0.7677, (5.2)
at 68% C.L. We also find that this measurement of oy is
only very weakly dependent (well below the 1o level) on
the choice of the halo mass function and the calibration of
the dust correction, see Appendix A. While the inferred

1.2 /—m—m—m—m—m———rrrr—rrr 1.2 1.2 —r——
: B 1S -:HlustrisTNG i :
10} 10} 1o}
e 0.8%‘ 0.8: 0.8%
0.6] 0.6} 0.6
0.4 0.4 1 o4l
0.24 0.26 0.28 030 032 034 036 0.7 08 09 10 L1 12 13 064 066 068 070 072
an g h

FIG. 4. Posteriors for the clustering amplitude og, the matter density parameter €, the spectral tilt ng, and the Hubble parameter A,
after marginalizing over the unknown astrophysical parameters and the rest of the cosmological parameters. The blue and red colors
indicate where we used the HST data from [13,16] and mock data from IllustrisTNG [40], respectively. The inner (outer) contours depict
the 68% (95%) confidence levels. The grey, dashed lines correspond to the fiducial values used in the IlustrisTNG simulations, which
are recovered with our approach.
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values of oy from the UV LFs (which reach 15%-20%
precision) are not as strong as those obtained with cosmic-
shear measurements (which are at the ~6% level, see e.g.,
[135]) or CMB observations (at the subpercent level [132]),
they are highly complementary. This is because the UV LFs
cover different ranges of physical scales and redshifts. As
we explore in our companion paper [60], the UV LFs are a
powerful probe of the clustering of matter at small scales.
That is, one can measure the matter power spectrum at
comoving scales of order R~ 1 Mpc with this probe.
Therefore, the UV LF can provide us with useful insights
on the clustering of matter at scales beyond the reach of
current CMB and LSS observations [60] (see also [54,55]
for discussions on this topic within the context of small-
scale non-Gaussianity).

Compared to the results of a recent work that also
reported measurements on og [43], our relative error on og
is a factor ~2.3 larger, which can be traced back to a
number of differences in our approaches. First, as opposed
to [43], we do not fix the spectral tilt ny, which we know
correlates with og (see middle panel of Fig. 4). Second, in
[43] only one parameter (e,) is allowed to evolve with
redshift through a power law. In our fiducial model, we
allow both e, and M. to evolve with redshift, as is preferred
by current HST data. This increases the total error budget in
og. Lastly, a handful of measurements of the galaxy
magnitude as a function of halo mass are added in [43].
These were reported in [140] and obtained by analyzing the
small-scale correlation function of galaxies. The results are,
however, strongly dependent on the cosmology assumed.
For instance, varying og modifies the abundance of halos,
and therefore the clustering model employed to fit the data,
which would change the inferred relationship between
(Myy) and M,. We therefore do not consider such data
points in our analysis, whereas they are included in [43]
(despite that cosmological parameters are being varied over
in their analysis). We have explicitly checked that these
three contributions each lead to a stricter model and thus
smaller errors. Regarding the third one, it would further
bias the results toward the fiducial cosmology of [140],
which set o3 = 0.8159.

We also perform our full analysis on the mock data from
MustrisTNG, where we find a comparable measurement of
oy = 0.73f8_'llg. The errors here are slightly larger because
of cosmic (sample) variance, which especially dominates
the smallest simulation box. So far, all the results reported
here are obtained using our fiducial astrophysical model,
see Sec. IIB2. If instead we assume the conservative
model, where the astrophysical parameters vary independ-
ently at each redshift [as in Eq. (2.11)], we find a
measurement of oy = 0.747))7 using the HST data.
Here the lower error has relaxed by a factor of ~2 compared
to our fiducial model result in Eq. (5.2), see also
Appendix B for more details.

In addition to our determination of og, the posteriors in
Fig. 4 show measurements of the matter density parameter
Q.. and the Hubble parameter /. As explained in Sec. VA,
this is a direct consequence of the fact that we use Pantheon
SNe Ia data (which gives us ,,) and that we fix the angular
size of the sound horizon (which restricts a certain
combination of Q. and h). Also, as expected, UV LFs
are only weakly sensitive to the spectral tilt g, since they
probe a relatively narrow range of scales. We find good
agreement (within 68% C.L.) between our posterior for n,
and the llustrisTNG input (n, = 0.9667).

Besides our cosmological-parameter constraints, we are
also able to measure astrophysical parameters with the UV
LFs. Within the [llustrisTNG framework, our astrophysical
parameters map to effective parameters that capture the
subgrid physics (e.g., supernovae shocks, AGN feedback)
implemented in the simulations and thus cannot be pre-
computed. In Fig. 5, we show the posteriors for the
astrophysical parameters in our model I [see Egs. (2.6)
and (2.12)] jointly with that for o3. We note that these
posteriors are obtained while also varying cosmological
parameters, as opposed to the usual approach of fixing the
cosmology (see e.g., [31]). In brief, we find that the star-
formation efficiency e, can be well measured, as well as its
redshift evolution. The turn-over mass M, at which the
star-formation rate peaks, is roughly measured as
M.~ 10> Mg, and its redshift behavior is only bound
to be growing with redshift, since M{ > 0. We find an
excellent measurement of the faint-end slope a, =
—0.65%01% at 68% C.L., whereas the bright-end slope is
roughly unconstrained at 95% C.L. (though the 68% C.L.
region is restricted to S, ~ 0—1). These results are contex-
tualized in Fig. 3, where we show the redshift evolution of
each astrophysical parameter.

C. Future data

Upcoming space missions, including the James Webb
Space Telescope (JWST) [3] and the Nancy Grace Roman
Space Telescope (NGRST) [141], will expand upon the
course set by the Hubble Space Telescope. For instance, the
surveys conducted by the JWST will reach at least similar
depths (i.e., apparent magnitude limits) as those by
the HST, but critically, cover much redder bands (e.g.,
1-5 microns in the case of the JWST JADES survey [142]
versus a maximum of 1.6 micron with the HST) and attain
higher resolution [3]. This will improve the quality of the
data in many different ways, one of the reasons being that it
will provide a better handle on how to deal with contami-
nation issues, for example due to emission lines from
nebulae, see e.g., [61]. In a complementary way, the
NGRST has the potential to significantly reduce the
statistical errors in the UV LF by covering large regions
of the sky. This means that the next-generation space
telescopes will not only observe galaxies at higher redshifts

043518-12



GALAXY LUMINOSITY FUNCTION PIPELINE FOR COSMOLOGY ... PHYS. REV. D 105, 043518 (2022)

: HST
- B llustrisTNG

v 1F s -
® o 1F 1F ]
= 9 1F 1F .
2 1k 1 : - ‘
[ NN N N Lo 10 1 T N N | [N EEEEE EENEE RN A [ NN N N L
& [T L LU L L | LU LN AR R R L L L L L
O ] 1F 1E 1L 1F
— B N N N 1F
“~ | . . . 4 F
> F ] 1F ] 1F
\Q%) |||I|||I|||I|: ::.m : A EEEEE RN :|
RN NI N N I N N N N PN P AN
Q7 Q" Q7™ N QN Y ) /% /\, /Q Q /% /q., /\, /s

%] B € €,
FIG.5. Posteriors for the clustering amplitude og and the astrophysical parameters within our fiducial model, see Egs. (2.6) and (2.12).
Note that the parameters €5 and M? control the redshift evolution of ¢, and M .. The blue and red colors indicate where we used the HST
data from [13,16] and mock data from [lustrisTNG [40], respectively. The inner (outer) contour in the 2D posteriors depicts the 68%
(95%) confidence level and the diagonal panels show the marginalized 1D posterior for each parameter. Using the [llustrisTNG data, we
obtain smaller values for the M* and M. parameters than with the HST data. This is probably because the IllustrisTNG simulation tends
to overpredict the amount of quasars at high redshifts [20], which results in stronger feedback at the bright end of the luminosity function
and can cause a decrease of M.

and with dimmer magnitudes than currently possible, but  limits on the clustering amplitude o5 as compared to the one
also with superior accuracy. In this section, we are  derived using HST data [see Eq. (5.2)].

interested in understanding how improved measurements For our forecasts, we will follow the same approach
of the faint and bright end of the UV LF will lead to tighter ~ as detailed in Sec. 5 of [55] to generate the mock data.

043518-13



SABTI, MUNOZ, and BLAS

PHYS. REV. D 105, 043518 (2022)

— T 1 T T T 177 '
------- Mock Wide Field
1
=== Mock Deep Field A
— HST J
>
hy
2
<
e}
o
et
A :
g /
= h
= 1
-+~ 1
8 1
o '
1
1
1
1
] 3 Y
Lo : L e i

a3

FIG. 6. Prospects for improved determinations of the clustering
amplitude og using future wide- (yellow, dotted) and deep-field
(green, dashed) surveys. The shaded areas indicate the 68% C.L.
Upcoming wide-field surveys will refine determinations of the
bright-end of the UV LF and, therefore, have the potential to
reduce the error in og from ~17% to ~12%. This is in contrast to
future deep-field surveys that are not expected to improve much
upon the current result (shown in blue).

We consider two different types of surveys, a deep- and a
wide-field one. For the former, we assume a
PANORAMIC-like survey by the JWST [143], with a
depth similar to that of current HST data [16] and a survey
area of 1500 arcmin?. For the latter one, we assume a High-
Latitude-like survey by the NGRST [141], with a depth of
myy = 26.5 and a survey area of 2000 deg?, see also [42].
In both cases, we use a minimum absolute magnitude of
Mt ~ —24, a magnitude bin size of AMyy = 0.5 and a
redshift width of Az = 1. The mock data covers the redshift
rangelo z = 4-10 and is created using the best-fit parameter
values in our fiducial model (obtained using HST data):
{h.0g.ne, Q. w0y, @, f. €5, €L M3 ML 6y, O} = {0.676,
0.878,0.995,0.307,0.0221,-0.594,0.611,—-1.96,-2.17,
2.95,12.1,0.00250, 2.47}. The number of galaxies Ngal in
each bin is obtained by sampling from a Poisson distribu-
tion with an average given by the number of galaxies in the
same bin within the fiducial model. The Poisson errors are
then calculated as /Ng,. We do not impose a minimal
error on the data as done in [55], but instead use the GALCV
[97] to estimate the cosmic variance. A script to generate
the mock data is provided on the GitHub page of the code.
With the mock data ready, we can now run the same
analysis as before using our model I. The 1D posteriors for
og are shown in Fig. 6. Note that the posteriors for the

"We have checked that including higher redshifts does not
improve the prospects significantly, mainly because of the large
Poisson errors.

forecasts are not centered around the fiducial value of
oz = 0.878, because the mock data is sampled from a
distribution. We find that a future deep-field survey, which
mostly probes the mid and faint end of the UV LF, would
not appreciably improve upon the current results. In
contrast, the larger area covered by a future wide-field
survey would allow for improved determinations of the
bright end of the UV LF and reduce the error in o3 from
~17% to ~12%. This difference between the two types of
surveys is as expected, since og is a large-scale quantity,
which when varied affects mostly the abundance of the
heaviest halos and thus the brightest galaxies, see Fig. 2.

VI. DEPENDENCE OF RESULTS ON
ASTROPHYSICAL MODELING

Up to now, all our results are obtained using a semi-
analytic model for the halo-galaxy connection, where the
UV luminosity of a galaxy is linked to the mass of its host
halo by assuming a double-power law relation between the
stellar and halo-mass accretion rates (model I, described in
Sec. I B 1). A number of assumptions are made during the
construction of this model and, therefore, it is important to
determine the robustness of our results against the various
ways in which the astrophysics can be modelled. As such,
we will consider two additional models for the halo-galaxy
connection:

(i) Model II—Here we relate the average stellar mass
M, to the halo mass M), via a double-power law:

M, €,

fo= = g
N

(6.1)

where the astrophysical parameters {a,, S, €,, M.}
have a similar interpretation as in Eq. (2.6). We
further assume that the average stellar mass can be
written in terms of the star-formation rate as [30,31]:

M,

M,=t ——,
H(z)

(6.2)

where H(z) is the Hubble expansion rate and 7, is a
free (dimensionless) parameter that modulates the
timescales. This equation roughly implies that the
stellar-accretion rate is proportional to the dynamical
time of dark-matter halos, since in a matter domi-

nated Universe gy, ~ ﬁ;ll/ P~ H! (z). In contrast to
model I, where the equivalent of 7, can be obtained
by plugging Eq. (2.9) in Eq. (2.6), the ¢, here is
independent of halo mass. Note that ¢, is fully
degenerate with ¢, in Eq. (6.1). As such, for this
model we will use the ratio of the two, which we
denote by r, = e, /t,. The stellar accretion rate M i
can then be related to the UV magnitude using
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FIG. 7. Impact of the modeling of the halo-galaxy connection on our inferences of cosmological parameters. Left panel: the halo-

galaxy connection at redshift z = 6 for our models I-III, see Sec. I B and surrounding text. The shaded areas represent the 68§% C.L. and
the lines inside are the averages. Middle and Right panels: 2D posteriors on the clustering amplitude og, the matter density parameter .,
and the spectral tilt ng. The inner (outer) contour in the 2D posteriors indicates the 68% (95%) confidence level.

Eq. (2.7) as before. From this, we finally obtain My
as a function of M.

(ii) Model III—In this case we relate M, and M,
through a double-power law as in Eq. (6.1), but
use an empirically determined relation between M,
and Myy to obtain My This relation is based on
observations of galaxies in the (near-)infrared, which
provide a relatively robust determination (roughly
within a factor of ~2) of their stellar mass-to-light
ratio across a wide range of star-formation histories
[144—147]. An estimate of the stellar mass is then
obtained by multiplying the stellar mass-to-light
ratio by the luminosity in the corresponding band-
pass, which is similarly obtained using a library of
stellar synthesis population models fitted on spectral
energy distributions, see e.g., [148]. Finally, M, is
then related to a UV magnitude by using observa-
tions of the same galaxies in the (rest-frame) UV
with e.g., the Hubble fields, see also [149-156]. In
our analysis, we will use the M, — Myy relations
from [153] at z = 4-5 and [156] at z = 6-10 to
construct our third model for the halo-galaxy con-
nection. As opposed to the two models considered
before, this one assumes an empirical relation to link
stellar mass to UV luminosity, rather than a theo-
retical one.

We provide a schematic overview of our approaches in
Fig. 1, where each model is represented by a different color.
By comparing the results obtained with these models, we
can assess the impact of a number of assumptions in our
approach. In particular, with models I and II we can test
whether assuming a double-power law in the form of f,
(Eq. (2.6) or f, (Eq. (6.1) makes a difference, while with
model III we can check the relation between M, and My
in Eq. (2.7).

We rerun our analysis with models II and III, using the
HST data from [13,16] and the same redshift evolution

parametrization for the astrophysical parameters as in
model I [Eq. (2.12)]. We show the connection between
host-halo mass and galaxy UV magnitude in the left panel
of Fig. 7 for each of the three models, where the errors are
at 68% C.L. Our fiducial parametrization of the redshift-
evolution of the astrophysical parameters (used for model I
throughout the text) gives a similar result for the My, — Myy
relation with the two other models. We note, in passing, that
within models II and III the data allows f, to be large
enough that the formation of bright galaxies is quenched
(which results in the uptick for My < —22 in the left panel
of Fig. 7). In the middle panel of this figure, we find that the
determination of oy is consistent across all three models.
This is an important cross check that our results are largely
immune to choices in the astrophysical parametrization,
and instead are driven by the cosmology. The posteriors on
n, vary more within the models, as the UV LF cannot
measure this quantity well. The small deviation of the n,
posterior in model III is likely due to the large scatter
present in this model, especially at higher redshifts [156].

VII. CONCLUSIONS

The exploration of the eras of cosmic dawn and
reionization (z ~5-30) is the next frontier in precision
cosmology. A particularly interesting objective of upcom-
ing surveys will involve improved measurements of the
abundance and power spectrum of high-redshift galaxies. It
is therefore timely to establish a framework with a pipeline
that enables us to easily and efficiently perform analyses to
extract cosmological and astrophysical parameters with
these probes. In this work, we present a first step toward
this goal in the form of GALLUMI: an accessible likelihood
code that models the UV galaxy luminosity function and is
readily usable in conjunction with other cosmological/
astrophysical analyses. The main feature of GALLUMI is
its flexibility to astrophysical parametrizations. GALLUMI
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includes three default astrophysical models to connect halo
masses to UV luminosities, and other approaches can be
straightforwardly added to the code following the template
therein. We discuss the current UV LF models in Secs. II
and VI, and our analysis pipeline in Sec. IV. Upcoming
extensions of GALLUMI will include a turnover term at faint
magnitudes and different window functions.

We elaborate on the broader implications of GALLUMI for
cosmology in our companion paper [60]. Here, instead, we
have examined the robustness of cosmological constraints
to the assumptions about astrophysics. As a demonstration,
we have combined UV LF data together with SNe type-la
distance moduli measurements and primordial abundance
determinations to measure cosmological and astrophysical
parameters within ACDM. In particular, we focused on the
clustering amplitude g, which we found that with current
data can be measured at the level of 63 = 0.76":7, where
the errors are at 68% C.L. We have checked this meas-
urement against the three default models in our code,
different choices for the halo mass function, alternative
calibrations of the dust extinction, and found consistent
results across the board. Besides using state-of-the-art
measurements of the UV LF by the Hubble Space
Telescope, we also ran our analysis with mock data from
the MlustrisTNG hydrodynamical simulations and obtained
consistent results (see Sec. III, where we provide an
overview of both datasets). In addition to cosmology, we
have also obtained measurements on a number of astro-
physical parameters, including those that regulate feedback
processes, the star-formation efficiency, and the mass at
which the star-formation peaks. Finally, we have performed
a simple forecast for future telescopes, focusing on surveys
from JWST and NGRST, where we found that an improve-
ment of ~30% upon the current limit on g can be expected.
A full account of the results of this analysis is presented in
Sec. V and a study of the dependence of our results on the
astrophysical modeling is included in Sec. VI.

In summary, UV galaxy luminosity functions provide us
with a new handle to measure astrophysical and cosmo-
logical effects in synergy with other probes such as the
CMB. Here we have established a solid, fast, and versatile
framework to exploit such data. With upcoming space
missions, such as the James Webb Space Telescope and
Nancy Grace Roman Space Telescope, being able to further
map out galaxies at even higher redshifts and fainter
magnitudes than currently possible, the UV Iuminosity
function will play an increasingly important role in our
understanding of the Universe during the eras of cosmic
dawn and reionization.

The GALLUMI code and scripts for making the plots in
this paper can be found at [127].
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APPENDIX A: ROBUSTNESS CHECKS

Here we will check how our posteriors for oy, Q, and ng
depend on the choice of the halo mass function and the
calibration of the dust correction.

1. Alternative halo mass function

In our main analysis, we made use of the Sheth-Tormen
mass function, see Eq. (2.5). Here we will rerun our
analysis with the Reed mass function, given by [157]:

2a 5%4 Prd
fralon,) = Agrq/ RAT+ 5
T aRd(st

(Inoy; —0.4)%
0.2 M 7
+ozem(- =30 )|
« ORd exp (— Lda%dﬁ%d) : (A1)
om, 26Mh
where Agq = 0.3235, arq =0.707, prq =0.3, crq =

1.081 and Jgq = 1.686. The UV LFs are plotted in the
left panel of Fig. 8, where we see that using the Reed HMF
results in a smaller LF, especially at high redshifts. With the
current HST data, however, this does not seem to have a
significant impact on og (middle panel), where the main
effect is a small shift in its central value. With regards to the
spectral tilt (right panel), the HMF choice has pretty much
no influence.

2. Alternative dust calibration

The dust attenuation relation in Eq. (3.1) has been
calibrated over the years by multiple groups using different
instruments and systems. In our main analysis we used the
calibration parameters Cy = 4.54 and C; = 2.07 by [114]
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panel are the HST data from [13,16]. At high redshifts, the two HMFs give different predictions for the UV LF. We use this difference to
assess the impact of the HMF choice on our results. Middle and Right panels: Posteriors on cosmological parameters, where the inner
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FIG. 9. Left panel: dust attenuation parameter at redshift z = 6 as a function of absolute UV magnitude using the calibrations of [114]
(blue, our fiducial one), [115] (green) and [118] (red). Middle and Right panels: posteriors on cosmological parameters, where the inner

(outer) contours indicate the 68% (95%) C.L.

[see Eq. (3.3)], which are obtained from observations of
starburst galaxies. Besides this one, we rerun our analysis
with the calibrations of [115,118]. The former is based on
observations of dusty star-forming galaxies at 0 < z < 3.5
and reports Cp = 3.36 and C; = 2.04, while the latter is
based on measurements of the small Magellanic cloud,
where Cy =2.45 and C; = 1.1. The dust attenuation is
shown in the left panel of Fig. 9 and the posteriors on oy
and n, in the middle and right panels, respectively. We find
no appreciable difference between the three choices, which
is as expected given that the dust attenuation mostly affects
the bright side of the UV LF, where Poisson errors are large.

APPENDIX B: RESULTS FOR GENERAL
REDSHIFT EVOLUTION OF ASTROPHYSICAL
PARAMETERS

In this Appendix, we will show our results for oy
assuming the conservative approach in parameterizing

the redshift evolution of the astrophysical parameters, see
Eq. (2.11). Here, we assign an independent set of astro-
physical parameters at each redshift slice in the range
7 =4-10. From Figs. 2 and 5, it is evident that many of
the astrophysical parameters correlate with og. The
conservative approach therefore simply increases the number
of free parameters that can (strongly) correlate with g, hence
relaxing the strength of our measurements. In Fig. 10, we
show the posteriors in this scenario. Marginalizing over all
parameters, we find a measurements of og = 0.747037 at
68% C.L. This is roughly a factor of 2 increase in the lower
error as compared to the result in the fiducial case, see
Eq. (5.2). Nevertheless, we are still able to measure oy in this
case. That is because the shape of the HMF (and its redshift
evolution) are different than that of the halo-galaxy con-
nection. For all cosmologies considered, the HMF follows an
exponentially decaying function in the halo mass range of
interest, whereas data from both observations and simula-
tions suggest the halo-galaxy connection follows a smoother
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FIG. 10. Impact of the redshift evolution parametrization of the astrophysical parameters on measurements of cosmological
parameters. The blue color indicates the fiducial case [Eq. (2.12)], while the red indicates the conservative parametrization [Eq. (2.11)].
The inner (outer) contours correspond to the 68% (95%) confidence levels. See Sec. I B 2 and the text surrounding this figure for more
details.
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FIG. 11. UV luminosity function data from the HST and IllustrisTNG suite of hydrodynamical simulations. The solid lines represent
the best-fits obtained using our models I-III for the halo-galaxy connection, see Secs. Il B 1 and VI. Corrections due to cosmic variance,
dust attenuation and the Alcock-Paczynski effect are accounted for here.
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(power law-like) function. Thus, the cosmological and
astrophysical parameters will impact the UV LF in a different
way, as shown in the lower-right panel of Fig. 2. If a Gaussian
prior on n, from Planck CMB observations [132] is included
in the analysis, then the conservative case gives og =
0.84’:8:2116 at 68% C.L., a modest improvement.

APPENDIX C: UV LF DATA, BEST-FITS
AND SCATTER

We show the HST data and IllustrisTNG mock data used
in our analysis in Fig. 11 (see also Sec. Il for a
description). Included in this figure are the best-fit curves
within our models I-IIT (Secs. IIB1 and VI) at the
corresponding redshifts. Corrections due to dust attenua-
tion, cosmic variance and the Alcock-Paczynski effect are
accounted for in the data here.

We also compare with the scatter in the M, — My relation
found in the I1lustrisTNG simulations. To this end, we use our
model II (see Sec. VI) to obtain the parameter oy, that
accounts for stochasticity in our simulations, see Eq. (2.10).
We show the comparison in Fig. 12. A caveat that should be
mentioned here is that the parameter o), ,, includes scatter in
both the M}, — M, and the M, — My;y relation.
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FIG. 12. Scatter in the M, — Myy relation found in the
IlustrisTNG simulations at z = 4-6 (colored lines) and in our
analysis using HST data together with our model II (horizontal,
black lines).
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