
The emergence of galaxies in the epoch of reionization 
and their large-scale effects: advances and implications
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The open questions
• What were the physical properties of early galaxies? 

• How dusty and metal rich were early galaxies? 

• How was early galaxy assembly dependent on the environment? 

• What did early galaxies evolve into through cosmic time? 

• When & how was the Universe reionized? 

• What was the impact of reionization on early galaxy formation? 

• What was the role of black holes in early galaxy formation & reionization? 

• How many gravitational wave events do we expect from the early Universe? 

• What can signals from cosmic dawn tell us about cosmology  
  (e.g. galaxy formation and nature of dark matter)?

JWST EUCLID LISA



Structure of the talk

• The galaxy-reionization interplay 

• AGN contribution to reionziation 

•  Probing the patchiness of reionization 
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Modelling reionization: evolution of volume filling fraction of 
ionized hydrogen

dQII
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Reionization and in galaxy formation in WDM 3

steps (�z = 0.05) between z = 20 and z = 4 with a mass
resolution of Mres = 108M� using the modified binary
merger tree algorithm with smooth accretion detailed in
Parkinson et al. (2008) and Benson et al. (2013). We
scale the relative abundances of the merger tree roots
to match the z = 4 Sheth-Tormen halo mass function
(HMFs; Sheth & Tormen 1999) and have verified that
these yield HMFs in good agreement with the Sheth-
Tormen HMF at all z.
We implement the merger trees with baryonic

physics including star formation, SN feedback, and the
merger/accretion/ejection driven evolution of gas and
stellar masses. Our model is based on the simple premise
that any galaxy can form stars with a maximum e�-
ciency (fej

⇤ ) that provides enough energy to expel all the
remaining gas, quenching further star formation, up to
a threshold value of f⇤ (see Dayal et al. 2014a). This
implies the e↵ective star formation e�ciency (feff

⇤ ) is
the minimum between f

ej

⇤ and f⇤. This model has two
z- and mass-independent free parameters whose values
are selected to match the evolving ultra-violet luminosity
function (UV LF): the maximum threshold star forma-
tion e�ciency (f⇤) and the fraction of SN energy that
goes into unbinding gas (fw). We implement this simple
idea proceeding forward in time from the highest merger
tree output redshift, z = 20. At any z step, the gas mass
in a galaxy is determined both by the gas mass brought in
by merging progenitors as well as that smoothly-accreted
from the IGM. A part (feff

⇤ ) of this gas forms new stellar
mass, M⇤(z), with the final gas mass depending on the
ratio of the (instantaneous) energy provided by explod-
ing SN and the potential energy of the halo. Further,
at any step the total stellar mass in a galaxy is the sum
of newly-formed stellar mass, and that brought in by its
progenitors. In this work we also explore the e↵ects of
the ultra-violet background (UVB) in photo-evaporating
gas from low-mass halos, impeding their star-formation
capabilities, and its impact on both galaxy assembly and
reionization as explained in Sec. 2.2 that follows.
For simplicity, we assume every new stellar popu-

lation to have a fixed metallicity of 0.05Z� and an
age t0 = 2Myr. Using the population synthesis
code STARBURST99 (Leitherer et al. 1999), the ini-
tial UV luminosity (at � = 1500 Å) can be calculated
as LUV (0) = 1033.077(M⇤/M�) erg s�1Å�1 and the ini-
tial output of ionizing photons can be calculated as
ṅint(0) = 1046.6255(M⇤/M�)s�1. Further, the time evo-
lution of these quantities can be expressed as

LUV (t) = LUV (0)� 1.33 log
t

t0
+ 0.462 (2)

ṅint(t) = ṅint(0)� 3.92 log
t

t0
+ 0.7. (3)

For any galaxy along the merger tree the UV luminosity
and ionizing photon output rate are the sum of the values
from the new starburst and the contribution from older
populations accounting for the drop with time.
As shown in Dayal et al. (2014a,b), our model repro-

duces the observed UV LF for all DM models (CDM and
WDM with mx = 1.5, 3 and 5 keV) at z ' 5 � 10 over
7 magnitudes in luminosity and predicts the z-evolution

of the faint end UV LF slope, in addition to reproducing
key observables including the stellar mass density (SMD)
and mass-to-light ratios using fiducial parameter values
of f⇤ = 0.038 and fw = 0.1. We maintain these fidu-
cial parameter values in all the calculations carried out
in this work.

2.2. Modelling reionization

The reionization history, expressed through the evolu-
tion of the volume filling fraction (QII) for ionized hydro-
gen (H II ), can be written as (Shapiro & Giroux 1987;
Madau et al. 1999)

dQII

dz
=

dnion

dz

1

nH

�
QII

trec

dt

dz
, (4)

where the first term on the right hand side represents the
growth of H II regions while the second term accounts
for the decrease in QII due to recombinations. Here,
dnion/dz = fescdnint/dz represents the hydrogen ion-
izing photon rate density (per comoving volume) con-
tributing to reionization, with fesc accounting for the
fraction of ionizing photons that escape out of the galac-
tic environment. Further, nH is the comoving hydrogen
number density, dt/dz = [H(z)(1 + z)]�1 and trec is the
recombination time that can be expressed as (e.g. Madau
et al. 1999)

trec =
1

�nH (1 + z)3↵B C
. (5)

Here ↵B is the hydrogen case-B recombination coe�-
cient, � = 1.08 accounts for the excess free electrons aris-
ing from singly ionized helium and C is the IGM clump-
ing factor. We use the results of Pawlik et al. (2009)
and Haardt & Madau (2012) who show that the UVB
generated by reionization can act as an e↵ective pressure
term, reducing the clumping factor with z such that

C =
< n

2
HII

>

< nHII >2
= 1 + 43 z�1.71

. (6)

While reionization is driven by the hydrogen ionizing
photons produced by early galaxies, the UVB built up
during reionization suppresses the baryonic content of
galaxies by photo-heating/evaporating gas at their out-
skirts (Klypin et al. 1999; Moore et al. 1999; Somerville
2002), suppressing further star formation and slowing
down the reionization process. In order to account for the
e↵ect of UVB feedback on ṅion, in the fiducial model, we
assume total photo-evaporation of gas from halos below
Mmin = 109M� embedded in ionized regions at any z;
we vary this limit between Mmin = 108.5�9.5M� to check
the robustness of our results. In this “maximal external
feedback” scenario, halos below Mmin in ionized regions
neither form stars nor contribute any gas in mergers. The
globally averaged ṅion can then be expressed as

ṅion(z) = fesc[QII(z)ṅII(z) + [1�QII(z)]ṅI(z)], (7)

where ṅII and ṅI account for the intrinsic hydrogen ion-
izing photon production rate density within ionized and
neutral regions respectively. While ṅI contains contri-
bution from all sources, ṅII represents the case where
sources below Mmin do not contribute to the ionizing
photon budget. At the beginning of the reionization pro-
cess the volume filled by ionized hydrogen is very small

Growth of ionized regions 
due to H ionizing photons

Decrease in ionized region 
sizes due to recombination

Measure of over-density as 
f(space,time)

Fractional volume 
filled with ionized 
hydrogen
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Modelling reionization: the source term

SFR density (used to model reionization) 
extremely uncertain at z>8. James Webb 

Space Telescope will be crucial in 
tightening constraints on the SFRD. 
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Modelling reionization: the source term

SFR density (used to model reionization) 
extremely uncertain at z>8. James Webb 

Space Telescope will be crucial in 
tightening constraints on the SFRD. 
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to be contaminated by low-z interlopers, requiring high resolution imaging and deep spectroscopy

to distinguish LyC emitters from foreground galaxies. Finally, some works [e.g. 329] caution that

the standard LBG colour selection technique, requiring no flux blue-ward of LyC for a successful

detection, is intrinsically biased against selecting LyC emitters. Indeed, this work finds fesc '

33±7% for LyC emitting galaxies (LCGs) that drops by half, to fesc ' 16±4%, when considering

the entire LBG+LCG population.

Figure 15: A summary of observationally inferred fesc values as a function of z. The data points plotted show

observational data collected by Inoue et al. [filled circles; 312], Nestor et al. [313, violet filled squares;], Nestor et al.

[dark and light blue bars showing limits inferred for LBGs and LAEs, respectively; 314], Matthee et al. [red filled

triangle; 315], Naidu et al. [orange filled squares; 321] and Leethochawalit et al. [maroon filled square; 326]. The

downward facing arrows showing upper limits are from the work by Vasei et al. [gray; 316], Siana et al. [red; 317],

Boutsia et al. [blue; 318], Grazian et al. [orange; 319], Vanzella et al. [green; 320] and Mostardi et al. [cyan; 322].

Finally, the upward facing arrows showing lower limits are from the work by Shapley et al. [purple; 323] and Vanzella

et al. 2016, 2017 [green; 327, 328]. Although showing a large scatter, these observations broadly seem to indicate a

positive correlation of fesc with redshift.

On the theoretical front, constraining fesc requires coupling realistic renditions of ISM proper-

ties with a full radiative transfer code. The complexity of the problem has necessitated a number of

theoretical approaches: we start with semi-empirical techniques that focus on inferring fesc values

that yield the correct CMB electron scattering optical depth for a galaxy population matched to

observations. For example, it has been shown that simultaneously reproducing the high-z UV LF,

the electron scattering optical depth ⌧ ⇠ 0.08 from the WMAP 7- and WMAP 9-year data [330, 53]

and Ly↵ forest statistics requires one of the following conditions be met [331, 332, 333]: (i) the UV

LF should either be extrapolated to magnitudes as faint as MUV ⇠ �10 or �13 compared to the

current detection limits of MUV ' �17; or (ii) fesc should increase from about 4% at z ' 4 to about

58

Trend of escape fraction of ionizing photons 
with z unclear.

z

DELPHI - Semi-analytic 
DRAGONS - Semi-numerical 
EAGLE - Hydrodynamic

PD & Ferrara, 2018, Phy Rep, 
780, 1



The impact of reionization feedback on galaxy formation
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Neutral 
hydrogen : 
T = T(CMB)

Ionized 
hydrogen : 
T ~ 20,000K

Low-mass halos in ionized 
(hot) regions can have 

reduced gas masses due to 
photo-evaporation.



Enormous ongoing theoretical effort to model the EoR

PD & Ferrara, 2018, Physics Reports,780, 1

P. Dayal, A. Ferrara / Physics Reports 780–782 (2018) 1–64 19

Table 1
An illustrative list of models for the first billion years. For eachmodel we list the key aim (column 2), the simulation technique (column 3), box size (column
4), DMmass resolution (column5), the key physics implementedwith the footnote explaining the letters used (column6) and themodel name and reference
(column 7). The explanations of the letters used in columns 1 and 6 follow on the next page.
No. Main aim Technique box size [cMpc] MDM [M�] Key Physics Code [reference]

Small-scale models

1 SF in GMC Resimulated 1–10 Rvir ⇠102–106 AIKO FIRE [136]
2 SF, GF, EoR AMR 1 1840 DIKO [137]
3 GF, EoR AMR+RT 4 h�1 4 ⇥ 106 EO EMMA [138]
4 UV fb SPH+RT 5 2.5 ⇥ 105 EIO [139]
5 UV fb, GF SPH+RT 3-6 h�1 0.18–1.4 ⇥ 106 GIKO [140]
6 ISM,CGM AMR 9.7 h�1 kpc 9.5 ⇥ 104 AIKL [141]
7 UV fb, GF SPH+RT 10 h�1 4.3 ⇥ 107 GIO [142]
8 GF, EoR Eulerian+RT 20 4.8 ⇥ 105 EIKO [143]
9 GF, EoR AMR 40 3 ⇥ 104 diko Renaissance [144,145]
10 GF, EoR AMR+RT 20–40 h�1 7 ⇥ 106 AIO CROC [146]

Intermediate-scale models

1 GF, EoR N-body+semi-numerical RT 100 3.9 ⇥ 106 DIKO DRAGONS [147]
2 GF SAM – Mmin = 108 CIP DELPHI [148]
3 EoR (LG) Eulerian+RT 91 3.5 ⇥ 105 EIO CoDA [149]
4 GF, EoR SPH+ RT 12.5–100 h�1 106–8 ⇥ 107 EIKO Aurora [150]
5 fesc SPH 10–100 h�1 6 ⇥ 106–9 ⇥ 108 GIKLM [151]
6 GF SPH 25–100 h�1 1.2–9.7 ⇥ 106 FIJKM EAGLE [133]
7 GF Unstructured mesh 106 6.2 ⇥ 106 GIJK Illustrus [152]

Large-scale models

1 EoR N-body+RT 114–425 h�1 0.55–5 ⇥ 107 HO [134]
2 GF SPH 400 h�1 1.7 ⇥ 107 GIJKM BlueTides [153]
3 GF SAM 500 h�1 1.3 ⇥ 109 BIJKP GALFORM [154]

4.2.3. Semi-numerical models
As detailed in Section 7.3, the past years have seen an increasing realization of the necessity of coupling galaxy

formation – on kiloparsecs scales – with the impact of the radiative feedback generated during reionization — on tens of
Megaparsec scales. Indeed, Iliev et al. [134] have shown that, while (100h�1 cMpc)3 boxes are sufficiently large for deriving
convergent reionization histories, the morphology of the ionized bubbles remains poorly described for box sizes smaller
than (200h�1cMpc)3. The rise of 21 cm cosmology, and associated statistics including the r.m.s, skewness and kurtosis of
the differential 21 cm brightness temperature (the temperature of the redshifted 21 cm emission with respect to the CMB),
have therefore led to the development of a new class of ‘‘semi-numerical’’ models (for a review see [135]). The key idea is to
couple semi-analytic models of galaxy formation, run on large (&100cMpc)3 N-body simulations, with analytic/numerical
models of radiative transfer. This is the only computationally tractable approach of consistently describing the complexity
of the galaxy formation-reionization interplay as will be discussed in more detail in Section 7.

The explanations of the letters used in column 6 of Table 1.

A: SFR / ⇢H2

B: SFR / massH2

C: SFR / massgas
D: SFR / masscold gas

E: SFR / ⇢gas

F: SFR / Pressuregas
G: Multi-phase SF using Springel and Hernquist [155] prescription
H: SFR / Mh

I: SN feedback
J: SMBH feedback
K: Metal enrichment
L: Dust enrichment
M: Feedback from homogeneous UVB (e.g. [156,157])
N: Feedback from self-consistently calculated homogeneous UV fields
O: Feedback from self-consistently calculated inhomogeneous UVB
P: SFR = 0 (forMh < Mcr or Vvir < Vcr halos at z < zre)

Further, in Table 1, GF stands for galaxy formation, UV fb stands for UV feedback and LG stands for Local group.

 4       GF+EoR       N-body+SAM_RT                160/h                  9.2x106                                            CIKLO           Astraeus
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Astraeus framework: coupling galaxy formation and reionization

N-body simulation

Galaxy formation 
(DELPHI)

Reionization 
(CIFOG)

160 h-1 Mpc; 38403 

Astraeus: semi-numerical rAdiative tranSfer coupling of 
galaxy formaTion and Reionization in N-body dArk 

mattEr simUlationS (PI: Dayal)
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Astraeus I: Interplay between galaxy formation and reionization 
Astraeus II: Quantifying cosmic variance for forthcoming surveys 
Astraeus III: Key reionization sources  
Astraeus IV: Star formation histories of early galaxies 
Astraeus V: The emergence of metallicity scaling relations  
Astraeus VI: Black hole assembly and impact on reionization  
Astraeus VII: Impact of environment on galaxy assembly 
Astraeus VIII: Simulating Lyman Alpha emitters during reionization



Key galaxy physics implemented

12

• DM assembly from N-body simulation 
• Gas/stellar mass from accretion & mergers 
• Star formation based on halo potential 
• Delayed SN feedback 

• BH seeding, growth and feedback 
• Reionization feedback(s)  
• Different fesc prescriptions 
• Chemical enrichment 
• Dust production and attenuation

SFHs in the EoR 5

Figure 2. The merger trees for a low-mass galaxy ("¢ = 108 M� , "h = 1010.3 M� , top panel), an intermediate-mass galaxy ("¢ = 109 M� , "h = 1011.2 M� ,
middle panel) and a massive galaxy ("¢ = 1010 M� , "h = 1011.8 M� , bottom panel) at I = 5. Each progenitor is represented by a filled circle with the color
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per
the indicative sizes shown. Progenitors encircled by a black line indicate the major branch with the black arrow indicating the starting leaf of the major branch.

MNRAS 000, 1–19 (2021)
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middle panel) and a massive galaxy ("¢ = 1010 M� , "h = 1011.8 M� , bottom panel) at I = 5. Each progenitor is represented by a filled circle with the color
scaling with its star formation rate as per the color bar (black represents the absence of star formation). The size of each circles scales with the halo mass as per
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log(SFR/M⊙yr−1)

Astraeus IV (Legrand, 
Hutter, PD et al. 2022)



Exploring a wide range of reionization feedback models

Astraeus I: Hutter, PD et al. 2021, MNRAS, 503, 3698 13

Minimum feedback model 
- gas heated to 104 K 
- halos with lower (higher) virial 

temperatures lose (retain) all their 
gas

Heating models 
- gas heated to 104- 4x 104 K 
- halos retain gas fraction depending on 

mass after a dynamical delay. 
- earlier a galaxy is hit by the UV 

background, stronger is the impact of 
radiative feedback. 

Photoionization models 
- radiative feedback depends on 

intensity of reionization background 
- halos retain gas fraction depending on 

mass after a dynamical delay. 
- higher the UVB strength, stronger is 

the impact of radiative feedback. 

Instantaneous (maximal) model 
- gas heated to 4x 104 K 
- halos react to these higher 

temperatures instantaneously 



Neutral hydrogen : T = T(CMB) Ionized hydrogen : T ~ 20,000 K

The impact of reionization feedback on galaxy formation
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The UVB created during reionization 
can suppress the gas mass of low-
mass galaxies. This suppression is a 
complex function of halo mass, 
strength of UVB, redshift of source and 
redshift at which the halo is irradiated 
by the UVB (Gnedin 2000; Sobacchi & 
Mesinger 2013; Hutter, PD+2021..)

18 Hutter et al.

Figure 9. As a function of the halo mass, we show the star formation rate (top row) and the initial gas fraction (bottom row) for the
Minimum model (left column) and the Strong Heating model (right column). In all panels, we show results at z = 6 (blue line), z = 8
(red line) and z = 10 (orange line). Light grey to black dotted lines show the results for a scenario with SN feedback only (fs = 0.01,
fw = 0.2). The lines represent the median of the distribution and the shaded areas mark the region where 80% of the galaxies are located.
Black dot-dashed lines show the indicated halo mass proportionalities to allow easy comparisons with relations found in Mutch et al.

(2016, SFR / M
7/5

h
) and Ocvirk et al. (2016, SFR / M

5/3

h
) .

Figure 10. 21cm power spectra at fixed redshifts z using the best-fit parameters noted in Table 1. In each panel we show results for the
di↵erent radiative feedback models studied in this work: Minimum (black line), Photoionization (violet line), Early Heating (red line),
Strong Heating (orange line) and Jeans Mass (yellow line). In each panel, we also show the average volume-averaged H I fraction in each
model at that redshift.

c� 0000 RAS, MNRAS 000, 000–000
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Figure 10. 21cm power spectra at fixed redshifts z using the best-fit parameters noted in Table 1. In each panel we show results for the
di↵erent radiative feedback models studied in this work: Minimum (black line), Photoionization (violet line), Early Heating (red line),
Strong Heating (orange line) and Jeans Mass (yellow line). In each panel, we also show the average volume-averaged H I fraction in each
model at that redshift.

c� 0000 RAS, MNRAS 000, 000–000
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solid - max Rfb 
dotted - no Rfb



Quantifying cosmic variance for forthcoming surveys
Density Ionization SMF UV LF

Astraeus II: Ucci, PD et al., 2021, MNRAS, 506, 202
15

6 G. Ucci et al.

Figure 2. A slice through our simulation box for the Photoionization model with columns (from left to right) showing : the density
fields (1 + �), the neutral hydrogen fraction (�HI), the evolving halo mass function (HMF) and the UV luminosity function (UV LF) at
redshifts 12 to 6 as marked in the left-most panels; the values of the density and ionization fraction can be read using the color-bars
at the bottom of the figure. The second column reports also the average neutral hydrogen fraction in the simulation (< �HI >). The
squares in the left-two columns denote the size corresponding to the survey areas considered in this work as marked (JADES-deep,
JADES-medium, WFIRST1). Blue dots in the left-most panel represent galaxies with MUV < �15 with their size proportional to their
UV luminosity. In the right-two columns, continuous and dashed lines show the UV LF and HMF for the most over-dense (h1 + �i ⇠ 1.1
as reference, for the JADES areas) and under-dense sub-volumes (h1 + �i ⇠ 0.9 as reference, for the JADES areas), respectively. Red
continuous lines show the UV LF and HMF computed over the entire box. The point with error bars represent the observational UV
LF data at: z = 10 (Oesch et al. 2013; Bouwens et al. 2015, 2016; Oesch et al. 2018), z = 8 (Bradley et al. 2012; McLure et al. 2013;
Schenker et al. 2013; Atek et al. 2014; Bouwens et al. 2015; Finkelstein et al. 2015b; Livermore et al. 2017) and z = 6 (Willott et al.
2013; Bouwens et al. 2015; Bowler et al. 2015; Finkelstein et al. 2015b; Bouwens et al. 2017; Livermore et al. 2017; Atek et al. 2018).
The grey dashed lines in the last column mark the MUV limit that might be a↵ected by the resolution limit of the underlying N-body
simulation (Hutter et al. 2021). © 0000 RAS, MNRAS 000, 000–000

10 G. Ucci et al.

Figure 7. SMFs for the di↵erent sub-volumes in our simulation box corresponding to the JADES-deep survey volume at di↵erent redshifts
color-coded by the corresponding average overdensity in each sub-volume. The upper and middle panels show results for reionization
feedback in the Photoionization and Jeans mass models, respectively (see Table 1 for details). For a comparison, the lower panels show
the SMF averaged over the entire simulation box for the two models. The points with error bars represent the observational SMF data
at z = 6 (González et al. 2011; Duncan et al. 2014; Song et al. 2016), and z = 8 (Song et al. 2016). For a comparison between the models
and observations see Sec. 3.2 in Hutter et al. (2021). Vertical dashed grey lines indicate the stellar mass limit that might be a↵ected by
the resolution limit of the underlying N-body simulation (Hutter et al. 2021).

error bars. Further, cosmic variance becomes of the order
of 100% at MUV ⇠ �19 given the small volumes probed
by the JADES-deep fields. At the faint-end, UV feedback
leads to a flattening in the UV LF at MUV ⇠ �14.5 at
z ⇠ 6 � 8 for the Jeans mass model where the gas mass of
low-mass halos is instantaneously suppressed by reionization
feedback. The Photoionization and Early heating models are
extremely similar for what concerns the UV LF and show a
decrease at lower magnitudes of MUV ⇠ �13 at all redshifts
(for a complete discussion see Hutter et al. 2021).

We now study the redshift evolution of the Schechter
function faint-end slope ↵ for MUV < �15, along with the
cosmic variance, in more detail as shown in Fig. 9. Tracking
the steepening of the underlying HMF, the faint-end UV LF
slope steepens too with redshift for all models. The value

of ↵ is e↵ectively the same (within uncertainties14) in the
Photoionization and Early heating models at all redshifts
and evolves as

↵(z) = (�1.931± 0.007) + (�0.076± 0.004)(z � 6) (3)

With its faster suppression of the gas mass, and hence
star formation rate and UV luminosity, the Jeans mass

model shows a shallower redshift evolution of ↵ such that

↵(z) = (�1.896± 0.002) + (�0.049± 0.002)(z � 6) (4)

Within error bars, these slopes are in accord with the
observationally inferred evolution of ↵ presented in Bouwens

14 ↵ and its uncertainties are derived fitting the UV LF with a
full Schechter function for MUV < �15, with the errors given by
the cosmic variance at each MUV.

© 0000 RAS, MNRAS 000, 000–000

10 G. Ucci et al.
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and observations see Sec. 3.2 in Hutter et al. (2021). Vertical dashed grey lines indicate the stellar mass limit that might be a↵ected by
the resolution limit of the underlying N-body simulation (Hutter et al. 2021).

error bars. Further, cosmic variance becomes of the order
of 100% at MUV ⇠ �19 given the small volumes probed
by the JADES-deep fields. At the faint-end, UV feedback
leads to a flattening in the UV LF at MUV ⇠ �14.5 at
z ⇠ 6 � 8 for the Jeans mass model where the gas mass of
low-mass halos is instantaneously suppressed by reionization
feedback. The Photoionization and Early heating models are
extremely similar for what concerns the UV LF and show a
decrease at lower magnitudes of MUV ⇠ �13 at all redshifts
(for a complete discussion see Hutter et al. 2021).

We now study the redshift evolution of the Schechter
function faint-end slope ↵ for MUV < �15, along with the
cosmic variance, in more detail as shown in Fig. 9. Tracking
the steepening of the underlying HMF, the faint-end UV LF
slope steepens too with redshift for all models. The value

of ↵ is e↵ectively the same (within uncertainties14) in the
Photoionization and Early heating models at all redshifts
and evolves as

↵(z) = (�1.931± 0.007) + (�0.076± 0.004)(z � 6) (3)

With its faster suppression of the gas mass, and hence
star formation rate and UV luminosity, the Jeans mass

model shows a shallower redshift evolution of ↵ such that

↵(z) = (�1.896± 0.002) + (�0.049± 0.002)(z � 6) (4)

Within error bars, these slopes are in accord with the
observationally inferred evolution of ↵ presented in Bouwens

14 ↵ and its uncertainties are derived fitting the UV LF with a
full Schechter function for MUV < �15, with the errors given by
the cosmic variance at each MUV.
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Figure 4. The cosmic variance as a function of UV magnitude at di↵erent redshifts for the JADES-deep and JADES-medium survey
volumes, as marked. The left and right panels show results for the Photoionization and Jeans mass models, respectively. Vertical dashed
lines indicate the MUV limit that might be a↵ected by the resolution limit of the underlying N-body simulation (Hutter et al. 2021)
color-coded by redshift.

Figure 5. UV LFs for the di↵erent sub-volumes in our simulation box corresponding to the JADES-deep survey volume at di↵erent
redshifts color-coded by the corresponding average overdensity in each sub-volume. The upper and lower panels show results for reion-
ization feedback in the Photoionization and Jeans mass models, respectively (see Table 1 for details). Vertical dashed grey lines indicate
the MUV limit that might be a↵ected by the resolution limit of the underlying N-body simulation (Hutter et al. 2021).

percent level. As seen from this figure, the variance tends to
increase with stellar mass (given their increasing rarity/bias)
for all redshifts for both the JWST survey considered. Fur-
ther, since a given stellar mass samples an increasing bias
with increasing redshift, it naturally leads to an increase in
the cosmic variance. Starting with the JADES-deep survey,

we find ⇣
<⇠ 15% for M⇤ < 108 M� at z = 6. Galaxies of

a much lower stellar mass M⇤ ⇠ 106.3 M� show the same
variance by z = 8 � 10. For a redshift as high as z = 12,
⇣ > 20% even for galaxies as low-mass as M⇤ ⇠ 106.3 M�.
The variance in the stellar mass reaches a value of 100%
for M⇤ ⇠ 1010.2 (108.5)M� at z = 6 (12). We note that
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Figure 2. A slice through our simulation box for the Photoionization model with columns (from left to right) showing : the density
fields (1 + �), the neutral hydrogen fraction (�HI), the evolving halo mass function (HMF) and the UV luminosity function (UV LF) at
redshifts 12 to 6 as marked in the left-most panels; the values of the density and ionization fraction can be read using the color-bars
at the bottom of the figure. The second column reports also the average neutral hydrogen fraction in the simulation (< �HI >). The
squares in the left-two columns denote the size corresponding to the survey areas considered in this work as marked (JADES-deep,
JADES-medium, WFIRST1). Blue dots in the left-most panel represent galaxies with MUV < �15 with their size proportional to their
UV luminosity. In the right-two columns, continuous and dashed lines show the UV LF and HMF for the most over-dense (h1 + �i ⇠ 1.1
as reference, for the JADES areas) and under-dense sub-volumes (h1 + �i ⇠ 0.9 as reference, for the JADES areas), respectively. Red
continuous lines show the UV LF and HMF computed over the entire box. The point with error bars represent the observational UV
LF data at: z = 10 (Oesch et al. 2013; Bouwens et al. 2015, 2016; Oesch et al. 2018), z = 8 (Bradley et al. 2012; McLure et al. 2013;
Schenker et al. 2013; Atek et al. 2014; Bouwens et al. 2015; Finkelstein et al. 2015b; Livermore et al. 2017) and z = 6 (Willott et al.
2013; Bouwens et al. 2015; Bowler et al. 2015; Finkelstein et al. 2015b; Bouwens et al. 2017; Livermore et al. 2017; Atek et al. 2018).
The grey dashed lines in the last column mark the MUV limit that might be a↵ected by the resolution limit of the underlying N-body
simulation (Hutter et al. 2021). © 0000 RAS, MNRAS 000, 000–000
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Figure 5. UV LFs for the di↵erent sub-volumes in our simulation box corresponding to the JADES-deep survey volume at di↵erent
redshifts color-coded by the corresponding average overdensity in each sub-volume. The upper and lower panels show results for reion-
ization feedback in the Photoionization and Jeans mass models, respectively (see Table 1 for details). Vertical dashed grey lines indicate
the MUV limit that might be a↵ected by the resolution limit of the underlying N-body simulation (Hutter et al. 2021).

percent level. As seen from this figure, the variance tends to
increase with stellar mass (given their increasing rarity/bias)
for all redshifts for both the JWST survey considered. Fur-
ther, since a given stellar mass samples an increasing bias
with increasing redshift, it naturally leads to an increase in
the cosmic variance. Starting with the JADES-deep survey,

we find ⇣
<⇠ 15% for M⇤ < 108 M� at z = 6. Galaxies of

a much lower stellar mass M⇤ ⇠ 106.3 M� show the same
variance by z = 8 � 10. For a redshift as high as z = 12,
⇣ > 20% even for galaxies as low-mass as M⇤ ⇠ 106.3 M�.
The variance in the stellar mass reaches a value of 100%
for M⇤ ⇠ 1010.2 (108.5)M� at z = 6 (12). We note that
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percent level. As seen from this figure, the variance tends to
increase with stellar mass (given their increasing rarity/bias)
for all redshifts for both the JWST survey considered. Fur-
ther, since a given stellar mass samples an increasing bias
with increasing redshift, it naturally leads to an increase in
the cosmic variance. Starting with the JADES-deep survey,

we find ⇣
<⇠ 15% for M⇤ < 108 M� at z = 6. Galaxies of

a much lower stellar mass M⇤ ⇠ 106.3 M� show the same
variance by z = 8 � 10. For a redshift as high as z = 12,
⇣ > 20% even for galaxies as low-mass as M⇤ ⇠ 106.3 M�.
The variance in the stellar mass reaches a value of 100%
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Figure 7. SMFs for the di↵erent sub-volumes in our simulation box corresponding to the JADES-deep survey volume at di↵erent redshifts
color-coded by the corresponding average overdensity in each sub-volume. The upper and middle panels show results for reionization
feedback in the Photoionization and Jeans mass models, respectively (see Table 1 for details). For a comparison, the lower panels show
the SMF averaged over the entire simulation box for the two models. The points with error bars represent the observational SMF data
at z = 6 (González et al. 2011; Duncan et al. 2014; Song et al. 2016), and z = 8 (Song et al. 2016). For a comparison between the models
and observations see Sec. 3.2 in Hutter et al. (2021). Vertical dashed grey lines indicate the stellar mass limit that might be a↵ected by
the resolution limit of the underlying N-body simulation (Hutter et al. 2021).

error bars. Further, cosmic variance becomes of the order
of 100% at MUV ⇠ �19 given the small volumes probed
by the JADES-deep fields. At the faint-end, UV feedback
leads to a flattening in the UV LF at MUV ⇠ �14.5 at
z ⇠ 6 � 8 for the Jeans mass model where the gas mass of
low-mass halos is instantaneously suppressed by reionization
feedback. The Photoionization and Early heating models are
extremely similar for what concerns the UV LF and show a
decrease at lower magnitudes of MUV ⇠ �13 at all redshifts
(for a complete discussion see Hutter et al. 2021).

We now study the redshift evolution of the Schechter
function faint-end slope ↵ for MUV < �15, along with the
cosmic variance, in more detail as shown in Fig. 9. Tracking
the steepening of the underlying HMF, the faint-end UV LF
slope steepens too with redshift for all models. The value

of ↵ is e↵ectively the same (within uncertainties14) in the
Photoionization and Early heating models at all redshifts
and evolves as

↵(z) = (�1.931± 0.007) + (�0.076± 0.004)(z � 6) (3)

With its faster suppression of the gas mass, and hence
star formation rate and UV luminosity, the Jeans mass

model shows a shallower redshift evolution of ↵ such that

↵(z) = (�1.896± 0.002) + (�0.049± 0.002)(z � 6) (4)

Within error bars, these slopes are in accord with the
observationally inferred evolution of ↵ presented in Bouwens

14 ↵ and its uncertainties are derived fitting the UV LF with a
full Schechter function for MUV < �15, with the errors given by
the cosmic variance at each MUV.
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What about AGN contribution to reionization and 
observables at high-z?

16



The key physics explored 

Two types of BH seeds 
- stellar (PopulationIII) and direct 
collapse black holes (based on 

strength of Lyman alpha background)

Impact of reionization feedback in photo-
evaporating gas from low-mass halos 

and slowing black hole growth

Impact of instantaneous versus 
(dynamically) delayed galaxy mergers 

on the black hole merger rate

Black hole growth regulated by both halo 
mass and gas availability (due to the impact 

of Supernova and reionization feedback)

17PD et al. 2019, MNRAS, 486, 2336; AstVI: Trebitsch et al. 2022



Galaxies containing gas

Galaxies containing gas and BH
Galaxies with stars but no gas 
(SN feedback limited)

Galaxies with stars, gas and BH 
(efficient star formers)

IGM smooth accretion

Figure 6: A SAM jointly tracking the (merger and accretion driven) buildup of dark matter halos as well as their

baryonic component. SAMs present a powerful tool for capturing the key physics involved in galaxy formation

including: the stellar mass growth due to star formation, the merger and accretion driven gas mass growth, the

role of SN (and possibly black holes) in ejecting gas from low-mass halos and tracking the resulting impact on the

subsequent growth of more massive systems via halo mergers and gas accretion. As shown, galaxies assemble as a

result of both wet mergers of “e�cient star formers” that do not lose all their gas mass after star formation/black

hole accretion and dry mergers of supernova/black hole “feedback limited” systems that lose all their gas resulting

in dry mergers. This naturally leads to a variety of galaxy assembly histories and properties for a given halo mass.

space around particles. Based on polyhedral cells, this mesh continually de-forms and re-forms as

particles move. Despite its obvious advantage in simultaneously tracking both dark matter and

gas particles, the enormous computational e↵ort required for hydrodynamic simulations naturally

places a limit on the physical volume that can be simulated and the physical parameter space that

can be explored for a given mass resolution.

4.2.3. Semi-numerical models

As detailed in Sec. 7.3, the past years have seen an increasing realisation of the necessity

of coupling galaxy formation - on kiloparsecs scales - with the impact of the radiative feedback

generated during reionization - on tens of Megaparsec scales. Indeed, Iliev et al. [134] have shown

that, while (100h�1 cMpc)3 boxes are su�ciently large for deriving convergent reionization histo-

ries, the morphology of the ionized bubbles remains poorly described for box sizes smaller than
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Baselining the model against all available high-z data
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Figure 2. The UV LF from z ' 5� 10 as marked in the panels. In each panel, the violet points show the available LBG data collected
both using space- and ground-based observatories at: (a) z ' 5 (Bouwens et al. 2007; McLure et al. 2009); (b) z ' 6 (McLure et al. 2009;
Bouwens et al. 2015; Livermore et al. 2017); (c) z ' 7 (Bouwens et al. 2010; McLure et al. 2010; Castellano et al. 2010; McLure et al.
2013; Bowler et al. 2014; Livermore et al. 2017; Atek et al. 2015); (d) z ' 8 (Bouwens et al. 2010; McLure et al. 2010; Bradley et al.
2012; McLure et al. 2013; Livermore et al. 2017; Atek et al. 2015); (e) z ' 9 (McLure et al. 2013; Oesch et al. 2013); and (e) z ' 10
(Bouwens et al. 2014; Oesch et al. 2014). In each panel, the yellow points show the AGN data collected at: z ⇠ 5 (McGreer et al. 2013;
Parsa et al. 2018) and z ⇠ 6 (Willott et al. 2010; Kashikawa et al. 2015; Parsa et al. 2018; Jiang et al. 2016). In each panel, lines show
model UV LFs for galaxies and black holes for the following models summarised in Table 1, that bracket the range of UV LFs allowed
in the presence/absence of a UVB and for both instantaneous and delayed (by a merging timescale) merger: ins1 (galaxies solid black
line; BH solid gray line), ins4 (galaxies short dashed red line; BH short dashed light-red line), tdf1 (galaxies long dashed green line; BH
long-dashed light green line) and tdf4 (galaxies dot-dashed blue line; it BH dot-dashed purple line).

seen an enormous increase in LBG data due to a combina-
tion of state-of-the-art instruments such as (the Wide Field
Came 3 onboard) the Hubble Space Telescope (HST) as well
as refined selection techniques (e.g. Steidel et al. 1999). As
for AGN, a number of surveys, including the Sloan Digital
Sky Survey (SDSS) and the Canadian-French high-z quasar
surveys, and observations with the Subaru telescope, have
yielded a statistical sample of AGN/QSO candidates at red-
shifts as high as z ' 6. In what follows we compare 4 models
that bracket the physically plausible range explored in this
work (ins1, ins4, tdf1 and tdf4), detailed in Table 1, with
a number of data-sets, including the UV LFs, the stellar
mass density, the black hole mass function and the black
hole-stellar mass relation.

We note that, given their low number densities, both the
“light” and “heavy” DCBH seeding cases yield very similar
results for all the observational data-sets discussed. For this
reason, we limit our results to the “light DCBH seed” case
in this section.

3.1 The observed UV LF for star formation and
black holes

The observed UV LF (number density of galaxies as a func-
tion of the absolute magnitude) and its redshift evolution
o↵er one of the most robust tests of theoretical models of
galaxy formation. We start by calculating the UV magni-
tudes, separately for star formation and AGN activity, for
each theoretical galaxy and computing the associated UV
LFs, as shown in Fig. 2. We start by discussing the LBG
UV LF: firstly, matching to the bright end of the evolving
UV LF requires a maximum star formation e�ciency value
of f⇤ ' 2%. Secondly, we find that the fiducial model (ins1)
is in excellent agreement with available LBG observations,
ranging between �22 <⇠ MUV

<⇠ � 13, at all z ⇠ 5 � 10 as
already shown in our previous works (e.g. Dayal et al. 2014).
The inclusion of a delay in galaxy mergers (tdf1) has no sen-
sible impact on the faint-end of the UV LF - this is due to
the fact that the progenitors of these low-mass halos are SN
feedback limited and hence do not bring in any gas whilst
merging (dry mergers) as already pointed out previously
(Dayal et al. 2014). On the other hand, the delay in galaxy
mergers leads to an increasing reduction in the gas masses
of higher-mass halos whose progenitors are not SN feedback
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tion of the absolute magnitude) and its redshift evolution
o↵er one of the most robust tests of theoretical models of
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LFs, as shown in Fig. 2. We start by discussing the LBG
UV LF: firstly, matching to the bright end of the evolving
UV LF requires a maximum star formation e�ciency value
of f⇤ ' 2%. Secondly, we find that the fiducial model (ins1)
is in excellent agreement with available LBG observations,
ranging between �22 <⇠ MUV

<⇠ � 13, at all z ⇠ 5 � 10 as
already shown in our previous works (e.g. Dayal et al. 2014).
The inclusion of a delay in galaxy mergers (tdf1) has no sen-
sible impact on the faint-end of the UV LF - this is due to
the fact that the progenitors of these low-mass halos are SN
feedback limited and hence do not bring in any gas whilst
merging (dry mergers) as already pointed out previously
(Dayal et al. 2014). On the other hand, the delay in galaxy
mergers leads to an increasing reduction in the gas masses
of higher-mass halos whose progenitors are not SN feedback
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limited and bring in gas in mergers (wet mergers), leading
to a slightly steeper bright end. Finally, including the (max-
imal) impact of reionization feedback (ins4 and tdf4), that
photo-evaporates the baryonic content of all galaxies with
Vvir

<⇠ 40 km s�1, only a↵ects the faint-end of the UV LF
and leads to a cut-o↵ at brighter magnitudes (MUV ⇠ �14
to �15) as compared to the continued rise excluding this
e↵ect (e.g. in models ins1 and tdf1). In this work, models
ins1 and tdf4, therefore, bracket the plausible UV LF range.
However, it must be cautioned that the theoretical LBG UV
LF has, so far, ignored the impact of dust enrichment which
is expected to have a relevant e↵ect in decreasing the lumi-
nosities at the bright end.

Focusing on the AGN UV LF, the black hole powered
UV LFs for all four models discussed above are found to
be in excellent agreement with all available AGN data at
z ⇠ 5 and 6 as shown in Fig. 2. We start by noting that
given the large masses (Mh

>⇠ 1011.5 M�) associated with
AGN/QSO host halos, the black hole UV LF is only rel-
evant at MUV

<⇠ � 21, corresponding to number densities
<⇠ 10�5[dex�1Mpc�3] at z ⇠ 5 and 6. These results are in
qualitative agreement with those of Ono et al. (2018) who
find 100% of the UV luminosity to come solely from stars for
galaxies with MUV

>⇠ � 23 to �24. However, given that the
AGN number densities are suppressed due to obscuration
(see Sec. 2.3), calculating the fraction of galaxies dominated
by AGN requires a more thorough examination which we
defer to a future work. Finally, we note that the contribu-
tion of BH-powered luminosity could be one explanation for
observed UV LFs that are shallower than the exponentially
declining Schechter function at these high-z (e.g. Ono et al.
2018).

We find that the AGN UV LF is extremely similar for
heavy black hole seeds with ↵ varying over an order of mag-
nitude (for 30 to 300) for the four models discussed above.
This is probably to be expected given the extremely low
number of heavy black hole seeds as compared to the number
of light black hole seeds as pointed out in Sec. 2.1; the latter
therefore clearly dominate the UV LF. As for the merger
timescales, including a delay in the mergers of galaxies (and
black holes) results in a smaller black hole growth. This is
reflected in a lower final black hole mass in a given halo (also
see Sec. 3.3 that follows). However, this only leads to minor
changes in the UV LF which are indistinguishable within the
scatter shown by the four models considered here. Further,
given the large masses of AGN hosts, reionization feedback
has no relevant e↵ect on the AGN UV LF. Finally, looking
at the redshift evolution of the AGN UV LF, we find that
it shows a sharper redshift evolution compared to the star-
formation powered UV LF given the increasing paucity of
their high-mass hosts. To quantify this e↵ect, let us focus on
a magnitude of MUV = �20: while the star formation driven
UV LF only evolves by a factor of 3 between z ⇠ 5 and 7, the
AGN UV LF (negatively) evolves by roughly three orders of
magnitude over the same redshift range.

Figure 3. The LBG stellar mass density (SMD) as a func-
tion of redshift. Points show the observational data collected by:
González et al. (2011, red empty circles), Labbé et al. (2013, blue
empty triangles), Stark et al. (2013, purple empty squares), Oesch
et al. (2014, yellow empty circles), Duncan et al. (2014, red filled
squares), Grazian et al. (2015, purple filled circles) and Song et al.
(2016, yellow filled triangles). We show results for galaxies with
MUV < �17.7 which can be directly compared to observational
data points for the following models shown in Table 1: ins1 (solid
black line), ins4 (dot-dashed red line), tdf1 (long dashed green
line) and tdf4 (dot-dashed blue line). We also show results for the
total SMD obtained by summing over all galaxies at a specific z
for the same models noted above: ins1 (solid gray line), ins4 (dot-
dashed light red line), tdf1 (long dashed light green line) and tdf4
(dot-dashed purple line).

3.2 The LBG stellar mass density (SMD)

We now compare the theoretical SMD to that observation-
ally inferred for LBGs. We start by comparing to observed
LBGs with MUV

<⇠ � 17.7 as shown in Fig. 3. As seen,
while all four models (ins1, ins4, tdf1, tdf4) are in excel-
lent agreement with the data they are o↵set in normali-
sation from each-other whilst following very similar slopes
such that SMD / (1+ z)0.42. As might be expected, model
ins1 provides the upper limit to the SMD results for ob-
served galaxies. Including the e↵ects of delayed galaxy merg-
ers (tdf1) results in a small decrease in the SMD values by
about 0.1 dex. However, assuming instantaneous mergers
whilst including maximal UVB suppression (ins4) only re-
sults in a SMD that is di↵erent from the fiducial case by a
negligible 0.03 dex. These results clearly imply that a delay
in the merger timescales is more important than the e↵ect
of a UVB for these high mass systems. Finally, the lower
limit to the SMD results is provided by model tdf4 that is
about 0.13 dex lower than the fiducial results. These slight
changes in the SMD normalisation shows that most of the
stellar mass is assembled in massive progenitors (see also
Dayal et al. 2013) with low-mass progenitors - that either
merge after a dynamical timescale (tdf1), are reionization
suppressed (ins4) or include both these e↵ects (tdf4) - con-
tributing only a few percent to the stellar mass for observed
galaxies.
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Figure 4. The black hole mass function (BHMF) at z ' 6. We
compare observational results (gray line with error bars) from
Willott et al. (2010) to those from our models bracketing the plau-
sible physical range: ins1 (solid black line), ins4 (short-dashed
red line), tdf1 (long-dashed green line) and tdf4 (dot-dashed blue
line). As shown, the shape of the BHMF is independent of the in-
clusion of UV feedback and the merger timescales used. However,
the final BH masses are naturally lower when including a delay
in the merger timescales as opposed to instantaneous mergers.

On the other hand, the impact of reionization feedback
and a delay in the merging timescale are much more dra-
matic when considering the entire galaxy population (with-
out any limiting magnitudes used). In this case, the fidu-
cial model, ins1, shows a slope that evolves with redshift
as SMD / (1 + z)0.24. Given that in this case the SMD is
dominated by the contribution from low-mass halos, the sit-
uation flips as compared to that discussed above: the merger
timescale has a negligible e↵ect on the SMD of all galaxies
and shows essentially the same amplitude and slope as the
fiducial case. However, the UVB suppression of the gas mass
of low-mass halos results in both a decrease in the ampli-
tude (by about 0.23 dex) and a, more dramatic, steepening
of the SMD slope such that SMD / (1 + z)0.31 for models
ins4 and tdf4.

3.3 The black hole mass function and occupation
fraction

We now discuss the black hole mass function (BHMF) which
expresses the number density of black holes as a function of
their mass, the results of which at z ' 6 are shown in Fig.
4. As expected, the number density of black holes increase
with decreasing BH mass as shown in the Figure. The ob-
served BHMF at z ⇠ 6 extends from Mbh ⇠ 107�10M�. Our
theoretical results for all four models discussed above are in
good agreement with the data within error bars as seen in
the same figure. Naturally, the fiducial model (ins1), extend-
ing from Mbh ⇠ 104.8�8.8M�, yields the upper limit to the
BHMF. Including a delay in the merger times for black holes
(tdf1) leads to a decrease in the maximum mass attained by
the black holes (Mmax ⇠ 108M�) showing that gas brought

Figure 5. The black hole occupation fraction as a function of halo
mass for z ⇠ 6 (black lines), z ⇠ 9 (blue lines) and z ⇠ 12 (red
lines) as marked. The solid lines show the occupation fraction
for all black holes; the short-dashed and dot-dashed lines show
results for Type 1 (stellar black holes) and Type 2+3 (DCBHs),
respectively.

in by merging progenitors halos has a significant contribu-
tion to the growth of these high-mass systems. On the other
hand, reionization feedback alone (ins4) has a negligible ef-
fect on the growth of high-mass halos (as discussed in Sec.
3.2 above), yielding a BHMF in close agreement with the
fiducial one. Finally, the model tdf4, including both the im-
pact of delayed mergers and the UVB, yields results quite
similar to tdf1 and, provides the lower limit to the BHMF.
We recall that our model is not aimed at (re)producing rare
luminous quasars powered by very massive BH (see Valiante
et al. 2016; Pezzulli et al. 2016, and references therein for
models focused on the most massive halos and BHs) but at
the bulk of the population of massive BHs. It should there-
fore not be surprising that the BH mass function does not
extend to the highest BH masses observed.

We also show the BH occupation fraction in Fig. 5. As
shown, galaxies with a halo mass Mh

>⇠ 1010.2 have an oc-
cupation fraction of 1 by z ⇠ 6. As expected, most of these
are stellar black holes except DCBHs that dominate for the
most massive halos. The black hole occupation fraction also
shifts to progressively lower masses with increasing redshift.
This is because of two reasons: first in our model, only start-
ing leaves above z = 13 are seeded with black holes; the in-
creasing number of starting leaves forming at lower redshifts
are devoid of any black holes. Secondly, low mass halos con-
tinually increase in mass with decreasing redshift. We note
that our results are qualitatively in good agreement with
those obtained from previous works (e.g. Tanaka & Haiman
2009). Finally we stress that the enhancement of the LW
seen by any halos only depends on its bias at that redshift
and we have ignored the impact of clustered sources that
could enhance the LW intensity seen by halos in over-dense
environments. Our results must therefore be treated as a
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Figure 6. The black hole mass-stellar mass relation for z ' 5 for two models that bracket the expected range: Instantaneous merg-
ers with/without UV feedback (ins1 using black points and ins4 using red points; left panel) and mergers after a merging timescale
with/without UV feedback (tdf1 using green points and tdf4 using blue points; right panel). In both panels we show two relations derived
using galaxies in the nearby Universe: Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipticals and bulges and Mbh = 1.05M⇤ � 4.1
for moderate luminosity AGN in low-mass halos (Volonteri & Reines 2016), as marked. In each panel we also show the best-fit relation
from our model for high stellar mass galaxies: LogMbh = 1.25M⇤ � 4.8. As seen, our theoretical model yields a non-linear scaling such
that black holes in low-mass galaxies are “stuck” at their initial mass; the BH masses of high-mass hosts, on the other hand, are strongly
correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.

lower limit on the DCBH number density and, hence, the
Type 2+3 occupation fraction.

3.4 The black hole-stellar mass relation

Constraints on the relation between BHs and galaxies at
high redshift are scant. In general, since the only confirmed
BHs at these redshifts are those powering powerful quasars,
the stellar mass of the host cannot be measured (not to
mention the stellar velocity dispersion or bulge mass) be-
cause the light from the quasar over-shines the host galaxy.
The best estimates of the host properties for these powerful
quasars are obtained through measures of the cold (molec-
ular) gas properties in sub-mm observations, where a dy-
namical mass, based on the velocity dispersion of the gas
and the radius of the emitting region can be measured (e.g.,
Venemans et al. 2016; Shao et al. 2017; Decarli et al. 2018,
and references therein). For these quasars, the BH to dy-
namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
discussed in Volonteri & Stark (2011) there are reasons to
believe that such high mass ratios should not characterize
the whole BH population. Beyond the Malmquist bias caus-
ing a more frequent selection of over-massive BHs in low-
mass hosts (Lauer et al. 2007; Salviander et al. 2007), only
under-massive and low-accretion BHs can explain the lack of
widespread AGN detections in LBGs. That BHs in low-mass
galaxies are indeed expected to grow slowly and lag behind
the host has now been confirmed in many numerical inves-
tigations (Dubois et al. 2015; Habouzit et al. 2017; Bower
et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass

galaxies and we obtain a black hole-stellar mass relation in
agreement with numerical investigations, a non-linear scal-
ing where black holes in low-mass galaxies are “stuck” at
their initial mass (Habouzit et al. 2017; Bower et al. 2017).
BHs in high-mass hosts, on the other hand, can be above
the z = 0 scaling, as shown in Fig. 6.

Quantitatively, we find that the BH mass-stellar
mass relation is strongly correlated for high stellar mass
(M⇤

>⇠ 199.5 M�) galaxies and is best expressed by the re-
lation Mbh = 1.25M⇤ � 4.8 at z ' 5; the relation flattens
below such masses. Including the impact of the UVB (ins4)
has no impact on this relation at the bright end. However,
the suppression of gas mass in low-mass halos naturally re-
sults in lower black hole masses by as much as two orders of
magnitude for a given stellar mass. As noted above in Sec.
3.3, the inclusion of a delay in galaxy merging timescales
results in a decrease in the mass of the most massive black
holes (by about 0.8 dex) as seen from the right-hand panel of
the same figure although it has no impact on the high-mass
slope. Further, the results from ins4 and tdf4 are quite sim-
ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
2016).
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Figure 6. The black hole mass-stellar mass relation for z ' 5 for two models that bracket the expected range: Instantaneous merg-
ers with/without UV feedback (ins1 using black points and ins4 using red points; left panel) and mergers after a merging timescale
with/without UV feedback (tdf1 using green points and tdf4 using blue points; right panel). In both panels we show two relations derived
using galaxies in the nearby Universe: Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipticals and bulges and Mbh = 1.05M⇤ � 4.1
for moderate luminosity AGN in low-mass halos (Volonteri & Reines 2016), as marked. In each panel we also show the best-fit relation
from our model for high stellar mass galaxies: LogMbh = 1.25M⇤ � 4.8. As seen, our theoretical model yields a non-linear scaling such
that black holes in low-mass galaxies are “stuck” at their initial mass; the BH masses of high-mass hosts, on the other hand, are strongly
correlated with the stellar mass and are in excellent agreement with the results derived for lower-z high stellar mass galaxies.

lower limit on the DCBH number density and, hence, the
Type 2+3 occupation fraction.

3.4 The black hole-stellar mass relation

Constraints on the relation between BHs and galaxies at
high redshift are scant. In general, since the only confirmed
BHs at these redshifts are those powering powerful quasars,
the stellar mass of the host cannot be measured (not to
mention the stellar velocity dispersion or bulge mass) be-
cause the light from the quasar over-shines the host galaxy.
The best estimates of the host properties for these powerful
quasars are obtained through measures of the cold (molec-
ular) gas properties in sub-mm observations, where a dy-
namical mass, based on the velocity dispersion of the gas
and the radius of the emitting region can be measured (e.g.,
Venemans et al. 2016; Shao et al. 2017; Decarli et al. 2018,
and references therein). For these quasars, the BH to dy-
namical mass is skewed to values much larger than the ratio
of BH to stellar or bulge mass in the local Universe. As
discussed in Volonteri & Stark (2011) there are reasons to
believe that such high mass ratios should not characterize
the whole BH population. Beyond the Malmquist bias caus-
ing a more frequent selection of over-massive BHs in low-
mass hosts (Lauer et al. 2007; Salviander et al. 2007), only
under-massive and low-accretion BHs can explain the lack of
widespread AGN detections in LBGs. That BHs in low-mass
galaxies are indeed expected to grow slowly and lag behind
the host has now been confirmed in many numerical inves-
tigations (Dubois et al. 2015; Habouzit et al. 2017; Bower
et al. 2017; Anglés-Alcázar et al. 2017). Our implementa-
tion of BH growth includes a stunted growth in low-mass

galaxies and we obtain a black hole-stellar mass relation in
agreement with numerical investigations, a non-linear scal-
ing where black holes in low-mass galaxies are “stuck” at
their initial mass (Habouzit et al. 2017; Bower et al. 2017).
BHs in high-mass hosts, on the other hand, can be above
the z = 0 scaling, as shown in Fig. 6.

Quantitatively, we find that the BH mass-stellar
mass relation is strongly correlated for high stellar mass
(M⇤

>⇠ 199.5 M�) galaxies and is best expressed by the re-
lation Mbh = 1.25M⇤ � 4.8 at z ' 5; the relation flattens
below such masses. Including the impact of the UVB (ins4)
has no impact on this relation at the bright end. However,
the suppression of gas mass in low-mass halos naturally re-
sults in lower black hole masses by as much as two orders of
magnitude for a given stellar mass. As noted above in Sec.
3.3, the inclusion of a delay in galaxy merging timescales
results in a decrease in the mass of the most massive black
holes (by about 0.8 dex) as seen from the right-hand panel of
the same figure although it has no impact on the high-mass
slope. Further, the results from ins4 and tdf4 are quite sim-
ilar as also expected from the discussion in Sec. 3.3 above,
yielding the lower-limit to the Mbh � M⇤ relation. Finally,
the best-fit relation derived for high stellar mass galaxies
from our model is in excellent agreement with the relation
Mbh = 1.4M⇤ � 6.45 derived for high stellar mass ellipti-
cals and bulges in the nearby Universe (Volonteri & Reines
2016).
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Figure 1. Redshift evolution of the H I ionizing photon emissivity (left panel) and the CMB electron scattering optical depth (⌧es) as
a function of redshift (right panel) for the fiducial model. In the left panel, the open squares show observational results (and associated
error bars) calculated following the approach of Kuhlen & Faucher-Giguere (2012). In the right panel, the dot-dashed horizontal line
shows the central value for ⌧es inferred by the latest Planck results (Planck Collaboration et al. 2018) with the gray striped region
showing the 1� � errors. Over-plotted are the escaping emissivities (left panel) and the optical depths (right panel) contributed by: star
formation only (SF; dot-long-dashed line), AGN+star formation (solid line), and AGN only (short-long-dashed line) using the hf sf

esci and
fbh
esc values for the fiducial model reported in Table 1; note that hf sf

esci is lower in the AGN+SF case (f0 = 0.0185) as compared to the
SF only case (f0 = 0.02). We deconstruct the contribution from star formation in galaxies into those with stellar masses M⇤ <⇠ 109 M�
(short-dashed line) and M⇤ >⇠ 109 M� (long-dashed line) and show the contribution of black holes of masses >⇠ 106 M� using the dotted
line, as marked.

(M⇤
<⇠ 109 M�) galaxies dominate the stellar emissivity at

all redshifts and the total (star formation+AGN) emissiv-
ity down to z ⇠ 5; although sub-dominant, the importance
of stars in massive (M⇤

>⇠ 109 M�) galaxies increases with
decreasing redshift and they contribute as much as 40%
(⇠ 15%) to the stellar (total) emissivity at z ⇠ 4.

On the other hand, driven by the growth of black holes
and the constancy of fbh

esc with redshift, the AGN emissivity
shows a steep (six-fold) increase in the 370 Myrs between
z ⇠ 6 and 4. A turning point is reached at z ⇠ 5 where AGN
and star formation contribute equally to the total emissivity,
with the AGN contribution (dominated by Mbh

>⇠ 106 M�
black holes in M⇤

>⇠ 109 M� galaxies) overtaking that from
star formation at lower-z. Indeed, the AGN emissivity is
almost twice of that provided by stars by z ⇠ 4 leading to
an increase in the total value.

To summarise, while the trend of the total emissivity
is driven by star formation in low-mass galaxies down to
z = 5, AGN take over as the dominant contributors at lower
redshifts. This result is in agreement with synthesis models
for the UVB (Faucher-Giguère et al. 2008; Haardt & Madau
2012) as shown in the same figure.

The above trends can also be used to interpret the
latest results on the integrated electron scattering optical
depth (⌧es = 0.054 ± 0.007; Planck Collaboration et al.
2018), shown in the right panel of Fig. 1. We start by noting
that fitting to this data requires hf sf

esci = 0.02[(1 + z)/7]2.8

if stars in galaxies are considered to be the only reion-
ization sources; as shown in Table 3 considering the con-
tribution of both stars and AGN leads to a marginal de-
crease in the co-e�cient of hf sf

esci to 0.0185 whilst leaving the

redshift-relation unchanged. Stellar radiation in low-mass
(M⇤

<⇠ 109 M�) galaxies dominate the contribution to ⌧es
for most of reionization history. AGN only start making a
noticeable contribution at z <⇠ 5, where they can generate
an optical depth of ⌧es ⇠ 0.22, comparable to stars, which
generate a total value of ⌧es ⇠ 0.24. Stellar radiation from
high-mass (M⇤

>⇠ 109 M�) galaxies has a sub-dominant con-
tribution to ⌧es at all redshifts.

3.2 AGN contribution to reionization as a
function of stellar mass

To understand the AGN contribution to reionization in the
fiducial model, we start by looking at the (intrinsic) pro-
duction rate of H I ionizing photons as a function of M⇤ for
z ⇠ 4 � 9 (panel a; Fig. 2). As expected, ṅsf

int scales with
M⇤ since higher mass galaxies typically have larger asso-
ciated star formation rates. Further, given their larger gas
and black hole masses, ṅbh

int too scales with M⇤. As seen,
stars dominate the intrinsic H I ionizing radiation produc-
tion rate for all stellar masses at z >⇠ 7. However, moving
to lower redshifts, black holes can contribute as much as
stars in galaxies with M⇤ ⇠ 1010.2�10.9 M� at z ⇠ 6. This
mass range decreases to M⇤ ⇠ 109.6�10 M� at z ⇠ 4 where
intermediate-mass galaxies host black holes that can accrete
at the Eddington rate.

The second factor that needs to be considered is the
escape fraction of ionizing photons which is shown in panel
(b) of the same figure. As noted above, hf sf

esci is independent
of galaxy properties and decreases with decreasing z, going
from a value of about 5.4% at z ⇠ 9 to 0.77% at z ⇠ 6.
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• Star formation in low-mass halos dominates total emissivity down to z~5. 

• Star formation in high-mass halos contributes ~15% of total emissivity. 

• Ionizing photons from black holes overtake those from SF at redshifts lower than 5. 

• AGN contribute ~ 10-25% of the ionizing budget by z~4. 
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A saturation at the bright end of the UV LF

Oesch et al. 2016, 
Bowler et al. 2016, 
2020,  Harikane et 

al. 2021, 2022

 Possible solutions might lie in observations catching extreme starbursts, an evolving IMF or 
even black hole contribution (Harikane et al. 2021, 2022; Pacucci, Dayal et al. 2022) or a 

conspiracy between a decreasing dust attenuation, making galaxies brighter, compensating 
for the increasing shortage of their host halos (Ferrara, Pallottini & Dayal 2022).  

 Large-scale surveys with Euclid will be crucial in shedding light on galaxy and AGN 
demographics, clarifying the picture at the bright end of the galaxy population.

10 Harikane et al.

Figure 6. Rest-frame UV luminosity functions at z ! 13
and 10. The red circle shows the number density of our
z ! 13 galaxy candidates. The black symbols and the gray
shaded region are measurements at z ! 10 from the literature
(diamond: McLeod et al. 2016, square: Oesch et al. 2018,
pentagon: Morishita et al. 2018, circle: Bowler et al. 2020,
cross: Roberts-Borsani et al. 2021, shade: Finkelstein et al.
2021a). The green star is the number density of GN-z11 (see
text). Note that the data point of Bowler et al. (2020) (GN-
z11) is horizontally (vertically) o!set by "0.2 mag (+0.03
dex) for clarity. The gray dashed line is the Schechter func-
tion fit (Bouwens et al. 2016), whereas the gray and red solid
lines are the double power-law functions at z ! 10 and 13,
respectively, whose parameters are determined by the ex-
trapolation from lower redshifts in Bowler et al. (2020).

(2016) and Jiang et al. (2021) indicate that the bright
end of the luminosity function at high redshift cannot be
explained by the Schechter function with the exponen-
tial cuto!, and is more consistent with the double power-
law function. Indeed, the number density of our z ! 13
galaxies is consistent with the double power-law func-
tion with M!

UV = "17.6 mag, !! = 1.0 # 10"4 Mpc"3,
" = "1.8, and # = "2.6 (Figure 6), which are derived
by extrapolating the redshift evolution of the parame-
ters in Bowler et al. (2020) to z = 13. Although spec-
troscopic confirmation is needed, these results indicate
that upcoming surveys will detect a number of galaxies
at z > 10, which will be discussed later in Section 6.

5.4. Comparison with Models

Both theoretical and empirical models predict the
UV luminosity function of galaxies at z > 10
(e.g., Dayal et al. 2014, 2019, Mason et al. 2015,
Tacchella et al. 2018, Behroozi et al. 2019, Yung et al.
2019, 2020, see also Hutter et al. 2021). We compare
the number densities at z ! 10 and 13 with predictions
from these models in Figure 8. At z ! 10, the pre-

Figure 7. Evolution of the rest-frame UV luminosity func-
tions from z ! 4 to z ! 13. The red circle shows the number
density of our z ! 13 galaxy candidates, and the grey, brown,
purple, blue, green, yellow, and orange symbols show results
at z ! 4, 5, 6, 7, 8, 9, and 10, respectively. The circles at
z ! 4 " 7 are galaxy number densities from Harikane et al.
(2021b), and those at z ! 8"10 are taken from Bowler et al.
(2020). The squares show results taken from Bouwens et al.
(2021) and Oesch et al. (2018) at z ! 4 " 9 and z ! 10, re-
spectively. The diamond is a result in McLeod et al. (2016).
The lines show double power-law functions in Harikane et al.
(2021b) at z ! 4" 7 and Bowler et al. (2020) at z ! 8" 13.
Note that the data point of Bowler et al. (2020) at z ! 10 is
horizontally o!set by "0.2 mag for clarity.

dictions roughly agree with the observed number den-
sities for relatively faint galaxies (MUV ! "21 mag),
but the models underestimate the number densities of
bright galaxies (MUV " "22 mag) albeit with large un-
certainties in the observations. Similarly at z ! 13, the
models cannot reproduce the observed number density
of our z ! 13 galaxy candidates. These discrepancies
indicate that the current models do not account for the
rapid mass growth within the short physical time since
the Big Bang.
There are several possible physical processes to recon-

cile these discrepancies between the models and the ob-
servations at z ! 10"13. As discussed in Harikane et al.
(2021b), more ine"cient mass quenching and/or lower
dust obscuration than assumed in the models can ex-
plain the existence of these UV-bright galaxies. AGN ac-
tivity may also boost the UV luminosity in these galax-
ies. Previous studies indicate that the AGN fraction
starts to increase at MUV $ "22 mag (Ono et al. 2018;
Stevans et al. 2018; Adams et al. 2020; Harikane et al.
2021b, see also Piana et al. 2021). If we assume that
the UV luminosities of HD1 and HD2 are solely pow-
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⌦CIV values obtained in any of the feedback or DM models
considered in this work, our results imply that it is the IGM
metal enrichment at z >

⇠ 5.5 that will help shed light on the
nature of DM.

We note that our calculations have involved a number
of simplifications which are now summarized: (i) all met-
als are assumed to be perfectly mixed with gas; (ii) at any
z we assume all galaxies to have a fixed gas metallicity of
Zgas = 0.2Z� - while this is, most likely, an over-estimation
for the highest redshifts (and lowest halo mass), it likely
under-estimates the metallicity for the highest halo masses
at low-z; (iii) we use a halo mass independent CIV/C ra-
tio to which the CIV density is sensitive; (iv) we have only
considered Carbon yields from SNII, neglecting the contri-
bution from AGB stars that would have a significant impact,
especially at z <

⇠ 5 at which the metal mass would be un-
derestimated; and (v) while metals should be concentrated
in over-dense regions, we assume them to be homogeneously
distributed over the IGM in order to infer the ⌦CIV value.
However, accounting for these e↵ects will require modelling
both the metal enrichment of the ISM and the IGM which
is outside of the scope of this paper and is deferred to future
works.

5 CONCLUSIONS AND DISCUSSION

This work focuses on studying the metal enrichment of the
IGM in cold and warm dark matter (1.5 keV) cosmologies
using Delphi - a semi-analytic model (Dayal et al. 2014a,b,
2017a,b) that jointly tracks the DM and baryonic assem-
bly of high-redshift (z >

⇠ 4) galaxies. This work is motivated
by the fact that, compared to CDM, 1.5 keV WDM has a
significant fraction ( >

⇠ 95%) of bound DM mass missing in
low mass (Mh

<

⇠ 109.5M�) at any cosmic epoch - this loss of
shallow potential wells, expected to be the key IGM metal-
polluters, would naturally result in a delayed and lower
metal enrichment in 1.5 keVWDMwhen compared to CDM.
In addition to the fiducial (SNII feedback only) model, we
explore three “maximal” scenarios for reionization feedback
by completely suppressing the gas mass, and hence star for-
mation capabilities, in all halos below (i) Mh = 109M�; (ii)
vcirc = 30 km s�1; and (iii) vcirc = 50 km s�1. The model
uses two mass- and z-independent free parameters - the
fraction of SNII energy coupling to the gas (fw) and the
instantaneous star formation e�ciency (f⇤) to capture the
key physics driving early galaxies. These are calibrated to
the observed UV LF at z ' 5 � 10 yielding fw = 10% and
f⇤ = 3.5% for the fiducial model and we use the same pa-
rameter values for all models.

We find that while the latest LBG UV LFs (Bouwens
et al. 2016a; Livermore et al. 2017) are consistent with both
the CDM and 1.5 keV fiducial (SNII feedback only) mod-
els, they allow ruling out maximal UV feedback suppression
below vcirc = 50 km s�1 for CDM and all maximal UV feed-
back models for 1.5 keVWDM. However, given that it is only
measured for massive MUV

<

⇠ � 18 galaxies, as of now, all
models are compatible with the SMD - as noted in previous
works, the SMD will have to be measured down to magni-

tudes as faint as MUV = �16.5, with e.g. the JWST, to be
able to distinguish between CDM and 1.5 keV WDM (e.g.
Dayal et al. 2014a). In terms of the total ejected gas mass
density, we find that while galaxies fainter than MUV

>

⇠ �15
contribute most (⇠ 55%) to this quantity in CDM, the trend
reverses with MUV

<

⇠ � 15 galaxies dominating in 1.5 keV
WDM. A natural consequence is MUV

>

⇠ �15 (MUV ⇠ �15)
galaxies being the key IGM metal polluters in CDM (1.5 keV
WDM), contributing ⇠ 50% (80%) to the total IGM metal
budget at z ' 4.5.

We end by noting that current constraints on the IGM
metal budget, obtained through measurements of ⌦CIV al-
low the following constraints: while, within its 1 � � error
bars, the Dı́az et al. (2016) point is consistent with both the
fiducial and maximal reionization feedback (suppressing all
halos below vcirc = 30 km s�1) models for both CDM and
1.5 keV WDM, the Simcoe (2011) point rules out all mod-
els except fiducial CDM and 3 keV at > 2 � �. Our results
therefore imply that, combining the two di↵erent data sets
provided by the evolving UV LF and IGM metal density
(Simcoe 2011), we can e↵ectively rule out all models other
than fiducial CDM; a combination of the UV LF and the
Dı́az et al. (2016) points provides a weaker constraint, al-
lowing both fiducial CDM and 1.5 keV WDM models, as
well as CDM and complete UV suppression of all halos with
vcirc <

⇠ 30 km s�1. Tightening the error bars on ⌦CIV, future
observations could therefore well allow ruling out WDM as
light as 1.5 keV.

⌧↵ ' 105
nHI

nH

(2)
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fact, they are classified with CLASS_STAR<0.9 such that
we can exclude that cool stars and transient objects con-
taminate our sample, since this kind of contaminants are
expected to have a higher stellarity index at S/N>10
(Bouwens et al. 2015b). We compute the photometric
redshift of the sources by fitting their photometry with
our !2 minimization code (Fontana et al. 2000) using a
library of BC03 templates at z=0-8 (including line emis-
sion as in Schaerer & de Barros 2009; Castellano et al.
2014). We find that all sources have best-fit solutions at
high-z (z!6.8-7.4) and consistent, within the 1" uncer-
tainty, with the spectroscopic redshift of the two emit-
ters.

2.1. Test of the LBG selection criteria on the HUDF

As a test of our selection criteria we apply them to a
real case by degrading HUDF V606, I814, Y105, J125
and Ks images (Koekemoer et al. 2013; Fontana et al.
2014) to the depth and resolution of the BDF dataset.
This is particularly interesting to test the e!ciency of the
J+K data in separating red low-z interlopers (expected
at S/N!3) from LBGs (close to the detection limit at
S/N=1). In practice, we add Gaussian noise to the V606,
I814, Y105 and Ks images to match the depth of the
BDF observations, and both smooth and decrease depth
of the J125 image to match the J-HAWKI mosaic of the
BDF. We build a (J+K) mosaic and extract catalogue
and photometry in the same way as in the BDF case.
Our selection criteria yield only one candidate: the LBG
G2 1408 from Castellano et al. (2010a), well known in
the literature being selected by all analysis of the HUDF
field (see Vanzella et al. 2014). The other z!7 LBGs in
the HUDF from Bouwens et al. (2015b) have Y105!27.7
(photometry from Guo et al. 2013) and are thus not ex-
pected as S/N>10 sources in our data. Most importantly,
we find that no z<6.5 objects are scattered into our LBG
selection window. In addition, no spurious detections are
found, consistently with our finding from the “negative
image” test.

2.2. Stacking of the newly identified LBGs

To further verify that the 6 newly discovered LBGs
are genuine z!7 sources we build stacked (weighted av-
erage) images in the di"erent bands enabling a tighter
constraint on the Lyman break. We extract photometry
from the stacked images with SExtractor and T-PHOT.
We find non-detections in both the V606 and I814, cor-
responding to a limiting total magnitude >30.2 and to a
color I814-Y105>3, and a S/N!2 detection in the J+K
one. The stacked thumbnails and the resulting SED are
shown in Fig. 2. We find a best-fit photometric red-
shift z=6.95, with P(!2)>32% solutions constrained to
the range z=6.8-7.8, as expected from the sharp I814-
Y105 drop. The spectroscopic redshifts of BDF-521 and
BDF-3299 are close to the best-fit solution.

3. AN OVERDENSITY OF LBGS IN THE BDF

We use extensive simulations for a detailed assessment
of the LBG number density observed in the BDF field,
and in particular to compare it to expectations from our
current knowledge of the z!7 UV LF.

3.1. Expected number counts

Fig. 2.— Top: thumbnails (1 arcsec side) of the newly detected
LBGs in the BDF-521 (left column) and BDF-3299 (right column)
HST pointings in, from left to right, V606, I814, Y105 and (J+K)
bands. Middle: stacked thumbnails. Bottom: best-fit spectral
energy distribution of the stacked object (left panel) and !2 as
a function of redshift (right panel, red and blue line mark the
spectroscopic redshifts of BDF-3299 and BDF-521 respectively).

Fig. 3.—Top: Observed number counts of z!7 LBGs in the BDF
field (red histogram) compared to the number counts expected from
z!7 LFs, and to number counts in the region of “Pair 1” in our
cosmological simulations (green line). Bottom: Stepwise z!7 UV
LF in the BDF field (red open circles) and the average one from
wide surveys (Bouwens et al. 2015b; Finkelstein et al. 2015, black
circles and blue squares respectively). The best-fit z!7 LFs from
Bouwens et al. (2015b) and Finkelstein et al. (2015) are shown as
black and blue lines respectively.
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Fig. 5.— “Pair 1” region in the model with main LAEs (blue
circles) and their companion LBGs shown as circles with color and
dimension indicating the distance from the displayed plane.

4.1. Comparison with a SPH theoretical model

The model couples cosmological SPH simulations run
using GADGET-2 (Springel 2005) with a radiative transfer
code (pCRASH, Partl et al. 2011) and a dust model. We
explore a wide range of fesc ranging between 5-95%. For
each of these values, we couple the z!7 simulation snap-
shot with pCRASH, starting from a fully neutral IGM and
ending the runs once the IGM is fully ionized. We look
for galaxies resembling BDF-521 and BDF-3299 in terms
of Ly! and UV luminosity in a snapshot with average
neutral faction ""HI#$ 0.5 consistent with current esti-
mates at z!7 (Bouwens et al. 2015b; Mitra et al. 2015).
We take fesc = 0.5 as reference ionizing escape fraction.
However, our analysis is una!ected by the fesc value
adopted: as shown in Hutter et al. (2014, 2015) the visi-
bility of LAEs is governed by three degenerate quantities,
fesc, ""HI# and the dust absorption; at a given ""HI#,
a lower (higher) fesc could be compensated by a lower
(higher) dust absorption mostly leaving both the reion-
ization topology and the fraction of LAEs unchanged.
Our simulation contains 75 sub-volumes equal to the ob-
served one: we find 7 (10) LAEs that match the Ly! and
UV ranges of BDF-521 (BDF-3299), but only two pairs
that are at comparable distance (! 4pMpc) - implying
that the existence of such “clustered pairs” is rare, with
a probability of only about 2.6%. This value is roughly
consistent with current findings, the BDF emitters being
the only pair found among 68 z-dropout galaxies sur-
veyed by Pentericci et al. (2014). We compute galaxy
density and average neutral fraction in regions equiva-
lent to one HST pointing around the two pairs and com-
pare them with values measured around isolated LAEs

and normal LBGs in the model (Fig. 4). We find that
both “clustered pairs” lie in highly ionized regions and
are characterized by a significant clustering of LBGs in
their surroundings. In general, there is an evident rela-
tion between neutral hydrogen fraction and galaxy den-
sity at "HI>0.1. Model LAEs are found at "HI!0.1,
with clustered LAEs being embedded in overdense re-
gions with a very low neutral HI fraction of log("HI)!-
5. By inspecting the LBG populations surrounding the
“clustered pairs” we find that the first pair shows LBG
number counts very similar to the BDF observed ones
(green line in Fig. 3), while the second group show a
LBG overdensity at Y"28, fainter than the BDF limit-
ing magnitude. A snapshot of Pair 1 from the model is
shown in Fig. 5: the LAEs and companion LBGs lie in
an ionized region with a radius of about $ 5pMpc, where
"HI increases from 10!6 to 10!3 up to a sharp transi-
tion boundary with the mostly neutral IGM. This lends
support to our suggestion that the BDF field hosts an
early reionized region pointing to a connection between
galaxy clustering and the reionization timeline.

5. SUMMARY AND CONCLUSIONS

The analysis of dedicated HST observations has
shown that the BDF field, where we previously de-
tected a unique pair of Ly-! emitting galaxies at z!7
(Vanzella et al. 2011), presents a number density of z!7
LBGs which is larger by a factor !3-4 than the aver-
age one. A comparison between observations and cos-
mological simulations shows that the BDF likely hosts
overlapping reionized regions with a very low neutral
fraction ("HI<10!3) embedded in a half neutral IGM.
Our findings match the expectation that overdense re-
gions are the first to become reionized, and suggest that
source clustering is a likely explanation for the inho-
mogeneity of reionization measured from spectroscopy
(Pentericci et al. 2014). Finally, the consistency with
model predictions on the relation between clustering and
neutral hydrogen fraction, adds further evidence to a
scenario where faint star-forming galaxies play a major
role in reionization (Bouwens et al. 2015a). This picture
clearly highlights the potentiality of going beyond the
standard approach based on volume-averaged quantities,
and investigate instead the properties of the ionizing and
Ly!-emitting sources as a function of di!erent environ-
ments in order to constrain the unfolding of the reioniza-
tion epoch.

Based on observations made with the NASA/ESA
Hubble Space Telescope, obtained at the Space Telescope
Science Institute, which is operated by the Association
of Universities for Research in Astronomy, Inc., under
NASA contract NAS 5-26555. These observations are
associated with program #13688. The research leading
to these results has received funding from the European
Union Seventh Framework Programme (FP7/2007-2013)
under grant agreement n 312725.
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First evidence for an over-dense reionized patch

Clustered galaxies preferentially 
visible in Lyman Alpha
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Cross-correlating 21cm data with (Lyman Alpha emitting and black hole) galaxy 
data will yield information on reionization state & topology.

Correlating 21cm and galaxies to constrain reionization

21cm emission from 
neutral hydrogen

24

SKA EoR 
Synergy group

Euclid EoR 
group

Galaxy populations 
Subaru, JWST, 

NGRST, EUCLID



Relation between LAEs, reionization and 21cm brightness 
temperature

Lying in over-dense and highly ionized regions, LAEs show much lower 21cm 
brightness temperatures than average. Euclid surveys will be crucial in yielding 

large samples of LAEs and LBGs to test their distributions and clustering - this is 
another tracer of the patchiness of reionziation. 

6 Hutter et al.

parameter. It is interesting to note that, due to a com-
bination of low IGM densities and photoionization rate
contributions from multiple galaxies, many under-dense
regions are as highly ionized as �HI ' 10�5 even for an
average ionization state of h�HIi' 0.9.
We find that the observed Ly↵ LF at z ⇠ 6.6 can

only be reproduced for h�HIi <⇠ 0.5; for h�HIi> 0.5
the number of galaxies identified as LAEs drops sig-
nificantly, since the IGM Ly↵ transmission decreases
considerably for rising h�HIi values. We find that the
subset of galaxies visible as LAEs (blue contours in
Fig. 1) are those that lie in the most over-dense (over-
density between 2 and 15) and highly ionized regions
(�HI

<⇠ 10�2). Although the galaxy population is not
evolving in our scenario, we expect our findings to be
robust given the conditions required for galaxies to be
visible as LAEs: firstly, galaxies must produce enough
intrinsic Ly↵ luminosity and secondly, they must trans-
mit enough of this luminosity through the IGM so as
to result in Lobs

↵

>⇠ 1042erg s�1. Given that the spatial
scale imposed by the Gunn-Peterson damping wing on
the size of the H II region corresponds to a redshift sepa-
ration of �z ⇡ 4.4⇥ 10�3, i.e. about 280 kpc (physical)
at z = 6 (Miralda-Escudé 1998), z ' 6.6 LAEs require
a halo mass >⇠ 109.5M� (Dayal & Ferrara 2012), with
significantly larger (109 � 1011 M�) stellar masses being
inferred observationally (Pentericci et al. 2009). Nat-
urally, as the high-mass end of the galaxy population,
LAEs are expected to lie in the most over-dense and
highly ionized regions.

3.2. 21cm emission from over-dense neutral regions

The distribution of the neutral hydrogen in the IGM
can be observed through its 21cm brightness tempera-
ture, which measures the intensity of the emission (or
absorption) of 21cm radiation against the Cosmic Mi-
crowave Background (CMB). We now discuss how the
21cm brightness temperature depends on the IGM den-
sity and its dependence on the presence of galaxies, spe-
cially the subset visible as LAEs. We start by calculat-
ing the di↵erential 21cm brightness temperature (�Tb)
in each of the (1283) pCRASH cells as (e.g. Iliev et al.
2012)

�Tb(~x)=T0 h�HIi (1 + �(~x)) (1 + �HI(~x)) , (1)

where

T0=28.5mK

✓
1 + z

10

◆1/2 ⌦b

0.042

h

0.073

✓
⌦m

0.24

◆�1/2

.(2)

Here, ⌦b and ⌦m represent the baryonic and matter den-
sities respectively and h is the Hubble parameter. Fur-
ther, 1+�(~x) = ⇢(~x)/h⇢i represents the local gas density

Figure 2. Probability density distribution of the IGM gas as
a function of gas over-density (1+�) and the 21cm di↵erential
brightness temperature (�Tb) for three di↵erent fesc (= 0.05,
0.25, 0.5; rows) and h�HIi (= 0.9, 0.5, 10�4; columns) com-
binations. The dark red, red and light red contours show
the regions occupied by 10%, 50% and 90% of all galaxies,
respectively. Dark blue, blue and light blue contours show
the regions occupied by 10%, 50% and 90% of LAEs, respec-
tively. The thick solid orange line shows the mean value of
�Tb for all cells; the blue line shows the much lower mean
�Tb value in cells hosting LAEs.

compared to the average global value and 1 + �HI(~x) =
�HI(~x)/h�HIi represents the local H I density fraction
compared to the average global value. Our computation
of the di↵erential 21cm brightness temperature does not
include fluctuations in the spin temperature and pecu-
liar velocities of the gas. For h�HIi. 0.8, spin temper-
ature fluctuations become negligible, as the heating of
the IGM by X-rays from the first sources leads to spin
temperatures that exceed well the CMB temperature
(Ghara et al. 2015). Spin temperature fluctuations may
only become important when the IGM is mostly neutral
and has not been entirely preheated. Similarly, the ef-
fect of peculiar velocities is only imprinted in the 21cm
power spectrum as long as the 21cm signal is not domi-
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The 21cm-LAE cross-correlation: hints on neutral fraction
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Survey parameters to optimise the 21cm-LAE correlation

21cm-LAE synergies 3

Figure 1. 21cm-LAE cross correlation function for fesc = 0.05 and 0.50 (rows) and survey Ly↵ luminosity limits L↵ = 1041�42, 1042�43,
10>43erg s�1 (columns) at z ' 6.6. Orange, green and blue lines represent the cross correlation functions at h�HIi ' 0.1, 0.25 and 0.5,
respectively. The light and dark shaded regions correspond to the values allowed by the uncertainties in computing the cross correlation
between SKA and Subaru HSC or SILVERRUSH survey data. All identified LAEs have a minimum Ly↵ equivalent width, EW↵ > 20Å,
and their corresponding number densities are indicated at the right bottom of each panel. The nearly constant amplitude across di↵erent
Ly↵ luminosity limits shows that ⇠21,LAE is hardly sensitive to LAE clustering, which again increases with rising L↵ values. However,
stronger LAE clustering leads to rising uncertainties, as PLAE in equation 4 increases.
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Figure 2. 21cm-LAE cross correlation function at r = 3.6h�1cMpc for fesc = 0.05 and survey Ly↵ luminosity limits L↵ = 1041�42,
1042�43, 10>43erg s�1 at z ' 6.6. Orange, green and blue lines represent h�HIi ' 0.1, 0.25 and 0.5, respectively. The shaded regions
show the cross correlation function uncertainties as a function of the survey volume of the SKA and LAE observations.

of LAEs increases and the mean 21cm di↵erential brightness
temperature, h�Tbi, drops. The latter decreases the contrast
between �Tb at LAE locations and h�Tbi, leading to a weaker
anti-correlation. However, the anti-correlation strength also
depends on the residual H I fraction within the ionized re-
gions around LAEs (Hutter et al. 2017). With decreasing
fesc, the photoionization rate (�HI) drops and the residual
H I fraction increases, which causes a slightly weaker anti-
correlation for fesc = 0.05 than for 0.5. The lower ioniza-
tion fractions in ionized regions are compensated by slightly
larger ionized regions, which become apparent in the anti-
correlation extending to larger scales.

The extent and strength of the anti-correlation between

the 21cm signal and LAEs reflect the size and the degree of
ionization of the ionized regions around the selected LAEs,
respectively. With L↵ being directly proportional to the
number of ionizing photons produced in a galaxy, the sizes
of the ionized regions around LAEs rise from faint to bright
LAEs, e.g. for fesc = 0.5 and h�HIi' 0.5, ⇠21,LAE drops
from �0.23 for LAEf to �0.3 for LAEb at r = 5h�1cMpc.
Comparing the anti-correlation strengths across the L↵ bins,
we notice the strength to increase towards fainter LAEs
for a mostly ionized IGM (h�HIi< 0.3): fainter LAEs are
more likely to be located in less over-dense regions, lead-
ing to lower residual H I fractions in their ionized regions.
In contrast, for h�HIi' 0.5, the anti-correlation strength is

c� 0000 RAS, MNRAS 000, 000–000

Key issue: As volume decreases, thermal noise increases. As number of LAEs decrease,  
                   shot noise increases.  

Solution: 25 deg2 surveys (Subaru/WFIRST) targeting intermediate luminosity LAEs most  
                 optimal - but smaller volumes can be compensated by probing to lower Lya  
                 luminosities 

Hutter, Trott & PD 2018, MNRAS, 479, 129

21cm-LAE synergies 3

 -0.5
 -0.4
 -0.3
 -0.2
 -0.1

 0

Lα = 1041-42 erg s-1

ξ 2
1,

LA
E

ng = 7.9 *10-3 Mpc-3

ng = 6.1 *10-3 Mpc-3

ng = 2.8 *10-3 Mpc-3

Lα = 1042-43 erg s-1

ng = 1.2 *10-3 Mpc-3

ng = 1.2 *10-3 Mpc-3

ng = 9.8 *10-4 Mpc-3

Lα > 1043 erg s-1

f es
c =

 0
.0

5

ng = 2.3 *10-5 Mpc-3

ng = 2.5 *10-5 Mpc-3

ng = 3 *10-5 Mpc-3

 -0.5
 -0.4
 -0.3
 -0.2
 -0.1

 0

1 10

ξ 2
1,

LA
E

r [h-1 Mpc]

ng = 7.6 *10-3 Mpc-3

ng = 6.6 *10-3 Mpc-3

ng = 4.3 *10-3 Mpc-3

1 10
r [h-1 Mpc]

SILVERRUSH

Subaru HSC

ng = 1.5 *10-3 Mpc-3

ng = 1.2 *10-3 Mpc-3

ng = 1.1 *10-3 Mpc-3

1 10

f es
c =

 0
.5

0

r [h-1 Mpc]

� χHI �= 0.50

� χHI �= 0.25

� χHI �= 0.10

ng = 2.3 *10-5 Mpc-3

ng = 2.2 *10-5 Mpc-3

ng = 2.5 *10-5 Mpc-3

Figure 1. 21cm-LAE cross correlation function for fesc = 0.05 and 0.50 (rows) and survey Ly↵ luminosity limits L↵ = 1041�42, 1042�43,
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respectively. The light and dark shaded regions correspond to the values allowed by the uncertainties in computing the cross correlation
between SKA and Subaru HSC or SILVERRUSH survey data. All identified LAEs have a minimum Ly↵ equivalent width, EW↵ > 20Å,
and their corresponding number densities are indicated at the right bottom of each panel. The nearly constant amplitude across di↵erent
Ly↵ luminosity limits shows that ⇠21,LAE is hardly sensitive to LAE clustering, which again increases with rising L↵ values. However,
stronger LAE clustering leads to rising uncertainties, as PLAE in equation 4 increases.
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of LAEs increases and the mean 21cm di↵erential brightness
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and their corresponding number densities are indicated at the right bottom of each panel. The nearly constant amplitude across di↵erent
Ly↵ luminosity limits shows that ⇠21,LAE is hardly sensitive to LAE clustering, which again increases with rising L↵ values. However,
stronger LAE clustering leads to rising uncertainties, as PLAE in equation 4 increases.

Figure 2. 21cm-LAE cross correlation function at r = 3.6h�1cMpc for fesc = 0.05 and survey Ly↵ luminosity limits L↵ = 1041�42,
1042�43, 10>43erg s�1 at z ' 6.6. Orange, green and blue lines represent h�HIi ' 0.1, 0.25 and 0.5, respectively. The shaded regions
show the cross correlation function uncertainties as a function of the survey volume of the SKA and LAE observations.

of LAEs increases and the mean 21cm di↵erential brightness
temperature, h�Tbi, drops. The latter decreases the contrast
between �Tb at LAE locations and h�Tbi, leading to a weaker
anti-correlation. However, the anti-correlation strength also
depends on the residual H I fraction within the ionized re-
gions around LAEs (Hutter et al. 2017). With decreasing
fesc, the photoionization rate (�HI) drops and the residual
H I fraction increases, which causes a slightly weaker anti-
correlation for fesc = 0.05 than for 0.5. The lower ioniza-
tion fractions in ionized regions are compensated by slightly
larger ionized regions, which become apparent in the anti-
correlation extending to larger scales.

The extent and strength of the anti-correlation between

the 21cm signal and LAEs reflect the size and the degree of
ionization of the ionized regions around the selected LAEs,
respectively. With L↵ being directly proportional to the
number of ionizing photons produced in a galaxy, the sizes
of the ionized regions around LAEs rise from faint to bright
LAEs, e.g. for fesc = 0.5 and h�HIi' 0.5, ⇠21,LAE drops
from �0.23 for LAEf to �0.3 for LAEb at r = 5h�1cMpc.
Comparing the anti-correlation strengths across the L↵ bins,
we notice the strength to increase towards fainter LAEs
for a mostly ionized IGM (h�HIi< 0.3): fainter LAEs are
more likely to be located in less over-dense regions, lead-
ing to lower residual H I fractions in their ionized regions.
In contrast, for h�HIi' 0.5, the anti-correlation strength is

c� 0000 RAS, MNRAS 000, 000–000

21cm-LAE synergies 3

 -0.5
 -0.4
 -0.3
 -0.2
 -0.1

 0

Lα = 1041-42 erg s-1

ξ 2
1,

LA
E

ng = 7.9 *10-3 Mpc-3

ng = 6.1 *10-3 Mpc-3

ng = 2.8 *10-3 Mpc-3

Lα = 1042-43 erg s-1

ng = 1.2 *10-3 Mpc-3

ng = 1.2 *10-3 Mpc-3

ng = 9.8 *10-4 Mpc-3

Lα > 1043 erg s-1

f es
c =

 0
.0

5

ng = 2.3 *10-5 Mpc-3

ng = 2.5 *10-5 Mpc-3

ng = 3 *10-5 Mpc-3

 -0.5
 -0.4
 -0.3
 -0.2
 -0.1

 0

1 10

ξ 2
1,

LA
E

r [h-1 Mpc]

ng = 7.6 *10-3 Mpc-3

ng = 6.6 *10-3 Mpc-3

ng = 4.3 *10-3 Mpc-3

1 10
r [h-1 Mpc]

SILVERRUSH

Subaru HSC

ng = 1.5 *10-3 Mpc-3

ng = 1.2 *10-3 Mpc-3

ng = 1.1 *10-3 Mpc-3

1 10

f es
c =

 0
.5

0

r [h-1 Mpc]

� χHI �= 0.50

� χHI �= 0.25

� χHI �= 0.10

ng = 2.3 *10-5 Mpc-3

ng = 2.2 *10-5 Mpc-3

ng = 2.5 *10-5 Mpc-3

Figure 1. 21cm-LAE cross correlation function for fesc = 0.05 and 0.50 (rows) and survey Ly↵ luminosity limits L↵ = 1041�42, 1042�43,
10>43erg s�1 (columns) at z ' 6.6. Orange, green and blue lines represent the cross correlation functions at h�HIi ' 0.1, 0.25 and 0.5,
respectively. The light and dark shaded regions correspond to the values allowed by the uncertainties in computing the cross correlation
between SKA and Subaru HSC or SILVERRUSH survey data. All identified LAEs have a minimum Ly↵ equivalent width, EW↵ > 20Å,
and their corresponding number densities are indicated at the right bottom of each panel. The nearly constant amplitude across di↵erent
Ly↵ luminosity limits shows that ⇠21,LAE is hardly sensitive to LAE clustering, which again increases with rising L↵ values. However,
stronger LAE clustering leads to rising uncertainties, as PLAE in equation 4 increases.

Figure 2. 21cm-LAE cross correlation function at r = 3.6h�1cMpc for fesc = 0.05 and survey Ly↵ luminosity limits L↵ = 1041�42,
1042�43, 10>43erg s�1 at z ' 6.6. Orange, green and blue lines represent h�HIi ' 0.1, 0.25 and 0.5, respectively. The shaded regions
show the cross correlation function uncertainties as a function of the survey volume of the SKA and LAE observations.

of LAEs increases and the mean 21cm di↵erential brightness
temperature, h�Tbi, drops. The latter decreases the contrast
between �Tb at LAE locations and h�Tbi, leading to a weaker
anti-correlation. However, the anti-correlation strength also
depends on the residual H I fraction within the ionized re-
gions around LAEs (Hutter et al. 2017). With decreasing
fesc, the photoionization rate (�HI) drops and the residual
H I fraction increases, which causes a slightly weaker anti-
correlation for fesc = 0.05 than for 0.5. The lower ioniza-
tion fractions in ionized regions are compensated by slightly
larger ionized regions, which become apparent in the anti-
correlation extending to larger scales.

The extent and strength of the anti-correlation between

the 21cm signal and LAEs reflect the size and the degree of
ionization of the ionized regions around the selected LAEs,
respectively. With L↵ being directly proportional to the
number of ionizing photons produced in a galaxy, the sizes
of the ionized regions around LAEs rise from faint to bright
LAEs, e.g. for fesc = 0.5 and h�HIi' 0.5, ⇠21,LAE drops
from �0.23 for LAEf to �0.3 for LAEb at r = 5h�1cMpc.
Comparing the anti-correlation strengths across the L↵ bins,
we notice the strength to increase towards fainter LAEs
for a mostly ionized IGM (h�HIi< 0.3): fainter LAEs are
more likely to be located in less over-dense regions, lead-
ing to lower residual H I fractions in their ionized regions.
In contrast, for h�HIi' 0.5, the anti-correlation strength is
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The Euclid theory WP

1. Identify state of the art re-ionization codes and investigate their availability and 
suitability for the analysis of Euclid data. 

2.  Explore synergies and timescales of follow-up data provided by other facilities for 
galaxy formation (ALMA, Subaru, JWST), Multi-messenger astronomy (Lisa) and 
21cm cosmology (SKA, Lofar 2.0). 

3.  Organise test campaigns and data challenges, analyse the results and coordinate 
their publication. 

Co-ordinators: Pratika Dayal & Andrea Ferrara



The emerging picture..

• The galaxy-reionization interplay remains a hard problem to solve from first 
principles. Progress being made both observationally and theoretically.  

• Galaxy observables are crucially dependent on the underlying density field. 

• Star formation in low-mass galaxies (<109 solar masses) in slightly over-dense 
regions key reionization sources. AGN can provide 10-25% of the total ionizing 
photons by z~4. More BH demographics needed to validate this picture. 

• Cross-correlating 21cm and galaxy data will be key probe of reionization topology 
and progress as function of environment. Euclid will be a key player in this in 
addition to yielding reionization hints through LAE-LBG clustering at large-scales. 

• Theoretical efforts ongoing to model volumes as large as those expected to be 
observed by Euclid whilst maintaining resolution for catching key reionization 
sources. 
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