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ABSTRACT
In recent years, the rise in the number of Lyman Break Galaxies detected at high redshifts z

≥ 6 has opened up the possibility of understanding early galaxy formation physics in great
detail. In particular, the faint-end slope (α) of the ultraviolet luminosity function (UV LF)
of these galaxies is a potential probe of feedback effects that suppress star formation in low-
mass haloes. In this work, we propose a proof-of-concept calculation for constraining the
fluctuating UV background during reionization by constraining α in different volumes of the
Universe. Because of patchy reionization, different volumes will experience different amount
of photoheating which should lead to a scatter in the measured α. Our approach is based on a
simple model of the UV LF that is a scaled version of the halo mass function combined with
an exponential suppression in the galaxy luminosity at the faint end because of UV feedback.
Although current data are not sufficient to constrain α in different fields, we expect that, in the
near future, observations of the six-lensed Hubble Frontier Fields with the James Webb Space
Telescope will offer an ideal test of our concept.

Key words: galaxies: evolution – galaxies: high-redshift – galaxies: luminosity function,
mass function.

1 IN T RO D U C T I O N

The past few years have seen an enormous increase in the observa-
tional data collected for galaxies that had formed in the first billion
years of the Universe due to a combination of state-of-the-art ob-
servatories (most notably the Hubble Space Telescope; HST) as
well as refined selection methods. In the latter category, the Lyman
Break technique has been exceptionally successful at building up a
statistically significant repository of z >∼ 6 Lyman Break Galaxies
(LBGs, e.g. McLure et al. 2009, 2010, 2013; Bouwens et al. 2010,
2015; Bowler et al. 2014; Oesch et al. 2014; Atek et al. 2015; Liv-
ermore, Finkelstein & Lotz 2017). The measured ultraviolet (UV)
luminosity (between 1250 and 1500Å in the rest frame) from the
above-mentioned works has been used to construct the evolving UV
luminosity function (UV LF) all the way to z ∼ 10 allowing un-
precedented studies on the key feedback physics of early galaxies.
One of the key feedback effects is associated with Type II super-
novae that can potentially heat or blow out a significant (or even
all) of the gas content in low-mass haloes (e.g. Mac Low & Ferrara
1999). The second feedback effect is that associated with cosmic
reionization in the redshift range 15 � z� 6 (Fan, Carilli & Keating
2006; Stark, Ellis & Ouchi 2011; Planck Collaboration et al. 2018).

� E-mail: tirth@ncra.tifr.res.in

During reionization, photoionization heating from the continually
rising UV background (UVB) can raise the gas temperature to about
2 × 104 K in ionized regions (Miralda-Escudé & Rees 1994), which,
in principle, could result in the UVB photoevaporating gas from
the lowest mass galaxies suppressing further star formation. Given
that many existing models assume these galaxies to be the key
reionization sources (Choudhury & Ferrara 2007; Finlator, Davé &
Özel 2011; Wise et al. 2014; Robertson et al. 2015; Dayal et al.
2017), the impact of this UV feedback is critical both for galaxy
formation as well as the process of reionization.

However, so far, the fluctuating UVB has only been measured
at relatively low-redshifts (z ∼ 5−6, Becker et al. 2015; Chardin
et al. 2015; Chardin, Puchwein & Haehnelt 2017). Further, since
the baryonic content of a halo exposed to a UVB depends on a
multitude of parameters, including the redshift, the thermal history,
and the intensity of the UVB, the halo baryon fraction during reion-
ization remains a matter of debate (Okamoto, Gao & Theuns 2008;
Wise et al. 2012; Hasegawa & Semelin 2013; Sobacchi & Mesinger
2013). A number of works find the lowest mass haloes to be im-
pervious to the UVB unless the key reionization sources are either
molecular-cooling-driven (Sobacchi & Mesinger 2013) rapidly los-
ing their gas after SN explosions (Pawlik, Schaye & Dalla Vecchia
2015) or low-mass galaxies that contain little/no molecular gas in
the first place (Gnedin & Kaurov 2014). On the other hand, other
works find the UVB to suppress the star formation rate at high
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z (Finlator et al. 2011; Petkova & Springel 2011; Hasegawa &
Semelin 2013). Naturally, while the first school of thought would
predict no impact of the UVB on the UV LF (e.g. Gnedin & Kaurov
2014), in the latter case, the faint-end slope of the UV LF (typically
denoted by α) would become shallower due to the decreasing star
formation efficiencies of low-mass haloes (see e.g. Dayal, Mesinger
& Pacucci 2015; Bremer, Dayal & Ryan-Weber 2018).

In this paper, we propose a proof-of-concept calculation that uses
the observations of the faint end of the UV LF in different fields to
yield hints on the fluctuating UVB. Our calculations are based on
the premise that supernova feedback, effectively depending on the
ratio between the star formation rate and halo potential should be
the same in every field observed, barring cosmic variance. On the
other hand, feedback from a fluctuating UVB can potentially result
in UV LF faint-end slopes that will vary from field to field. This
is an ideal time to undertake such analyses given that the James
Webb Space Telescope (JWST) is expected to reobserve the six-
lensed Hubble Frontier Fields (HFF) yielding a significant sample
of z >∼ 6 galaxies extending to UV magnitudes as faint as MUV ∼
−12.5.

2 TH E O R E T I C A L M O D E L

2.1 Modelling the ultraviolet luminosity function

The modelling of galaxy formation, in general, involves a number
of complex physical processes (for reviews on different aspects
of galaxy formation, see e.g. Ostriker & McKee 1988; Veilleux,
Cecil & Bland-Hawthorn 2005; McKee & Ostriker 2007; Conselice
2014; Krumholz 2015; Somerville & Davé 2015). The simplest
models assume that each dark matter halo contains only one galaxy
and the luminosity of the galaxy is primarily determined by the
corresponding halo mass. In that case, the observed UV LF can be
modelled as a scaled halo mass function (HMF) at that redshift.

In this work, we assume that in absence of any feedback, the UV
luminosity of a halo is proportional to the halo mass, Mh, such that

Lnofb
1375(Mh) = ε∗

(
�b

�m

)
Mh l1375, (1)

where the term (�b/�m) represents the cosmological baryon frac-
tion. Further, l1375 = 1033.07 erg s−1 Å−1 M−1

� is the specific ultra-
violet luminosity for a newly formed stellar population assuming
a metallicity of 5 per cent of the solar value and a Salpeter initial
mass function in the range 0.1–100 M�. Finally, ε∗ is the fraction
of baryons in the halo that get converted into stars. Physically, ε∗
is the product of the baryon fraction that can cool and the cold gas
fraction that can form stars. We assume the combination ε∗˜l1375 to
be independent of Mh (although it can depend on z). Note that any
deviation of l1375 from this fiducial value can be absorbed within
the unknown parameter ε∗.

The relation between l1375 and Mh gets modified in presence of
feedback processes. The radiative feedback arising from the UVB
can suppress the gas fraction in low-mass haloes in ionized regions.
We assume that the decrease in the total galaxy luminosity due to
this UV radiative feedback can be modelled through the simple
relation (e.g. Sobacchi & Mesinger 2013)

Luvfb
1375(Mh) = ε∗ 2−Mcrit/Mh

(
�b

�m

)
Mh l1375, (2)

where Mcrit is the critical halo mass characterizing the effect of
feedback. In fact, the above form implies that the luminosity of
a galaxy in a halo of mass Mcrit (0.1Mcrit) decreases by a factor

2 (∼1000) in presence of feedback. Although more complicated
forms for UV feedback suppression exist in the literature (Gnedin
2000), the above simple form has been shown to serve the purpose
of modelling the evolving UV LF at high redshift (see e.g. Dayal
et al. 2015).

The UV luminosities obtained above can be converted to an
absolute UV magnitude (in the standard AB system) using MUV =
−2.5log10(L1375) + 51.60 where L1375 is the total UV luminosity (in
erg s−1 Hz−1) from the galaxy.

Naturally, the UVB will be non-zero only in volumes that are
ionized, while neutral regions would be devoid of any ionizing
photons. Consequently, radiative feedback will suppress the gas
content in only those galaxies that form in already ionized regions.
If QHI is the neutral volume fraction of the universe, we expect
that a fraction QHII ≡ (1 − QHI) of galaxies will be affected by
feedback (Choudhury & Ferrara 2005; Dayal et al. 2017). Under
these assumptions, one can compute the globally averaged UV LF
as a combination of a fully suppressed UV LF in ionized regions
(�uvfb) and an unaffected UV LF (�nofb) in neutral regions such
that

�(MUV) = (1 − QHI) �uvfb(MUV) + QHI �nofb(MUV)

= dn

dMh

[
QHII

dMh

dLuvfb
1375

dLuvfb
1375

dMUV
+ QHI

dMh

dLnofb
1375

dLnofb
1375

dMUV

]
,

(3)

where dn/dMh is the HMF.1 Thus, in our model the UV LF can be
calculated once we fix three parameters: ε∗, Mcrit, and QHI.

2.1.1 Constraints on the star formation efficiency

We start by discussing the observational constraints on the star
formation efficiency parameter ε∗. When Mh � Mcrit, the haloes
hosting galaxies are so massive that UV feedback effects are quite
unimportant and in that case, the UV LF becomes independent of
QHI and is entirely determined by the single free parameter ε∗. We
can exploit the above fact and fix the value of ε∗ by comparing our
predicted UV LF with the observations at the bright end (MUV

<∼ −
17) as shown (by green dotted lines) in Fig. 1. The values of ε∗
obtained by this comparison are listed in Table 1 at each z.

We also show the feedback-affected UV LF appropriate for galax-
ies in the feedback-affected H II regions (by blue dashed lines in
the same figure). In order to compute these, we fix the value of
Mcrit = 109.5M� independent of the redshift which is consistent
with the findings of, e.g. Gnedin (2000). For each redshift, we
choose the value of the the third free parameter QHI so that the total
UV LF (red solid lines in the same figure) gives a reasonable vi-
sual fit to the available data. The respective values of the three free
parameters [103ε∗, QHI, log10(Mcrit/M�)] are indicated above each
panel of the figure. This essentially shows that there exist combina-
tions of the three parameters that can provide a satisfactory fit to the
data for this simplified model of the evolving UV LF. The effect of
UV feedback, as one can see from the figure, is to essentially flatten
the faint-end slope of the UV LF which is a direct consequence of
the suppression of luminosity in low-mass galaxies. It is worth men-
tioning that the currently available data points at the faint end are

1In this work, we use the HMF (dn/dMh) of Sheth & Tormen (1999) and
Sheth, Mo & Tormen (2001). We use a flat lambda cold dark matter cos-
mology with �m = 0.308, �b = 0.0482, h = 0.678, ns = 0.961, σ 8 = 0.829
(Planck Collaboration et al. 2014).
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Figure 1. The evolving UV LF for z 	 6−10 with the model parameter values [103ε∗, QHI, log10(Mcrit/M�)] as marked at the top of each panel. The points
with error bars represent the observational data (McLure et al. 2009; Bouwens et al. 2010, 2015; McLure et al. 2010, 2013; Bowler et al. 2014; Oesch et al.
2014; Atek et al. 2015; Livermore et al. 2017), while the different curves show the predictions from our model. The green dotted (blue dashed) curves are the
UV LFs for the neutral (ionized) regions. Note that the faint end of the LFs in the ionized regions are affected by UV feedback. The red solid curves denote
the globally averaged UV LF.

Table 1. Values of ε∗ constrained from the bright
end of the UV LF at the different redshifts shown in
Columns 2–6.

z 6 7 8 9 10

103ε∗ 1.5 2.5 3.3 2.5 4.7

not accurate enough to constrain Mcrit and QHI stringently because
of their large error bars – it is therefore quite possible that there
exist other combinations of the parameter values that can provide
an equally good fit to the data.

2.1.2 Constraints on the fluctuating UVB

We now extend the concepts described in the previous section to
probe the impact of UV feedback from a patchy ionizing back-
ground. Given that UV feedback directly only affects the faint-end
slope, we now restrict our discussions to constraining the value of
α using observations from forthcoming facilities such as the JWST.
For definiteness, we define the faint end as consisting of galaxies
with MUV

>∼ − 17, although minor variations of this threshold are
not expected to affect our conclusions.

Since the parameter ε∗ (Section 2.1.1 above) is already fixed by
the bright end, we can compute α for all possible combinations
of Mcrit and QHI. The plot of α as a function of Mcrit and QHI

is shown in Fig. 2. To understand the dependence of α on the
two parameters, let us concentrate on the first panel on the left-
hand side (z = 6). When the universe is mostly neutral QHI →
1, UV feedback effects are quite negligible resulting in α being
independent of Mcrit. At the other extreme, when QHI → 0, we find
that the slope flattens (α increases) with increasing Mcrit (for a fixed
QHI). This is simply because UV feedback becomes more severe
and hence leads to suppression in the luminosity from an increasing
fraction of low-mass haloes. For a fixed value of the critical halo

mass, say, Mcrit ∼ 109–1010M�, we find that the slope flattens with
decreasing QHI. This effect arises because of UV feedback affecting
a larger fraction of Mh

<∼ Mcrit haloes. Interestingly, we find that the
slope is largely independent of QHI for Mcrit ∼ 108–108.5M�. This is
because for such small values of the critical mass, UV feedback only
affects the lowest mass galaxies which are below the observational
limits. The same qualitative conclusions hold for the other redshifts
as well. We find that for the same value of Mcrit and QHI, the slope
is steeper at higher redshifts. This is because the HMF at the small
mass end steepens with increasing redshift.

We also show in the figure the presently available observational
constraints on α taken from Dayal et al. (2014). The two dashed lines
in each panel show the 1 − σ limits at the corresponding redshift.
Interestingly, one can constrain QHI < 0.2(0.5) at z = 6(7) at 1 −
σ confidence level with the available data. Clearly, the constraints
degrade as we go to higher redshifts because of the lack of data
points at the faint end and hence it is almost impossible to put any
constraint on α at z ≥ 8.

Although the effect of the radiative feedback on the UV LF has
been well studied (see e.g. Samui, Srianand & Subramanian 2007;
Samui 2014; Yue, Ferrara & Xu 2016; Finlator et al. 2017; Samui,
Srianand & Subramanian 2018), the discussion above provides a
rather quantitative and direct way to constrain UV feedback param-
eters using the observed UV LF. However, the underlying model
used suffers from a significant shortcoming which is related to the
degeneracies between different types of feedback. For example,
Type II supernova feedback would also tend to suppress star for-
mation in low- and intermediate-mass haloes, and can potentially
lead to flattening in the faint-end slope (Mac Low & Ferrara 1999;
Springel & Hernquist 2003; Greif et al. 2007; Hopkins, Quataert
& Murray 2012; Samui 2014). While one can, in principle, incor-
porate the effects of SN feedback in the model we are using, this
would lead to more free parameters and it would become almost im-
practical to constrain the parameters with sufficient accuracy. This
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Figure 2. The dependence of the faint-end slope α of the UV LF (corresponding to the red solid curves in Fig. 1) on Mcrit and QHI for different redshifts. The
black dashed curves in the three panels in the top row denote the allowed 1 − σ ranges in α obtained from the available observational data.

then warrants the question whether observations of flat α do indeed
allow us to probe the patchy UVB in presence of other complicated
physical processes. This degeneracy between different feedbacks
affecting the faint end of the UV LF can, in principle, be lifted by
observing different volumes or fields on the sky. If the process of
reionization is indeed patchy, as is predicted by almost all existing
models, it is expected that the ionization and thermal states of the in-
tergalactic medium in different volumes would be different. In that
case, the UVB and the impact of UV feedback (for galaxies having
the same luminosity) would vary from field to field which would be
manifested as a scatter in α. It is worth emphasizing that supernova
feedback, which depends on the balance between the star formation
rate and the underlying dark matter halo potential, is not expected
to change from field to field (except for the cosmic variance). We
thus propose that one can study the effects of radiative feedback by
observing the UV LF across a number of different fields.

Once we measure the value of α to sufficient accuracy in different
patches of the sky, we can use the panels of Fig. 2 to put constraints
of Mcrit and QHI for each patch, assuming that we have already
fixed ε∗ using the bright end. Assuming that Mcrit does not vary
across fields, this would allow us to constrain QHI in each field. Any
scatter in α and hence QHI would allow us to constrain the UVB
fluctuations. As is clear, it is not possible to obtain sufficiently
constrained values of α in individual field with the current data.
However, in the very near future, the JWST is expected to reobserve
the six-lensed HFF. Given its capability of observing down to MUV

∼ −15, combined with moderate lensing magnifications of a factor
of 10, we expect a significant sample of z >∼ 6 galaxies extending to
magnitudes as faint as MUV ∼ −12.5 over ∼10 × 10 Mpc patches.
The scatter in the value of α from these fields would provide an
ideal test of patchy UV feedback at high z using the faint end of the
UV LF.

3 SU M M A RY

In recent times, the availability of high-quality data on high-redshift
LBGs, particularly the UV LF, has opened up the possibility of
understanding various physical processes related to early galaxy
formation in great detail. We present a proof-of-concept calculation

based on the faint end of the UV LF to constrain the fluctuating
UVB during reionization. As per our current understanding, the
photoheating arising from UV radiation will suppress star forma-
tion in low-mass haloes in ionized regions. Because reionization is
patchy, the severity of this feedback will be different in different
volumes of the universe. With this in mind, our concept consists of
(i) a simple model of UV LF based on scaled HMF combined with
an exponential suppression of the star formation in galaxies formed
in ionized regions, and (ii) comparing the model with the observed
UV LF in different patches in the sky. The scatter in the UV LF
across different patches, in principle, should probe the patchy UV
feedback at high redshifts. The currently available data are not sen-
sitive enough to constrain the fluctuating UVB by measuring the
LF in different patches of the sky. One expects that, in the very near
future, the JWST will reobserve the six-lensed HFF with unprece-
dented sensitivity, thus enabling measurement of the faint-end slope
of the UV LF in different patches. These observations would serve
as ideal tests of our proof-of-concept.

Finally, we comment on possible complications to be accounted
for while comparing the model with the data. First, in addition to the
patchy UVB, there could be some scatter in the UV LF across differ-
ent patches arising from the underlying cosmic variance. Further-
more, the clustering of galaxies would lead to correlation between
their positions and the feedback-affected ionized regions. All such
issues are best addressed through numerical simulations, which we
plan to take up in more detail in the future.
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