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Figure 8. &ion 0 (top) and 7ijon (bottom) inferred through SED fitting with PROSPECTOR, as a function of redshift, colour-coded by a measure of burstiness (defined
here as the ratio between the star formation sustained in the past 10 Myr and the one averaged over the past 100 Myr), for the stellar mass complete sample
[log(M,/[M@]) > 7.5]. The circles with black edges show the spectroscopic sample, while the circles without edges show the photometric sample. Within the
latter, the galaxies with zero recent star formation (SFRg = 0 M yr~!) are shown as crosses. The best-fitting relations to both samples are shown in the top left
corner of each panel. The best fit to the spectroscopic data (blue-filled line) yields a more positive slope than the one derived for the entire photometric sample
(black dashed line). Particularly, the fit to &, o in the spectroscopic sample (dlog(&ion,0)/dz ~ 0.05 = 0.02) is closer to the &jon o versus redshift relations from
the literature (within errors of the findings of Simmonds et al. 2024a). This is because the spectroscopic sample likely suffers from the same biases as previous
studies (i.e. biased towards star-forming galaxies with detectable emission lines). Finally, the pink squares with error bars show the best-fitting relations per
redshift bin shown in Figs 9 and 10, for a fixed Myy of —18. When the full stellar mass complete sample is considered, both &;on 0 and 7jo, show only a slight
evolution with redshift, &on,0 shows a strong correlation with burstiness, while 7o, does not.

mass complete sample of this work is shown as grey pentagons.
There is an overlap with previous measurements, however, there is
a population of previously unseen galaxies with log(&io,/[Hz erg™'])
< 24.5. The inclusion of these galaxies has the result of flattening of
the increase of & o With redshift.

Fig. 8 shows &0 and rnj,, as a function of redshift, for our
photometric (no edges) and spectroscopic (black edges) sample,
colour-coded by the burstiness of their SFH (which correlates the
most with &y 0; Simmonds et al. 2024a). The crosses represent
the galaxies with no recent star formation (SFRjy = 0Mg yr™").
As a reminder, both samples overlap and the PROSPECTOR-inferred
redshifts agree with the zg.. ones, for a great majority of the
overlapping galaxies. We present both samples fit separately to
highlight that the increase in &,y 0 Observed previously is mostly
due to a selection effect (by selecting predominantly star-forming
galaxies with emission lines). Indeed, the best fit to &, o for the
spectroscopic sample has a slope of dlog (&on,0)/dz~ 0.04 £ 0.02,
within errors of the findings of Simmonds et al. (2024a). Importantly,
when the full photometric sample is taken into account, the slope
is considerably flatter (dlog (&ion,0)/dz~ —0.02 £ 0.00). The same
effect can be seen in the best-fit lines to 7;y,.

5.3 Trends of ionizing properties with UV magnitude

&on depends on several galaxy properties, such as metallicity, age,
and dust content (Shivaei et al. 2018). Moreover, fainter galaxies have
been shown to be more efficient in producing ionizing radiation (e.g.
Duncan & Conselice 2015; Maseda et al. 2020; Endsley et al. 2024;
Simmonds et al. 2024a). Fig. 9 shows &, o as a function of Myy for
our data, per redshift bin. We first note that as redshift increases, there
are less galaxies per bin, and they tend to be fainter. We find that by
dividing the sample into ‘star-forming’ [log (SFRo/SFR o) > —1]
and ‘mini-quenched’ [log(SFR¢/SFRg9) < —1], we distinguish two
populations of galaxies that have consistent &y, ¢ slopes with Myy,
but populate a different &, ¢ range. The star-forming sample lies
above log (&ion,0/[Hz ergfl]) ~ 24.5, while the mini-quenched (see
e.g. Looser et al. 2023a,b) sample mostly lies below. The number of
galaxies in each bin is shown in the top of the panels, with format N
= XX (YY), where XX is the number of star-forming galaxies and YY
is the number of mini-quenched galaxies. The best fit to both data sets
(when enough points to fit a line reliably) are shown in the bottom of
each panel. We find that in general, there is a slight increase of &jon o
towards the fainter galaxies (slope of ~ 0.01-0.04), but this increase
is lower than the slope of ~ 0.1 found in Simmonds et al. (2024a).
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Figure 9. Dependence of &jon,0 on UV magnitude, separated in redshift bins, and colour-coded by the burstiness of their SFHs. The individual error bars are
shown in grey. The top left of each panel shows the redshift range and the amount of galaxies it contains. The number in parenthesis corresponds to a small
secondary population of galaxies with log(SFR10/SFR00) < —1, that lie systematically below the general &jon o trends with Myy and redshift. If these two
populations of galaxies are fit separately (when possible), the slope of &y 0 With Myy is consistent between them, however, their &, o intercept is different.
The values for both fits are shown at the bottom of each panel, the darker coloured shaded area and text correspond to the population with no (or very little)
recent star formation. We note that this population accounts for only < 3% of the total sample.

This is unsurprising given the nature of our sample (i.e. containing
potentially all types of galaxies). When taking these two populations
in mind, the &,y 0—z relation shown in the top panel of Fig. 8 (for the
photometric sample) becomes:

108(Eion.0(2)) = (—0.001 % 0.004)z + (25.294 & 0.017) )

for the star-forming sample. Likewise, the 7i;,,-z relation shown in
the bottom panel of Fig. 8, for the star-forming sample becomes:

log(7ion(z)) = (0.032 £ 0.016)z + (53.106 = 0.079). (5)

As with &y, 0, the mini-quenched galaxies also appear to populate
a distinct region in the 7o, versus UV magnitude plane. Contrary to
&ion,0, however, 7ijo, has a steeper dependence with Myy (with a slope
of ~ —0.4), as shown in Fig. 10.! In summary, as galaxies become
fainter, &y 0 marginally increases, but 7o, significantly decreases.
This is an effect that derives naturally from the definition of &y, o:
the ratio between the ionizing photons being produced (7;0,) and the
non-ionizing UV continuum luminosity. The former is dominated by
the contribution of young hot stars, while the latter also includes the
contribution of older stellar populations.

Finally, we combine our redshift and UV magnitude relations to
perform a 2-dimensional fit and find a joint relation for the star-
forming sample, given by:

log(&ion(z, Myy)) = (0.003 £ 0.003)z
+(—0.018 £ 0.003)Myy + (25.984 £ 0.053)

5.4 Unveiling the silent population

‘We find a total of 350 mini-quenched galaxy candidates, correspond-
ing to ~ 2.4% of our total sample. Their number increases with

! Appendix D contains the relations shown in Figs 9 and 10 in table format.
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redshift up to z = 7 and then decreases significantly. There are a
few possible explanations for this behaviour that most likely are
working together. On one hand, the preference of mini-quenched
galaxies in the redshift window of z = 4-6 could have a physical
origin (Dome et al. 2024): at higher redshifts, galaxies are bursty
and undergo quenching attempts, but the replenishment time of gas
within galaxies is so short that the mini-quenching phase is not
observable (i.e. less than a few Myr). Supporting this scenario, recent
work by Witten et al. (2024) shows a z ~ 7.9 galaxy with a bursty
SFH, with evidence of a mini-quenched episode lasting ~ 20 Myr
followed by a rejuvenation event. Towards lower redshifts, the mini-
quenching phase might have a longer duration or SFHs are less
bursty, leading to fewer mini-quenched systems. On the other hand,
at z ~ 5-7, the UV part of the spectrum is shifted into the NIRCam
FO90W filter, which covers our entire stellar mass complete sample
(see Fig. 1). The deep NIRCam observations allow for stronger
constraints on the SED shape, and could explain the increased
detection of mini-quenched galaxies at these redshifts. Finally, at
higher redshifts (z > 7), it becomes increasingly difficult to detect
these almost featureless galaxies with photometry alone (and with a
S/N > 3).

‘Mini-quenched galaxies’ have low &, ¢, well below the observed
&ion,0 relations (i.e. with redshift and Myy), and are likely only
minor players in the reionization of the Universe. Their photometry
show little-to-no evidence of emission lines, which explains why
they have been neglected in previous studies of this nature. These
galaxies are possibly analogues to the galaxies studied in Strait et al.
(2023); Looser et al. (2023a) and Looser et al. (2023b), which are
temporarily quenched due to their extremely bursty SFHs (Dome
et al. 2024). Interestingly, using simulations, Dome et al. (2024)
predict the number of mini-quenched galaxies increases with cosmic
time, reaching ~ 2-4% at z =4, in broad agreement with our
preliminary findings. A spectroscopic follow-up study is needed to
confirm this hypothesis.
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Figure 10. Same as Fig. 9 but for 7., instead. Contrary to the case of &on 0, 71ion has a stronger dependence on Myy, where the faintest (brightest) galaxies

produce less (more) ionizing photons.

If we adopt the B—fs.(Ly C) relation from Chisholm et al. (2022),
given by:

fue(Ly C) = (1.3 £ 0.6) x 107* x 1012208, (6)

we find that a significant number of the mini-quenched galaxy candi-
dates [51 (141)] indicate leakage of ionizing radiation [fes(Ly C) >
10 per cent (5 per cent)]. Corresponding to ~ 16% (40 per cent) of the
mini-quenched sample. By comparison, the star-forming sample only
has ~4 per cent (32 per cent) of galaxies that obey the same criteria.
Fig. 11 shows &on 0 as a function of 8 for all galaxies with fe..(Ly C)
> 10 percent. The mini-quenched candidates populate a different
parameter space in &on 0 and B than the star-forming galaxies, with
the mini-quenched galaxies having on average bluer UV continuum
slopes and lower &0, ¢ values. We now focus on the strongest leaker
candidates within the mini-quenched sample (fo,c > 10 per cent).

Observing Ly C leakage directly is impossible at high redshift, the
average IGM transmission of hydrogen ionizing photons emitted at
Mrest—frame ~ 900 A, atz ~ 6, is virtually zero (Inoue et al. 2014). Itis
even more complicated to observe hydrogen ionizing photons emitted
at shorter wavelengths, for example at ~ 700 A, where the nebular
contribution does not contaminate f.,. estimations (Simmonds et al.
2024b). Therefore, indirect methods are required to understand how
ionizing photons escape in the early Universe. In order to confirm
if these galaxies are indeed leaking, we run PROSPECTOR on this
subsample, with a modified approach that includes Ly C leakage
in the fitting routing (Stoffers et al. in preparation). This is work
in progress and is in the process of being calibrated. Promisingly,
PROSPECTOR finds signs of leakage for these Ly C leaking candidates
(finding fesc > 20 per cent for all of them).

Fig. 12 shows &on 0 versus fe(LyC), colour-coded by bursti-
ness. The shaded region shows the area where f.. > 10 percent,
and log(SFR;¢/SFR;o0) < —1 (the latter roughly coincides with
log(&ion,0o/[Hz erg‘l]) < 24.5). This parameter space is analogous
to the one presented in Katz et al. (2023) for ‘remnant leakers’. In
short, Katz et al. (2023) propose two modes of Ly C leakage (fesc >
20 per cent), based on galaxies from the SPHINX suite of cosmological
simulations (Rosdahl et al. 2018, 2022). ‘Bursty leakers’ are galaxies
with a recent burst of star formation (within the last 10 Myr, SFR ¢ >
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Figure 11. &, o versus S for the galaxies with fec(Ly C) > 10 percent,
adopting the relation from Chisholm et al. (2022). The two colours represent
star-forming (‘SF’; smaller grey circles) and mini-quenched (‘MQ’: purple
larger circles) populations, as shown in the legend. The &;on,0 and B medians
of each sub-sample are shown as filled (mini-quenched) and dotted (star-
forming) lines. Although, by definition, every galaxy with fec(Ly C) > 10
per cent has a blue UV continuum slope, the mini-quenched candidates have
on average bluer 8 and lower &jon 0 values than the star-forming galaxies.

SFR (o), akin to an ionization bounded H I region with holes. While
‘remnant leakers’ had a strong burst of star formation in the past, but
not recently (SFRjgo > SFRjg). Making remnant leakers similar to
density bounded H1I regions, where the ISM was disrupted enough
to halt star formation.

Fig. 13 shows the stacked SFHs of the 51 remnant leaker
candidates found in this work, which indicates the presence of a burst
in star formation occurring in the past (within the last ~ 50 Myr), but
no recent star formation (within the last 10 Myr), in agreement with
the SPHINX remnant leakers from Katz et al. (2023). As expected,

MNRAS 535, 2998-3019 (2024)

$20Z Jaqwieoa( 9| Uo Jasn eos)ol|qig aJoadng sjewloN Bjonds Aq 0£0688//8662//SES/a101e/SBIUW/WOo dNo"olWapeoe//:sdy Wolj Papeojumo(



3010  C. Simmonds et al.

1.0
26.0
0.5
0.0
T
9 -0.5 §
N T
N
E -1.0 IL;
S
s i
< -1.5¢
ks g
o -2.0
o
RL candidates 25
(Katz+2023) '
-3.0

0.05 0.10 015 0.20 025 0.30
fesc(LyC) [Chisholm+2022]

Figure 12. &y, o versus Ly C escape fractions, estimated using the § relation
from Chisholm et al. (2022), and colour-coded by burstiness. The vertical
dashed line shows the mean feg. of the star-forming sample. As in previous
figures, the crosses show the galaxies with zero recent star formation
(SFRjgp = 0 Mg yr~!). The dark shaded area highlights the region where
log(SFR10/SFRj00) < —1, and fesc(Ly-1C) > 10 percent, which broadly
coincides with the region where log(&ion,0/[Hz —17) is below 24.5. This
parameter space is analogue to the one populated by the ‘remnant leakers’
(RL) presented in Katz et al. (2023). Following this criteria, we find 51
remnant leaker candidates.
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Figure 13. Stacked SFHs of the 51 galaxies populating the ‘remnant leakers’
parameter space shown in Fig. 12. The SFHs have been normalized to their
maximum, the individual SFHs are shown as thin coloured curves, and the
stack as a purple thick curve. The shape of the mean SFH of these galaxies
indicates a burst of star formation in their recent past (<50 Myr), but not
within their immediate past (<10 Myr).

the photometry for these candidates suggests little-to-no presence of
emission lines, which could support a high fe scenario (Zackrisson
et al. 2017). The evidence of these galaxies being in a remnant
leaker mode is compelling. An in depth study of these sources will
be performed in the future and is beyond the scope of this work.
However, given the small amount of galaxies we find to fall into
the mini-quenched category (<3 per cent of the total sample), and
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their low &;o5 0, we conclude that they are not dominant agents in the
reionization of the Universe.

6 IMPLICATIONS FOR THE REIONIZATION
OF THE UNIVERSE

Recent works based on JWST observations have arrived to the
conclusion that there is an overestimation of ionizing photons at the
EoR, leading to a so called ‘crisis’ in the ionizing photon budget (see
e.g. Trebitsch et al. 2022; Chakraborty & Choudhury 2024; Muiioz
et al. 2024). In the following sections, we discuss the implications
of our & o estimations for a stellar mass complete sample on the
cosmic ionizing budget.

6.1 Constraints on the cosmic ionizing budget

As in Simmonds et al. (2024a), we now study the implications of
our findings on the ionizing cosmic budget through Nj,,, which
represents the number of ionizing photons produced per volume
unit. We first analyse the contributions of different Myy and redshift
bins to Njy,, by adopting the UV luminosity functions from Bouwens
et al. (2021) and some simple prescriptions for fe: constant of 10
and 20 percent (Ouchi et al. 2009; Robertson et al. 2013, 2015),
and varying according to Myy (Anderson et al. 2017). The latter
was constructed using the uniform volume simulation Vulcan, and
states the dependence: log(fes.) = (0.51 £ 0.4)Myy + 7.3 £ 0.08.
For &, we use the &, o relations presented in Fig. 9 for the star-
forming sample (i.e. log (SFRo/SFRop) > —1). This sample was
chosen because it is representative of most galaxies in this study,
accounting for >97 percent of the total sample. We remind the
reader that our PROSPECTOR-inferred ionizing photon production
efficiencies assume fe,c = 0, such that &gy 0 = &jon X (1 —fesc). For
simplicity, in the following calculations, we adopt &on = &ono
therefore the resulting Nion values should be taken as lower limits.
For reference, the mean f. for the star-forming sample is ~ 3% (see
Fig. 12), which would result in a difference in Ny, of <0.1 dex.

The resulting Nion curves as a function of Myy are shown in
Fig. 14, each panel displaying a different f.,. as indicated in the
top left corner. As expected, the curves with fixed f.,. are flatter
than those derived in Simmonds et al. (2024a), a consequence of
now having a stellar mass complete sample that leads to a milder
&ion evolution with Myy. Once all types of galaxies are potentially
included, the importance of faint galaxies in the ionizing cosmic
budget is reduced. We note that our exclusion of mini-quenched
galaxies does not change this conclusion, since they only account for
< 4% of the sample. In the case of the variable fe, the curves are
still steep, due to the nature of their f., prescriptions. On the one
hand, Anderson et al. (2017) state that ionizing photons can escape
much more easily from faint galaxies. On the other hand, Chisholm
et al. (2022) propose that galaxies with bluer UV continuum slopes
(B) are likely more efficient Ly C leakers. The 8 in equation (6) can
be expressed as a function of Myy as:

B=b+ax Myy+19.5) @)

As described in Chisholm et al. (2022), the coefficients a and b
connect Myy to the UV continuum slope, S, through the B—Myy
relations provided in Bouwens et al. (2014) for selected redshifts.
On the top left panel, we also include the results if we adopt a
constant log (&on/[Hz ergfl]) = 25.2 (based on stellar populations,
as in Robertson et al. 2013). We find that the shapes of the Nio,
curves with fixed &, are similar to the ones found in this work,
albeit slightly offset towards lower Nion-
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Figure 14. Nj,, as a function of Myy, separated by redshift bins and assuming a fe. as indicated in each panel. The &ion,0 relations with Myy shown in
Fig. 9 are adopted [using the relations given for galaxies with 10g(SFR¢/SFRj09) > —1, which are representative of the general population]. The variable fes
prescriptions come from Anderson et al. (2017) and Chisholm et al. (2022), and the luminosity functions are taken from Bouwens et al. (2021). In the top panel,
we show for comparison the results adopting a fixed log (&ion,0/[Hz erg*1 1) = 25.2 (grey shaded area and dotted lines).

Using the No, curves estimated above, in Fig. 15, we investigate
how the ionizing cosmic budget evolves with redshift, given by

Muv, max

puv(Myy, 2) X feeMuy, 2) X &ion(Muv, 2)dMuyy,

(®)

where Nio, is in units of s™! Mpc_3, Eon 18 in units of Hz erg_l,
and pyy in units of ergs™! Hz~! Mpc™3, and the escape fraction is
dimensionless. We assume that the scatter is negligible and that there
is an interdependence of variables (e.g. &o,—Myy relation). In this
figure, we integrate the curves shown in Fig. 14 down to Myy= —16
(open triangles), estimated by adopting the luminosity functions from
Bouwens et al. (2021). We remind the reader that our sample is UV
complete down to Myy ~ —16, and thus, our derived relations are
valid in the integrated range. We also include the luminosity densities
from Sun & Furlanetto (2016), who fit a power law to the low-mass
end. To estimate &, we use the best-fitting relation to our data,
as shown in Fig. 9. For consistency, we use only the star-forming
galaxies (accounting for ~ 94% of the total sample).

When adopting the Sun & Furlanetto (2016) luminosity functions,
we only assume fixed escape fractions of 10 and 20 per cent (filled
circles), motivated by the canonical average f.;. needed for galaxies
to ionize the Universe (Ouchi et al. 2009; Robertson et al. 2013,
2015). As comparison, we add curves indicating the Nion needed to
maintain ionization of hydrogen, according to the models of Madau
et al. (1999), for clumping factors of 1, 3, and 10 (although see So
et al. 2014, for a discussion of the validity of this approach at the
EoR). A clumping factor of unity represents a uniform IGM, while
larger clumping factors imply a higher number of recombinations

taking place in the IGM, and thus, more ionizing photons need to
be emitted in order to sustain ionization. Finally, the values found in
Simmonds et al. (2024a) for ELGs, are shown as a shaded hatched
area. These were provided as upper limits, since they were estimated
based on one important assumption: that the sample of ELGs was
representative of the entire galaxy population. Indeed, in a recent
work by Mufioz et al. (2024), an excess of ionizing photons inferred
from JWST observations is identified in the cosmic ionizing budget.
With our updated stellar mass complete sample, we are now able to
provide more realistic results. We find that the estimations made with
our star-forming sample are consistent with those from literature (e.g.
Bouwens et al. 2015; Mason et al. 2015; Mason et al. 2019; Naidu
et al. 2020; Rinaldi et al. 2024).

In addition to the measurements described above, we include those
found through the stellar mass function (instead of pyy). In particular,
we use results from Weibel et al. (2024), which are particularly
relevant to this work since they were constructed from NIRCam
observations of galaxies at z ~ 4-9. In this scenario, Nion can be
rewritten as:

Mmax

Nion = /

Mmin

P(M, 2) X fese(M, SFR(M), R(M)) X #tion(M, 2)dM, (9)

where @ is in units of Mpc~3, £, is dimensionless and depends on
stellar mass, SFR, and size of the galaxy (through the SFR surface
density, Xsgr), and o, is in units of s~!. In this case, we adopt the
fese prescription from Naidu et al. (2020) due to its dependence on
YsEr, such that:

D) 04101
foe = min | 1,1.6703 x (%) (10)
1000Mpyr—'kpc
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Figure 15. Cosmic rate of ionizing photons emitted per second and per unit volume (Niop), as a function of redshift. The error bars in our estimations have been
omitted for readability, and are on average ~ 0.3 dex. The same fes. prescriptions assumed in Fig. 14 are adopted, as indicated in the legend. The results obtained
by adopting the UV luminosity density from Sun & Furlanetto (2016) are shown as filled circles (‘S16°), and those obtained by integrating the UV luminosity
density curves from Bouwens et al. (2021) down to Myy = —16 are shown as triangles (‘B21’, curves shown in Fig. 14). The stars have been obtained by
convolving the stellar mass functions from Weibel et al. (2024) instead (“W24’). We include the curve from Mason, Trenti & Treu (2015) assuming constant
&on and feqc, integrated down to a Myy of —15 (as in Mason et al. 2019), as well as the Nion reported in Rinaldi et al. (2024) for H « emitters at z ~ 7-8 (black
square). We also include the estimated Ni,, needed to maintain Hydrogen ionization in the IGM (Madau et al. 1999), adopting clumping factors of 1, 3 and 10.
Finally, as comparison, we show the results from Simmonds et al. (2024a), as a shaded hatched area. These were calculated under the assumption that the ELGs
studied in that work were representative of the general galaxy population, with low faint low-mass bursty galaxies creating a turnover in Nio, at z > 8. Finally,
we include observational constraints obtained by observing the Ly o forest from Becker & Bolton (2013), Gaikwad et al. (2023), and Davies et al. (2024). With
our stellar mass complete sample, we find that galaxies produce enough ionizing radiation to ionize the Universe by z &~ 5-6, without producing an excess in
the cosmic ionizing photon budget. Importantly, the points estimated adopting the Chisholm et al. (2022) fesc prescription, flatten at z < 6, in general agreement

with the Ly o forest constraints.

In order to obtain Xgrr, we first follow the size-mass relation and
coefficients (for the full sample) presented in table 3 of Morishita
etal. (2024). We then combine the derived sizes with SFR ¢ (averaged
over the past 10 Myr), such that Sspg = 84 (Shibuya et al. 2019).
After estimating Yggr, we compute fes. X725, for our stellar mass-
complete sample, for each redshift bin. By combining the best-fitting
relations with &, and integrating them down to log(M,/[Mg]) = 7.5,
we finally find N, as a function of redshift. The values are shown as
stars in Fig. 15, and are in general agreement with the other variable
fesc prescriptions (i.e. Anderson et al. 2017; Chisholm et al. 2022).

Although the values of Nj,, are highly uncertain in the early
Universe, strong constraints on Nion have been placed by observations
of the Ly o forest at lower redshifts (e.g. Becker & Bolton 2013;
Gaikwad et al. 2023; Davies et al. 2024, included in Fig. 15). The
Ly« forest refers to a series of absorption lines at wavelengths
redder than Ly o (Arest—frame ™~ 1216&) observed in the spectra of
high redshift quasars, produced by the intervening neutral IGM.
Interestingly, Nion has been observed to flatten once reionization has
been completed (with log(Nien/[s ™! Mpc™3]) ~ 50.8 atz < 5-6). We
find that, out of all the prescriptions adopted in this work, the fes.
relations from Chisholm et al. (2022) can match the shape of the Ly«
forest constraints. We remind the reader that in order to construct a
stellar mass-complete sample, we have ignored all galaxies below
the completeness limit (log(M./[Mg]) ~ 7.5). Therefore, our points
represent lower limits to the cosmic ionizing budget.

6.2 Which galaxies reionized the Universe?

In order to determine which galaxies dominate the budget of
reionization, we use the same f., prescriptions as before, but
integrate their contributions in three Myy bins: —24 < Myy < —20,
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—20 < Myy < —18, and —18 < Myy < —16. Fig. 6 shows that
Myy and stellar mass are correlated (albeit with a large scatter),
where brighter galaxies are more massive (and vice-versa), such that
each UV luminosity bin also loosely describes a mass bin in our
sample. In the four leftmost columns of Fig. 16, we adopt these
Myy luminosity bins and show the relative contribution these bins
have in N, for each redshift bin above 5 (where observational
studies agree the EoR has ended, e.g. Keating et al. 2020; Yang
et al. 2020; Zhu et al. 2024). In the rightmost column, we show the
contributions of different stellar mass bins to the ionizing budget,
by adopting the stellar mass functions of Weibel et al. (2024) and
the fe. prescription from Naidu et al. (2020) (stars in Fig. 15). Each
row has been normalized to a different clumping factor using the
models from (Madau et al. 1999). We find that if the IGM is uniform
(C = 1), then galaxies produce enough ionizing radiation in order to
sustain hydrogen ionization, independent of the fs. prescription. As
the clumping factor increases, it becomes more difficult for galaxies
to ionize the Universe by redshift 5. However, most importantly, we
discover that for every clumping factor, f.,. assumption, and redshift
bin, the fainter galaxies (with Myy >= —20), and galaxies with low
and intermediate stellar masses (log (M,/[Mg]) < 9.5) dominate the
cosmic ionizing budget. In agreement with the results presented in
Seeyave et al. (2023), based the First Light and Reionization Epoch
Simulations (FLARES; Lovell et al. 2021; Vijayan et al. 2021), and
the conclusions reached by forward modelling JWST analogues from
the SPHINX simulation, presented in Choustikov et al. (2024).
Therefore, in this work, we confirm that faint low-mass galaxies
with bursty star formation have in general enhanced &;,, compared
to massive galaxies and/or galaxies without recent star formation, in
agreement with Simmonds et al. (2024a). However, when taking into
account the full galaxy population, their contribution is less extreme
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Figure 16. Percentage of cosmic rate of ionizing photons being emitted per second and per unit volume, as a function of Myy (four leftmost columns, coloured)
and stellar mass (rightmost column, black and white). Three bins are shown per redshift in each panel, as indicated in the legends. The three Myy bins correspond
to those shown in Fig. 6, where brighter galaxies tend to have higher stellar masses. Each row is normalized to the Madau et al. (1999) models shown in Fig. 15,
where the Nio, needed to maintain hydrogen ionization at every redshift bin is set to 100 per cent: from top to bottom, C=1, C =3 and C = 10. The columns
show the different fe, prescriptions adopted earlier: constant (10 and 20 per cent), and varying as a function of: Myy following Anderson et al. (2017), 8 as
proposed in Chisholm et al. (2022), and Xgpr from Naidu et al. (2020). It can be seen that as the clumping factors increase, it becomes more difficult for
galaxies to produce enough ionizing photons by the end of the EoR (z ~ 5-6). Importantly, for the calculations made convolving pyy (four leftmost columns),
the faintest galaxies (fainter than Myy = —20) dominate the ionizing photon budget for every fes prescription and clumping factor. Analogously, the models on
the rightmost column indicate that the intermediate and low mass bins dominate the budget, with a significant contribution from the galaxies in the lowest mass
bin (log (M./[Mgp]) < 8.5). Therefore, despite the uncertainties in the clumping factor, we confirm that faint galaxies with low stellar masses are key agents of

reionization.

as might have been thought previously, resolving any potential crisis
in the ionizing photon budget of the Universe (e.g. Trebitsch et al.
2022; Chakraborty & Choudhury 2024; Pahl et al. 2024). Finally, by
adopting the relations from Chisholm et al. (2022), we are able to
reconcile our results with the constraints provided by observations
of the Ly « forest, especially in the flattening of Nj,, that has been
observed at lower redshifts (z < 6). In summary, we have shown that
galaxies produce enough ionizing photons to ionize the Universe by
z ~ 5-6, without creating a nonphysical excess of ionizing photons
in the cosmic budget.

7 CAVEATS AND LIMITATIONS

There are a few important limitations to our method, which we now
describe. First, since our method relies on SED fitting, and includes
the assumption of certain stellar populations, we are incapable of
detecting and appropriately fitting extreme populations. In particular,
we assumed a Chabrier IMF, with a maximum stellar mass of
100 Mg. This choice was motivated by the size of the sample, in an
effort to chose a representative IMF and stellar populations. However,
if there are extreme objects in our sample, we might be missing them.
For example, Cameron et al. (2024) have found tentative evidence
for a top heavy IMF at z ~ 6 although, Tacchella et al. (2024) find an
alternative explanation that does not require to invoke exotic stellar
populations. If the IMF evolves with redshift, then our choice of a

Chabrier IMF would affect our results (including the derived stellar
masses). We circumvent this issue to some extent by selecting only
the galaxies that were fit with a reduced x2 < 1, but we note that
by doing so, might have lost information on sources that cannot be
reproduced by our models.

In the same vein, our modelling does not include a prescription
for AGN. JWST has recently unveiled a hidden population of
AGN at high redshifts (JuodZbalis et al. 2023; Madau et al. 2024;
Maiolino et al. 2024b; Ubler et al. 2024). Underestimating the AGN
contribution can lead to a systematic overestimation of stellar mass
and SFRs by SED fitting codes (Buchner et al. 2024). Unfortunately,
accurately identifying which galaxies in our sample host AGN is
not trivial, as demonstrated by Wasleske & Baldassare (2024), who
compare different techniques used to select AGN in dwarf galaxies
(M, < 10°°My,). They find that any single diagnostic can retrieve at
most half of the AGN sample, and most importantly for this work, the
AGN identification is least effective when considering photometry
alone. Therefore, quantifying the contribution of AGN to our sample
is far from the scope of this work. As such, we report our results
and caution that our sample might contain some AGNs that can be
mimicked by stellar emission.

Another important point is that our work relies heavily on
photometric redshift measurements. Specifically, our PROSPECTOR-
inferred redshifts use EAZY redshifts as priors. The latter has been
proven to provide accurate results for large samples using JADES
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NIRCam photometry in GOODS-S (Rieke et al. 2023). Moreover,
in this work we compare them (when possible) to spectroscopic
redshifts compiled from literature. We find a good — but not perfect
— agreement, suggesting that our results are in general accurate but
likely contain a few outliers where the zpho is unreliable. We stress
that these outliers would be of the order of at most a few per cent. As
with the stellar populations, our selection of galaxies (fitted with a
reduced x2 < 1) ensures that the photometry is well represented by
the best-fitting models. Moreover, the addition of HST observations
aids in constraining the photometric redshifts. Finally, we do not
expect cosmic variance to play an important factor in our results, but
plan in the future to perform a similar study in GOODS-N.

In summary, whereas there are intrinsic limitations to our methods,
our results are — as much as possible — accurate and representative
of the galaxy population in GOODS-S (at3 < z <9).

8 CONCLUSIONS

We use JWST NIRCam photometry to build a sample of 14 652
galaxies at 3 <z <9, 1640 of them with spectroscopic redshifts
from literature. We infer their properties using the SED fitting code
PROSPECTOR, finding two distinct populations of galaxies which can
be separated by their burstiness (delimited by log (SFR0/SFR )
= —1). We call these populations star forming and mini-quenched,
and note that the mini-quenched galaxies only account for <
3 per cent of the total sample. Within the mini-quenched population,
we find an interesting subsample with tentative evidence of Ly C
leakage (through the UV continuum slope ). These galaxies popu-
late a similar parameter space as the remnant leakers from Katz et al.
(2023). Future spectroscopic follow-ups will be necessary to confirm
or refute this hypothesis. Our main findings can be summarized as
follows.

We find that &, ¢ increases for fainter galaxies with burstier SFHs,
in agreement with previous studies, albeit with a milder evolution
with redshift. The latter is explained by the nature of our sample,
and that previous studies were biased towards galaxies with strong
emission lines and/or LAEs. The evolution of &, o with z for the
more representative star-forming sample is:

log(&ion,0(z)) = (—0.001 £ 0.004)z + (25.294 £ 0.017)

The 2-dimensional fit that accounts for the change of &, with Myy
and redshift, for the same sample is given by:

log(&ion,0(z, Myv))
= (0.003 £ 0.003)z+(—0.018+0.003)Myy+(25.984 + 0.053)

To study the contribution of the galaxies in this study to reion-
ization, we convolve the star-forming relations (which represent
> 97 per cent of the total sample), with luminosity functions from
literature. We find that galaxies, which are detected with JWST, can
ionize the Universe by the end of the EoR, if we assume the AGN
contribution is minor. In particular, assuming a fixed escape fraction,
we find that galaxies fainter than Myy = —20 contribute similar
amounts of ionizing photons (see Fig. 14), and that galaxies in the
range of Myy = —20 to —16 dominate the budget of reionization
at every redshift bin studied in this work (see Fig. 16). With our
stellar mass complete sample, our predictions do not overestimate
Nion for galaxies at z > 8 (see Mufioz et al. 2024). We note that if
we extrapolate our trends to fainter magnitudes (to Myy of —14 or
-—12), the Universe can be reionized with lower escape fractions.
Promisingly, by adopting the relation of f., with Myy presented
in Chisholm et al. (2022), we can conciliate our results regarding
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the ionizing cosmic budget with the constraints obtained through
observations of the Ly « forest.
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APPENDIX A: GOODNESS OF FITS

Here, we present a comparison between the modelled and observed
photometry, defined as the difference between them, divided by the
error in the modelled points. The median and errors are shown in
Fig. A1, where we exclude the HST bands F435W, F606W, F775W,
F814W, and F850LP. The observations in these filters are highly
uncertain for our sample, yielding x values well outside of the bounds
of the figures. x scatters around zero, with error bars that are mostly
symmetric. As expected, the deep NIRCam photometric set is, in
general, better represented by the PROSPECTOR best-fitting models.
Fig. A2 shows the same comparison but at rest-frame wavelengths
(where the PROSPECTOR photometric redshift has been adopted). The
measurements have been binned into wavelength bins of width 100 A,
and the median values and errors are shown as white circles and
error bars. The latter scatter around zero, and most importantly, do
not show indication of emission line fluxes being either over or
underestimated by PROSPECTOR. The photometric offsets for each
band, defined as the ratio between the observed and modelled fluxes,
are given in Table Al.
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Figure A1. Comparison between the modelled and observed HST (squares) and JWST NIRCam (circles) photometry for our stellar mass complete sample. x

scatters around zero with mostly symmetric error bars.
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Figure A2. Same as Fig. Al but at rest-frame wavelengths. The grey dots show the individual measurements, while the white circles and error bars show the
median and errors when adopting bins of width 100 A. For comparison, the Ly «, [O 11], H 8, [O 111], and H « emission wavelengths are shown as vertical dashed
lines. It can be seen that the median values scatter around x = 0, with symmetrical error bars. Moreover, we find no evidence of emission line fluxes being over

(or under) estimated by PROSPECTOR.

Table A1. Photometric offsets defined as the ratio between the observed and
modelled photometry. Column 1: name of filter. Colum 2: median offset and
errors, given by the 16™ and 84™ percentiles.

Band Offset

F435W 2.8 (+86.92, —2.54)
F606 W 2.0 (+50.04, —1.81)
F775W 1.50 (+16.86, —1.32)
F814W 1.34 (+12.06, —1.17)
F850LP 1.44 (4+9.22, —1.25)
F105W 1.17 (+7.21, —1.01)
F125W 1.08 (+6.71, —0.93)
F140W 1.96 (+10.73, —1.70)
F160W 1.20 (+7.16, —1.04)
FO70W 1.69 (+17.41, —1.47)
FO9OW 1.51 (+9.14, —1.27)
F115W 1.44 (+7.47, —1.19)
F150W 1.40 (+7.09, —1.16)
F162M 1.63 (+8.89, —1.36)
F182M 1.48 (+8.50, —1.25)
F200W 1.36 (+7.77, —1.14)
F210M 1.45 (4+9.20, —1.24)
F250M 1.68 (+9.11, —1.42)
F27TW 1.39 (+7.18, —1.16)
F300M 1.73 (+10.06, —1.44)
F335M 1.60 (+8.50, —1.35)
F356W 143 (+7.37, —1.19)
F410M 1.53 (+8.08, —1.30)
F430M 1.50 (+8.14, —1.30)
F444W 1.50 (+7.35, —1.25)
F460M 1.42 (+8.04, —1.22)
F430M 1.22 (+6.89, —1.04)

APPENDIX B: SHAPE OF REDSHIFT AND
STELLAR MASS DISTRIBUTIONS

Fig. B1 shows the mean shape of the main properties used to estimate
the stellar mass completeness in Section 4.2. The redshift and stellar
masses have been divided by the 50% percentile value for each galaxy.
We find no significant signs of asymmetry in the posteriors for our
sample, and the values are in general well constrained by the fitting
routine.

R N R S
> & & & &
> PSS S

M/Mpeak

Figure B1. Corner plot showing the main properties of interest in the stellar
mass completeness estimation: redshift and stellar mass. The values have
been normalized to the 50™ percentile (dashed vertical lines) for each galaxy,
in order to understand the general shape of the posteriors in our sample. The
grey areas show the 16™ and 84™ ranges. We find no significant signatures
of asymmetry.

APPENDIX C: INFORMATION GAINED AFTER
SED-FITTING

In order to measure how well PROSPECTOR can constrain stellar
masses and ionizing photon production efficiencies in our sample, we
use the Kullback-Leibler definition of information gain (IG), given
by:

Posterior(p)

(&3]

1G = / Posterior(p) x log, dp[bits],

Prior(p)

where p represents the parameter of choice: either log M, or log &;op.
IG is a way of measuring the difference between the prior and
posterior, in units of bits: an IG = 0 means the prior is equal to
the posterior and no information was gained, whereas a higher value
of IG indicates a larger amount of information was gained in the
fitting routine. Following the criteria from Simmonds et al. (2018):
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Figure C1. Kullback-Leibler information gain as a function of flux in the F444W band. A higher flux leads in general to a higher IG. However, all of the
galaxies in our sample have IG > 1, with ~ 94% above IG = 2. Left panel: colour-coded by stellar mass. Right panel: colour-coded by burstiness of their SFH,
defined as SFR0/SFR1g0. The crosses show galaxies with no recent star formation (SFRjg = 0).
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Figure C2. Same as Fig. C1 but for the ionizing photon production efficiency, &jon,0. The information gain tends to increase towards galaxies with burstier
SFHs, however, we note that all galaxies in our stellar mass complete sample have a high information gain (well above IG = 2, shown as a dashed horizontal

line).

(i) IG < 1: little-to-no information was gained
(i) 1 < IG < 2: some information was gained
(iii) IG > 2: parameter is constrained

Figs C1 and C2 show the IG for stellar mass and &0, o, respectively,
for our stellar mass complete sample. They are shown as a function
of the flux in the F444W filter, colour-coded by stellar mass (left)
and by burstiness (right). As expected, IG (stellar mass) is highest
for brighter massive galaxies, and is lowest for fainter lower-mass
galaxies. Importantly, all values are above 1 (the majority lie above
2) and the information gained in stellar mass does not depend on
the existence of recent star formation, or strong emission lines. In
the case of &jon,0, we find a trend of increasing IG with burstiness,
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but emphasize that all measurements are highly constrained (with IG
>> 2). Promisingly, most mini-quenched galaxies discussed in this
work have a large IG. This is due to the richness of the photometric
data set, which allows to constrain SED shapes even in cases with
no obvious emission lines.

APPENDIX D: BEST-FIT PARAMETERS FOR
RELATIONS OF IONIZING PROPERTIES WITH
OBSERVED UV MAGNITUDE

For readability, the relations of &, o and 7i;0n, as a function of Myy,
presented in Figs 9 and 10, are given in Table D1 and D2, respectively.
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Table D1. Best-fit parameters for log(&ion,0)-Muyv relations, with form log(&ion,0)= aMyv+log(&ion,int) shown in Fig. 9, where &jop inc is the
intercept of the relation. Column 1: redshift bin. Column 2,3: slope and &jon,0 normalisation for the star-forming (SF) sample. Column 4,5:
slope and &jon,0 normalisation for the mini-quenched (MQ) sample. For z > 7 we only provide relations for the star-forming sample, since
there are not enough mini-quenched galaxies to obtain a reliable fit.

Redshift o log(&ion,0/[Hz erg™'1) a log(ion,0/[Hz erg™'1)
[SF] [SF] IMQ] IMQ]

3<z<4 —0.01 £0.00 25.20 +0.07 —0.06 £+ 0.06 23.23 +1.04
4<z<5 —0.02 £0.01 24.89 +0.11 —0.02 £0.04 23.95+0.76
5<z<6 —0.05 £0.01 24.32 +0.12 0.03 £0.04 24.74 + 0.67
6<z<7 —0.03 £0.02 24.88 +0.27 0.01 +£0.04 24.51+£0.77
7<z<8 —0.05 £0.02 24.51 +£0.32 - -
8<z<9 —0.12 £0.05 23.28 +£0.94 - -

Table D2. Best-fit parameters for log(i2jon )-Muyy relations, with form log(7tion)= ¢Muy +10g(7ion.0) shown in Fig. 10. Column 1: redshift bin.
Column 2,3: slope and o normalisation for the star-forming (SF) sample. Column 4,5: slope and 7i;o, normalisation for the mini-quenched
(MQ) sample. For z > 7 we only provide relations for the star-forming sample, since there are not enough mini-quenched galaxies to obtain
a reliable fit.

Redshift o log(rion.o/[s~'1) o log(7ion,0/[s 1)
[SF] [SF] MQ] MQ]

3<z<4 —0.384+0.01 46.67+0.16 —0.47 +£0.08 43.83 +1.38
4<z<5 —0.40 £+ 0.01 46.24 +0.20 —0.41 +£0.06 44.78 +1.02
5<z<6 —0.4340.01 45.54 +0.21 —0.40 +0.03 44.97 +0.61
6<z<7 —0.40 £+ 0.02 46.17 £0.31 —0.39 £ 0.04 45.13 +£0.83
7<z<8 —0.40 £ 0.02 46.29 +0.43 - -
8<z<9 —0.45 £ 0.09 4532+ 1.71 - -
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