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ABSTRACT
Photometric observations of the spectroscopically confirmed z ≈ 9.1 galaxy MACS1149-JD1
have indicated the presence of a prominent Balmer break in its spectral energy distribution,
which may be interpreted as due to very large fluctuations in its past star formation activity. In
this paper, we investigate to what extent contemporary simulations of high-redshift galaxies
produce star formation rate variations sufficiently large to reproduce the observed Balmer
break of MACS1149-JD1. We find that several independent galaxy simulations are unable to
account for Balmer breaks of the inferred size, suggesting that MACS1149-JD1 either must be
a very rare type of object or that our simulations are missing some key ingredient. We present
predictions of spectroscopic Balmer break strength distributions for z ≈ 7–9 galaxies that
may be tested through observations with the upcoming James Webb Space Telescope and also
discuss the impact that various assumptions on dust reddening, Lyman continuum leakage,
and deviations from a standard stellar initial mass function would have on the results.

Key words: galaxies: evolution – galaxies: high-redshift.

1 IN T RO D U C T I O N

Characterizing galaxy properties at the very highest redshifts is
important for understanding how galaxy formation and evolution
proceeded across cosmic time. Much of our current insight about
star formation in galaxies at the high-redshift Universe, however,
comes from numerical simulations. While these are powerful tools,
currently, the lack of high-quality spectra at the highest redshifts
makes it difficult to calibrate and verify predictions made by
simulations. In the near future, the upcoming James Webb Space
Telescope (JWST) may be able to shed light on many different
properties of the high-redshift galaxy population that are beyond
the reach of current facilities. At the time of writing, there are only

� E-mail: christian.binggeli@physics.uu.se

two objects that have been spectroscopically confirmed at z � 9;
GN-z11 (Oesch et al. 2016) and MACS1149-JD1 (hereafter JD1;
Zheng et al. 2012; Huang et al. 2016; Kawamata et al. 2016; Zheng
et al. 2017; Hashimoto et al. 2018; Hoag et al. 2018) While the
redshift of GN-z11 (z = 11.09) was determined using the position of
a continuum break in its spectrum [seen in Hubble Space Telescope
(HST) grism data], JD1 represents the most distant object for which
emission lines have been detected. Using observations of the [O III]
88μm and Lyman α emission lines performed with the Atacama
Large Millimeter/Submillimeter Array (ALMA) and X-shooter at
the Very Large Telescope (VLT), Hashimoto et al. (2018) were able
to constrain the redshift of JD1 to z = 9.11. An interesting feature
of this object is that it exhibits a red colour in the Spitzer/IRAC
3.6 and 4.5-μm channels (channels 1 and 2). While Zheng et al.
(2012) suggested that the red colour could be a sign of a prominent
Balmer break around 4000 Å rest frame, other studies of objects
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with similar Spitzer/IRAC colours have suggested that the red colour
in these objects is likely due to strong [O III] and H β emission (e.g.
Roberts-Borsani et al. 2016; Stark et al. 2017). In the case of JD1,
earlier studies have not been able to determine the exact source of
the red colour due to the uncertainty in the redshift (e.g. Hoag et al.
2018). However, with the spectroscopic redshift determination by
Hashimoto et al. (2018), it became possible to rule out that the
excess in the 4.5-μm channel arises from a strong [O III] λ5007
emission line, leading to the conclusion that the object exhibits a
strong Balmer break.

With a detailed analysis combining observations over a wide
wavelength range, Hashimoto et al. (2018) found that the spectral
energy distribution (SED) of JD1 is consistent with the object
having a star formation history (SFH) with two episodes of high
star formation and an intermediate phase (with a duration from
∼100 to 200 Myr) of low/no star formation activity. An alternative
interpretation is that the Balmer break of JD1 is primarily due to
selective dust attenuation, in the sense that the light from young stars
is far more heavily extinguished than the light from old stars (Katz
et al. 2019). There are other examples of galaxies that seem to exhibit
evolved features such as strong Balmer breaks at lower redshifts (z
� 5; Mawatari et al. 2016). Furthermore, there are galaxies at z

∼ 9 that currently lack spectroscopic redshift confirmations which
exhibit a similar Spitzer/IRAC colour to that seen in JD1 (Oesch
et al. 2014). Several different cosmological simulation suites predict
that galaxies in the early Universe should experience periodic, or
so called ‘bursty’, star formation intermitted by periods of low star
formation activity (e.g. Kimm et al. 2015; Trebitsch et al. 2017;
Ceverino, Klessen & Glover 2018; Hopkins et al. 2018; Ma et al.
2018; Ma et al. 2019). It is, however, unclear whether the variations
in SFR seen in simulations are large enough to produce Balmer
breaks as strong as the one seen in JD1. Future JWST observations
should be able to constrain the Balmer break strengths of a large
number of high-redshift galaxies. By comparing these to the Balmer
breaks exhibited by simulated galaxies, one should hence be able to
determine if simulations accurately reproduce galaxies in the high-
redshift Universe, and calibrate the simulations in such cases that
they do not. In this study, we utilize simulated galaxies from the
Shimizu et al. (2016) and FIRE-2 simulations (Ma et al. 2018, 2019)
in order to make predictions of Balmer break strengths for a large
sample of high-redshift galaxies. We also compare our predictions to
those obtained with the FirstLight simulation (Ceverino et al. 2018).

This paper is organized as follows. We briefly describe the
simulated sample of galaxies in Section 2.1. In Section 2.2, we
explain our method for generating synthetic spectra for the simu-
lated galaxies, and discuss assumptions in our model. We introduce
a simple diagnostic for the Balmer break especially aimed at the
observing capabilities of the upcoming JWST in Section 2.3. Our
results and the effects of assumptions regarding dust, escape of
ionizing photons, simulation choice and the initial mass function
(IMF) are presented in Sections 3 and 3.1. Section 3.3 focuses
mainly on the size of the Balmer breaks in the simulated galaxies
as measured by Spitzer/IRAC, and how these compare to the
Balmer break observed in JD1. Finally, in Section 4.1, we discuss
implications of the results obtained in this study and discuss our
results in the context of other recent studies on the topic.

2 MO D EL

In this section, we briefly describe the cosmological simulations,
how the simulated galaxies are selected and how we generate
synthetic SEDs for the galaxies.

2.1 Simulated galaxies

In this study, we utilize simulated galaxies from a total of three
independent cosmological simulation suites in order to get a sample
of realistic epoch-of-reionization (EoR) galaxies. The first two sets
of galaxies come from the FIRE-2 (feedback in realistic environ-
ments) simulations, described in Ma et al. (2018, 2019) and the
simulations described in Shimizu et al. (2016, hereafter S16). The
S16 simulation is based on the smoothed particle hydrodynamics
code GADGET-3, which is an updated version of the GADGET-2
code (Springel 2005). For the set of galaxies used in this study,
the simulation is run over a volume of 503 (h−1 Mpc)3 with a
mass resolution of ≈6.6 × 106 M� for dark matter particles, while
the initial mass for star particles is ≈3 × 105 M�. The FIRE-2
sample used here comes from a suite of cosmological zoom-in
simulations that are run using the GIZMO code (Hopkins 2015) in
a 1203 (h−1 Mpc)3 box, with a dark matter particle resolution of
≈4 × 104 M� and an initial mass for star particles of ≈7000 M�. In
the FIRE-2 simulations, galaxies are selected from high-resolution
zoom-in regions centred around massive haloes (Mhalo ∼ 1011–
1012 M�) within the simulation volume. For the set of simulations
used here, 6 zoom-in regions are selected and run with higher
resolution to z = 7 and an additional 6 regions are selected from an
independent volume and run to z = 9 (see Ma et al. 2019). While the
total volume of the FIRE-2 simulations is larger than the volume in
the S16 simulation, the zoom-in regions limit the number of objects
extracted, leading to significantly fewer objects with unique SFHs
at the relevant redshifts. Thus, the S16 simulation has the advantage
of providing us with a large number of galaxies with individual star
formation histories, while the FIRE-2 simulations provide us with
fewer, but more highly resolved objects. Furthermore, the galaxies
within the FIRE-2 simulations exhibit significantly bursty SFHs
over time (see Ma et al. 2018). We are thus more likely to catch
galaxies in, or around a period of low star formation activity, where
Balmer breaks are likely to be a more prominent feature of the
SED. SFHs and stellar metallicity distributions are extracted from
the simulated galaxies with stellar masses M� > 108 M� at z ∼ 7–9.
For the S16 simulations, we extract this information in snapshots
taken at z = 9, 8, and 7, while for the FIRE-2 simulations, we
bin several snapshots into �z ∼ 1 bins around z = 9, 8, and 7 in
order to increase the total number of galaxies. Our criteria yield
a total of 182, 513, and 1277 galaxies for redshifts z = 9, 8, and
7, respectively, from the S16 simulations, and 150, 152, and 187
galaxies at the corresponding redshifts for the FIRE-2 simulations.
In the case of the FIRE-2 simulation, the individual snapshots
(before we re-bin in redshift) contain between 13 and 28 objects
with unique SFHs. Due to the zoom-in method used in the FIRE-2
simulations, and the fact that the number of zoom-in regions at z =
9 is twice the number of zoom-in regions at z = 7, the number
of galaxies extracted at increasing redshifts does not drop off as
rapidly as in the S16 simulations.

As a third set, we utilize galaxies from the FirstLight project
(Ceverino, Glover & Klessen 2017; Ceverino et al. 2018; Ceverino,
Klessen & Glover 2019). The FirstLight galaxy sample comes
from a homogeneous, mass-complete suite of cosmological zoom-in
simulations that are run using the ART code (e.g. Kravtsov, Klypin &
Khokhlov 1997; Ceverino & Klypin 2009; Ceverino et al. 2014),
and the sample used here is extracted from simulations volumes of
103 and 203 (h−1 Mpc)3. In this case, haloes with masses ∼109 to
1011M� are selected from a low-resolution simulation at z = 5 and
simulated at higher resolution. The resolution in this simulation is
104 M� for dark matter particles while the minimum initial mass
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for star particles in the simulation is 100 M� (see Ceverino et al.
2019). A fundamental difference between the FirstLight sample and
the FIRE-2/S16 sample is that we utilize pre-generated stellar and
nebular SEDs that are publicly available,1 meaning that the SEDs
are not generated via the method described in Section 2.2. Before
calculating Balmer break strengths, we perform the same mass cut
as for the other two simulation sets, i.e. require M� > 108 M� and
combine SEDs of galaxies from snapshots 8.5 < z < 9.5 in order
to increase our sample size. This leaves us with a total of 83 SEDs
at z = 9. As in the case with the FIRE-2 simulations, the FirstLight
simulation gives us a smaller sample than the S16 simulation, but
has the advantage of a significantly higher resolution. Similar to the
FIRE-2 simulations, these also exhibit bursty SFHs, and are thus
also likely to produce galaxies with prominent Balmer breaks. The
FirstLight SEDs are generated using BPASS v.2.1 binary evolution
model spectra (Eldridge et al. 2017), and are generated without
taking any effects of dust reddening into account (see Ceverino et al.
2019). As this set of SEDs is generated without considering dust
reddening and different assumptions regarding stellar evolution,
we compare this set to a set of dust-free FIRE-2 galaxies at z ∼
9 (see Section 3.1.3) to test whether they are consistent. Since the
simulations suites are based on different assumptions and numerical
implementations, the use of several independent simulations ensure
that our conclusions are generic, or at least not limited to any single
batch of models.

2.2 Synthetic spectra of simulated galaxies

In order to generate synthetic spectra for the simulated galaxies,
we utilize a grid of single-age stellar population (SSP) spectra from
Yggdrasil (Zackrisson et al. 2011) spanning over a wide range
in metallicity (Z) and age (t). In this study, this grid consists
of STARBURST99 Padova–AGB models (Leitherer et al. 1999;
Vázquez & Leitherer 2005) for metallicities Z = 0.0004–0.040
scaled to a Kroupa (2001) universal IMF. For each such single stellar
population, the associated nebular emission is calculated using the
CLOUDY photoionization code (Ferland et al. 2013) while assuming
a spherical nebula with constant density (n(H) = 100 cm−3) and that
the nebular metallicity is equal to the stellar metallicity (for further
details, see Zackrisson et al. 2011). At this stage, we can re-scale the
nebular contribution to the overall SED in order to account for non-
zero escape fraction of ionizing photons. While we explore effects
of varying the escape fraction, we use an escape fraction of zero
as the default option in this study. In order to find a spectrum for
each star particle within the simulated galaxies, we interpolate the
grid of SSP spectra in log(t) and log(Z). In order to obtain the total
spectrum of the galaxy, we then simply sum over all star particles
belonging to each individual galaxy.

Since dust may have a strong effect on the emergent SED and
strength of the Balmer break, we also consider dust-reddening
effects on the synthetic spectra. In the case of the S16 simulations,
a galaxy-wide dust extinction at 1500 Å is provided for each object
from the simulation. This prediction is then used to scale a Pei
(1992) Small Magellanic Cloud (SMC) extinction curve in order to
redden the spectrum. For one set of the FIRE-2 galaxies, we apply
the same SMC curve while assuming a fixed extinction in the V
band of AV = 0.5 magnitudes for all galaxies. Note that this dust
recipe is quite extreme, and produces galaxies that have significantly

1FirstLight webpage, http://www.ita.uni-heidelberg.de/∼ceverino/FirstLig
ht/, maintained by Daniel Ceverino

redder ultraviolet (UV) spectral slopes than those observed at high
redshifts (e.g. Bouwens et al. 2014). This crude dust recipe does,
however, provide us with a way to test the effect of a galaxy-
wide dust extinction on the distribution of Balmer break strengths.
In both of these cases, dust extinction is occurring in a so-called
dust-screen around the galaxy. While this recipe if often used to
account for reddening, more realistic dust recipes should take the
distribution of dust into account. For this purpose, we also utilize a
version of the FIRE-2 galaxies that have been post-processed in the
SKIRT dust radiative transfer code (Camps & Baes 2015). The SKIRT

post-processing code is run while assuming an SMC-type dust grain
distribution (Weingartner & Draine 2001), a dust-to-metal ratio of
0.4 and that no dust is present in gas hotter than 106 K. In this case,
we show the Balmer break strengths predicted for the emergent
spectrum along a randomly selected line of sight. This version of
the FIRE-2 simulations with SKIRT post-processing are presented in
Ma et al. (2019). We also utilize a version of the FIRE-2 galaxies
that have undergone post-processing in SKIRT while assuming a
higher dust-to-metal ratio of 0.8. The motivation for this is that these
provide a better match to observed UV luminosity functions at z

> 6. Increasing the dust-to-metal ratio can also be seen as a proxy
for boosting dust opacity and provides a way to test the effect of
an increased dust opacity on observed Balmer breaks (see Ma et al.
2019). In the post-processing scheme, a different (but very similar)
grid of STARBURST99 Padova-AGB SSP spectra from SUNRISE

(Jonsson, Groves & Cox 2010) is utilized. This grid only includes
nebular emission (continuum and lines) from hydrogen. In order to
compare the resulting Balmer breaks to observations of JD1, we
calculate synthetic fluxes in Spitzer/IRAC 3.6 and 4.5-μm channels
for the simulated galaxies at z ∼ 9. This is done by integrating the
synthetic SEDs over the IRAC filter curves assuming all simulated
galaxies are at the redshift of JD1 (z = 9.11). In the SKIRT post pro-
cessing procedure, the SEDs are interpolated to a lower wavelength
resolution for computational purposes. An effect of this coarser grid
of wavelength points is that contribution from emission/absorption
lines is not accounted for when the flux in the IRAC filters is
calculated. However, since the spectra in this case only include
nebular emission lines and continuum from hydrogen, this does not
have a significant impact on the predicted IRAC fluxes. For the rest
of the study, unless it is otherwise specified, the default option for
the SKIRT post-processed galaxies is a dust-to-metal ratio of 0.4.

2.3 The Balmer break

One of the goals of the upcoming JWST is to study the galaxy
population at high redshifts. Using the NIRSpec instrument, we
should be able to get accurate measurements of Balmer break
strengths for galaxies brighter than mAB(1500 Å) = 27 mag within
≈10 h of exposure (see Section 4.1). In order to discuss Balmer
break distributions in a way that is relevant for the JWST, we
calculate Balmer breaks defined as the flux (in units of Fν) at 4200
Å over the flux at 3500 Å:

B4200/3500 = Fν(4200 Å)

Fν(3500 Å)
. (1)

Fig. 1 shows Yggdrasil (Padova-AGB) SSPs at different ages of
the stellar population, with these wavelengths marked in dashed
lines. Continuum fluxes at these wavelengths should be observable
with the JWST/NIRSpec with the lowest resolution setting (R ∼
100), thanks to the high sensitivity of this mode. Even with this low
resolution, fluxes at 3500 and 4200 Å should be observable at a wide
redshift range without the risk of absorption/emission lines blending
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3830 C. Binggeli et al.

Figure 1. Yggdrasil SSP spectra generated with Padova–AGB models for
10 (cyan, top), 50 (orange, second from top), 200 (blue, second from bottom),
and 800 (pink, bottom) Myr stellar populations with metallicity Z = 0.02.
The spectra have been shifted in the flux direction for clarity. The two dashed
black lines mark wavelengths that are suitable to determine the Balmer break
strength using JWST/NIRSpec.

into the relevant spectral bins. As mentioned in the above section,
for comparison with observations of JD1, we also calculate Balmer
breaks as observed by Spitzer/IRAC by integrating our synthetic
SEDs over the IRAC channels 1 and 2 transmission curves.

3 PREDICTED BA LMER BREAK STRENGT H
DISTRIBU TIONS

Fig. 2 shows the Balmer break strength distributions as defined
in equation (1) at redshifts 9, 8, and 7 for dusty galaxies with
masses M� > 108 M�. Properties of the Balmer break strength
distributions are shown in Table 1. Overall, the larger variations in
the past star formation activity in the FIRE-2 galaxies produce
distributions of Balmer breaks that are significantly wider than
those seen in the S16 simulation. The reason for this is that the
larger variety in SFHs in the FIRE-2 simulation leads to a larger
range in galaxies with low versus high star formation rate. This
simply means that we are more likely to find galaxies that have
experienced a rapid drop or increase in star formation rate, which
ultimately affects the Balmer break strength. While this is true for
either of the dust recipes used for the FIRE-2 galaxies, the extreme
test case of a fixed extinction leads to significantly larger Balmer
breaks for a subset of the galaxies. Furthermore, both of the FIRE-2
Balmer break distributions (see Fig. 2 and Table 1) have higher
mean values than the S16 distribution. For either of the simulations,
the mean and median of the distributions are not affected strongly
with decreasing redshift. However, for the FIRE-2 simulations, the
fraction of objects with the largest Balmer breaks (B4200/3500 > 2)
increases slightly with decreasing redshift. For the S16 simulation,
no galaxies exhibit Balmer breaks stronger than B4200/3500 = 2 at any
redshift. In principle, it should be fairly straightforward to compare

Figure 2. Distributions of Balmer break strength [Fν (4200 Å)/Fν (3500 Å),
B4200/3500 in the text] at z = 9 (top), z = 8 (middle), and z = 7 (bottom) of
simulated galaxies with stellar masses M� ≥ 108 M�. The green distribution
shows the FIRE-2 galaxies with Yggdrasil Padova–AGB SSP grid and SMC
dust reddening with a fixed extinction of 0.5 mag in the V band. The blue
distribution shows the FIRE-2 galaxies after post-processing with SKIRT and
the black distribution shows the S16 galaxies with SMC dust extinction. The
total number of galaxies at each redshift (z = 9, 8, 7) is 182, 513, and 1277
for the S16 simulation, and 150, 152, and 187 for the FIRE-2 simulation.

Table 1. Mean, median, 5th and 95th percentile of the Balmer
break (B4200/3500) distributions and fraction of galaxies with
Balmer breaks stronger than B4200/3500 = 2 (f>2) at redshifts
9, 8, and 7 for the different models.

S16 – SMC dust
Redshift Mean Median 5 pctl. 95 pctl. f > 2

9 1.22 1.20 1.01 1.47 0.00
8 1.24 1.22 1.03 1.49 0.00
7 1.28 1.27 1.08 1.51 0.00

FIRE-2 AV = 0.5 SMC dust

9 1.51 1.49 0.93 2.10 0.11
8 1.52 1.47 0.98 2.30 0.14
7 1.59 1.52 1.01 2.31 0.21

FIRE-2+SKIRT

9 1.34 1.32 0.87 1.83 0.00
8 1.34 1.27 0.93 2.09 0.06
7 1.41 1.39 0.95 2.03 0.06

the distributions in Fig. 2 to JWST/NIRSpec observations of galaxies
at z > 6 and thus get a way to test if simulated and observed Balmer
break strengths match.

Fig. 3 shows the Balmer break strengths versus stellar mass and
observed UV magnitude at redshifts 9, 8, and 7. In this figure, we
only show the S16 simulations and the FIRE-2 galaxies that have
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Balmer breaks in simulated galaxies 3831

Figure 3. Total stellar mass (left-hand panel) and apparent UV magnitude [mAB(1500 Å); right-hand panel] versus Balmer break strength
[Fν (4200 Å)/Fν (3500 Å), B4200/3500 in the text] versus redshift (colour axis) for the FIRE-2 simulations that have undergone post-processing in SKIRT

(top) and the S16 galaxies (bottom). The total number of galaxies is 182, 513, and 1277 for the S16 simulation, and 150, 152, and 187 for the FIRE-2 simulation
at redshift 9, 8, and 7 respectively.

undergone post-processing in SKIRT. The predicted distributions of
Balmer break strengths in this figure widen with decreasing mass,
such that the largest variety of Balmer break strengths is observed
for the lowest mass galaxies. While this can be explained with more
bursty star formation in the low-mass galaxies, this could also be
an effect of the limited sample size at higher masses. While the
Balmer break strength is not strongly affected by assuming a higher
dust-to-metal ratio of 0.8, the observed UV magnitudes can change
as much ∼0.5 (see Appendix A).

3.1 Modelling assumptions and caveats

In the following sections, we investigate effects of the assumptions
made in our modelling. We discuss effects of dust reddening,
non-zero escape fractions of ionizing photons, stellar evolutionary
modelling, and simulation choice.

3.1.1 Dust-reddening effects

The effect of dust reddening on the simulated B4200/3500 distributions
for the FIRE-2 galaxies at z = 9 are shown in Fig. 4. While the SKIRT

post-processing leads to age-dependent differential obscuration
in the galaxies (meaning that younger stars generally experience
larger dust obscuration than old stars), the effect on the Balmer
break strength distributions is small. While individual galaxies can
experience an increase in the exhibited Balmer break of �B4200/3500

∼ 0.4 in the dusty case compared to the dust-free case, the overall
distribution is not strongly affected. Generally, the SKIRT post-
processing leads to a larger dust extinction in massive galaxies
than in the low-mass galaxies. This means that the Balmer break
strength is only weakly affected in a majority of galaxies, and in
particular, in the galaxies with the largest dust-free Balmer breaks
(i.e. the low-mass ones).

As mentioned in Section 3, increasing the dust-to-metal ratio to
0.8 does not significantly change this result (see Appendix A). Note
that we only present results for one random line of sight for the
FIRE-2 galaxies that have undergone post-processing in SKIRT. We
have, however, studied several different random lines of sight for

Figure 4. Distribution of Balmer break strength [Fν (4200 Å)/Fν (3500 Å),
B4200/3500 in the text] for different dust treatments at z = 9. The top panel
shows the FIRE-2 galaxies where spectra have been generated using the
Yggdrasil Padova–AGB SSP grid without dust (light green) and with SMC
dust reddening given a fixed extinction of 0.5 mag in the V band (dark green).
The bottom panel shows the FIRE-2 galaxies after post-processing in SKIRT.
The distributions show the emergent SED without dust (light blue) and with
dust effects taken into account (dark blue). Each distribution contains 150
objects.

all of the galaxies, and find no significant difference to the results
presented here. Balmer break strengths for the FIRE-2 galaxies
calculated using the Yggdrasil SSP grid are also shown in Fig. 4.
The mean, median, 5th, 95th percentile and fraction of galaxies with
B4200/3500 > 2 are 1.35, 1.34, 0.84, 1.88, and 0 for the Yggdrasil SSP
case when dust effects are ignored. Corresponding values for the
SKIRT post-processed case without dust are 1.30, 1.28, 0.81, 1.83,
and 0. The AV = 0.5 SMC recipe case assumes that dust is distributed
in a screen around the stars, and that all stars experience the same
amount of reddening. While invoking this dust recipe with such a
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Figure 5. Balmer break strength [Fν (4200 Å)/Fν (3500 Å), B4200/3500 in
the text] distributions for dust-free simulated galaxies at z = 9. The figure
shows 150 galaxies from the FIRE-2 simulation where spectra have been
generated using the Yggdrasil Padova–AGB SSP grid (light green) and 83
galaxies from the FirstLight simulation (cyan , see Section 3.1).

large extinction can lead to significantly stronger Balmer breaks, as
explained in Section 2.2, this type of recipe is not consistent with
observed UV slopes at high redshifts.

3.1.2 Escape fraction effects

Setting the escape fraction of ionizing photons to unity shifts the
simulated B4200/3500 distribution towards higher Balmer breaks.
The average shift for the S16 galaxies at z = 9 is about
�B4200/3500 ≈ 0.25, with one galaxy experiencing an increase of
�B4200/3500 ≈ 0.35. For the FIRE-2 galaxies with the Yggdrasil
SSP grid and AV = 0.5 dust recipe at z = 9, the corresponding
average shift is �B4200/3500 ≈ 0.21 with the largest individual shift
of �B4200/3500 ≈ 0.50. We observe the largest difference in Balmer
break as an effect of escape fraction for the galaxies that have
the weakest Balmer breaks. In the case the S16 simulation, the
fraction of galaxies that exhibit a Balmer break larger than 2,
remains at zero, while it increases slightly, to 0.19 for the FIRE-
2 galaxies. In the case that dust effects are ignored, the largest
individual and average increase in the Balmer break for the FIRE-
2 galaxies with the Yggdrasil SSP grid is �B4200/3500 ≈ 0.19 and
�B4200/3500 ≈ 0.45, respectively. The fraction of galaxies that exhibit
B4200/3500 > 2 increases from 0 to 0.01 when the escape fraction is
increased from 0 to unity for the dust-free case. The change in
the exhibited Balmer break can be attributed to the change in the
nebular continuum emission blueward of the Balmer break as the
escape fraction changes.

3.1.3 Simulation choice

As mentioned in Section 2.1, we also utilize dust-free synthetic
SEDs from the FirstLight simulation. The distribution of Balmer
breaks as measured by B4200/3500 for this simulation set is shown
in Fig. 5. In the same figure, we also show B4200/3500 for dust-
free synthetic FIRE-2 SEDs generated with the Yggdrasil Padova–
AGB SSP grid. While the Balmer breaks obtained using the
FirstLight SEDs is centred at slightly weaker Balmer breaks, the
main difference is in the width of the distributions. Considering the
difference in modelling assumptions and sample sizes, conclusions
drawn from the two simulations would be similar. The mean,
median, 5th and 95th percentile. for the FirstLight set shown in
Fig. 5 is 1.23, 1.23, 0.96, 1.57, respectively, while no objects exhibit
B4200/3500 > 2.

As discussed in Section 2.1, the FirstLight SEDs are generated
using BPASS v.2.1. binary stellar evolutionary spectra which predict
a higher ionizing flux compared to the STARBURST99 models. This

Figure 6. Balmer break strength [Fν (4200 Å)/Fν (3500 Å), B4200/3500 in
the text] as a function of age (t), calculated using SSP spectra from a
STARBURST99 Padova–AGB model using four different configurations of
the IMF power law (equation 2). The blue dotted line shows a ‘paunchy’
IMF, while the other three show two-component IMFs with power-law
slopes α set to 1.3 in the mass range M = 0.1–0.5 M� and α = 1.3 (black,
dash–dotted), 2.3 (red, dashed), and 3.3 (black, solid) for the mass interval
M = 0.5–100 M�.

means that the Balmer break may be slightly weaker due to increased
nebular continuum emission around 3500. Furthermore, due to mass
transfer between binaries, BPASS binary models exhibit a decrease in
red supergiant stars, and an increase in hot stripped stars. This may
also lead to weaker Balmer breaks in binary models (Ma et al. 2018).

3.2 IMF effects

Concerns regarding the universality of the IMF (e.g. Kroupa 2001;
Conroy & van Dokkum 2012; Conroy, van Dokkum & Villaume
2017; van Dokkum et al. 2017) and its possible effect on the Balmer
break strengths in the simulated galaxies justifies investigating
different IMFs. We consider the IMF as a set of power laws for
the different ranges of stellar masses;

dN

dM
∝ M−α, (2)

where N is the number of stars, M is the stellar mass, and α is
the power-law slope of the IMF. In order to estimate effects of the
IMF on the resulting Balmer break, we utilize STARBURST99 and
consider a Padova–AGB model with constant SFR of 1 M� yr−1,
with three different two-component IMFs. The IMF exponent α is
set to α = 1.3 in the mass range M = 0.1–0.5 M� for all of the
three IMFs, while three different values α = 1.3, 2.3, and 3.3 are
used in the mass range M = 0.5–100 M�. The case of such an IMF
with exponents α = (1.3, 2.3) represents a standard two-component
Kroupa IMF (Kroupa 2001). We also include one example of a so-
called ‘paunchy’ IMF, given by a three-component power law with
slopes 1, 1.7, and 2.6 in the mass ranges M = 0.1–0.5, M = 0.5–4,
and M = 4–100 M�, respectively (Fardal et al. 2007). This kind
of IMF leads to a larger mid-section of intermediate-mass stars.
The effect on the Balmer break strength of the different IMF cases
are presented in Fig. 6. As Fig. 6 suggests, the Balmer break only
becomes significantly stronger in the case where the upper IMF is
bottom heavy (α = 3.3). Furthermore, the ‘paunchy’ IMF case gives
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Figure 7. Balmer break strengths as measured by the Spitzer/IRAC 4.5/3.6 μm flux ratio for simulated galaxies (with z = 9.1) with M� ≥ 108 (left) and
M� ≥ 5 × 108 (right) compared to the observed Balmer break in JD1. The yellow dashed line and area show the Balmer break strength and error for JD1
calculated using data from Zheng et al. (2017). The green distribution shows the FIRE-2 galaxies with the Yggdrasil Padova–AGB SSP grid and SMC dust
reddening with a fixed extinction of 0.5 mag in the V band. The blue distribution shows the FIRE-2 galaxies after post-processing with SKIRT and the black
distributions shows the S16 galaxies with SMC dust extinction.

a result that is very similar to the result obtained using a standard
Kroupa IMF (α = 2.3).

3.3 Comparison to MACS1149-JD1

Fig. 7 shows the distribution of Balmer break strengths as measured
by Spitzer/IRAC for dusty simulated galaxies with masses M� >

108 M� (left-hand panel) and M� > 5 × 108 M� (right-hand panel).
Also shown in the figure is the observed Balmer break of JD1,
which has a suggested stellar mass of M� = 1.08+0.53

−0.18 × 109 M�
for a magnification factor of μ = 10 (Hashimoto et al. 2018).
While the FIRE-2 simulation does produce galaxies that exhibit
significantly stronger Balmer breaks than the S16 simulation, due
to the more bursty nature of these simulations, none of the simulated
galaxies exhibit Balmer breaks as strong as the one seen in JD1.
Even in the AV = 0.5 SMC dust case, galaxies with Balmer breaks
as strong as the one observed in JD1 would be rare. By allowing
for a significantly larger magnification than the one suggested for
JD1 (μ > >10), we can include galaxies with lower masses in
the comparison, which also leads to a larger sample set. However,
even in the case that we include simulated galaxies with masses
down to M� = 108 M�, our results are not significantly affected (see
left-hand panel in Fig. 7).

As discussed in Section 3.1.2, increasing the escape fraction may
lead to larger Balmer breaks. However, this effect is significantly
weaker if the Balmer break is measured through Spitzer/IRAC 3.6
and 4.5 μm channel fluxes. Setting the escape fraction to unity
leads to an average increase in the measured �F4.5/F3.6 of ≈0.07
and ≈0.05 for the S16 and FIRE-2 galaxies with the Yggdrasil SSP
grid and AV = 0.5 SMC dust, respectively. The largest increase
in individual galaxies is �F4.5/F3.6 ≈ 0.10 and �F4.5/F3.6 ≈ 0.15
for the same two cases with unity escape fraction. In the case that
dust effects are ignored, the largest individual and average increase
in the Balmer break for the FIRE-2 galaxies is �F4.5/F3.6 ≈ 0.14
and �F4.5/F3.6 ≈ 0.05, respectively. We do not see the same clear
trend in increasing Balmer break (F4.5/F3.6) with initial Balmer
break strength as was seen in the case discussed in Section 3.1.2.
If we allow for a dust-to-metal ratio of 0.8 in the SKIRT post-

processing of the FIRE-2 galaxies, we find an insignificant change
in the average Balmer break strength as observed with Spitzer/IRAC
(〈�F4.5/F3.6〉 ≈ 0.02). With the largest difference in an individual
galaxy of �F4.5/F3.6 ≈ 0.12.

4 SUMMARY AND DI SCUSSI ON

In the following two sections, we discuss our results first from the
perspective of future observations with the JWST and the Balmer
break as probed by B4200/3500 (Section 4.1). We then go on to discuss
our results with respect to JD1, other objects and Balmer breaks as
probed by Spitzer/IRAC in Section 4.2.

4.1 The Balmer break strength distributions of the simulated
galaxies

In the previous sections, we have presented Balmer break distri-
butions as seen in synthetic spectra of simulated galaxies at high
redshifts from several different independent simulation suites. By
changing parameters such as the dust recipe, SED modelling, IMF
assumptions, and escape fraction, we are able to get a handle on how
these affect the strengths of Balmer breaks exhibited by galaxies in
the early Universe.

We argue that the upcoming JWST should be able to constrain
the Balmer breaks of a large number of objects by measuring the
continuum flux at 3500 and 4200 Å using spectroscopy. In order
to get a handle on the feasibility of such observations, we estimate
the exposure time required to achieve a signal-to-noise ratio of 5 in
the continuum at 3500 and 4200 Å using the JWST exposure time
calculator2 (Pontoppidan et al. 2016). In this procedure, we use
SEDs of ten z = 9 galaxies from the S16 simulation with average
UV magnitudes and re-scale these to mAB(1500 Å) = 27 mag. We
find that for the JWST/NIRSpec low-resolution setting (R ∼ 100)
we should achieve a signal-to-noise ratio per spectral bin of 5 in
≈30 h for a galaxy with mAB(1500 Å) = 27 mag. However, even in

2https://jwst.etc.stsci.edu
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this low-resolution setting, there are several spectral bins (∼5) that
should be free of absorption/emission lines. By combining these we
should be able to achieve the same signal to noise within ≈10 h.
The exact exposure time required of course depends on the shape of
the continuum and size of the Balmer break. In principle, it should
be straightforward to compare observed distributions of Balmer
break strengths to the ones presented in this study in order to get a
handle on how well the simulations and models match observations
and thereby get a handle on how star formation proceeded in the
early Universe. We show that in cases where the escape fraction of
ionizing photons is extreme, this can have a significant effect on
the Balmer break strength in the simulated galaxies. This effect can
be attributed to the weaker nebular continuum around 3500 Å at
higher escape fractions. This effect is larger in galaxies that exhibit
the weakest Balmer breaks, since these contain more young stars and
thus exhibit more nebular continuum emission on the blue side of the
Balmer break. This means that one can, in principle, treat the Balmer
break as a diagnostic of age, and use the Balmer break strength
distributions to look for the youngest objects (e.g. Raiter, Schaerer &
Fosbury 2010; Inoue 2011). As shown in Section 3.1.1, while the
general effect of dust is to increase the strength of the Balmer breaks
of the simulated galaxies, the effect on the overall distribution of
Balmer break strengths is small unless an extreme or very specific
scenario is employed. While this does not rule out a case in which
dust leads to extreme Balmer breaks (Katz et al. 2019), we find
that such cases are uncommon in our simulations. In the case of
dust reddening of the S16 and FIRE-2 galaxies where the Yggdrasil
SSP grid were used, we only apply the SMC extinction curve. One
could, in principle, use different dust-reddening curves such as the
Calzetti et al. (2000) attenuation law for comparison. However, a
flatter extinction like the Calzetti law is unlikely to produce stronger
Balmer breaks; thus, the SMC law allows us to discuss the case in
which dust is most likely to produce a strong Balmer break. We have
also utilized a Yggdrasil SSP grid which has been extended to lower
metallicity using models from Raiter et al. (2010) at Z = 10−7 –
10−5. We find, however, that the difference in the Balmer breaks
produced by extending the grid to lower metallicity is insignificant.

4.2 Simulated galaxies and MACS1149-JD1

It has been suggested that the prominent Balmer break observed in
JD1 is a result of the galaxies’ peculiar SFH. In this scenario, the
bulk of the stars in the galaxy are produced in an early episode of
star formation, which is followed by a quite long period of low star
formation activity before a second burst. Of course, there are other
scenarios that could produce strong Balmer breaks. For example,
less extreme variations in the star formation activity coupled with
dust reddening could lead to stronger Balmer breaks depending
on the exact properties and distribution of the dust (Katz et al.
2019). In principle, one could also imagine scenarios where the
shape of the IMF leads to significantly stronger Balmer breaks.
Here, we have used several simulation suites and varied assumptions
regarding the dust properties, shape of the IMF and the escape
fraction of ionizing photons in order to get a handle on which
effects may lead to strong Balmer breaks. The results from our
simulations suggest that galaxies such as JD1 should be rare in
the early Universe, as our simulations produce galaxies that exhibit
significantly weaker Balmer breaks than the one observed in JD1.
We find that while factors such as the escape fraction of LyC photons
and stronger dust extinction may lead to larger Balmer breaks, we
find no likely scenarios that produce simulated SEDs with Balmer
breaks as strong as the one observed in JD1. We also find that
allowing for stronger magnification than the one observed in JD1

does not significantly change our results. Other factors, such as
adopting a flatter extinction curve than the SMC curve used here,
or using SSP models that include stellar binarity may, furthermore,
lead to slightly smaller Balmer breaks. We find that a dust-screen
model does not lead to very strong Balmer breaks unless some
extreme scenario is employed. In the case of an galaxy-wide SMC
extinction with AV = 0.5, none of the simulated galaxies exhibit
Balmer breaks as strong as the one observed in JD1. In regards to
the IMF, we find that the Balmer break only becomes significantly
stronger in cases in which a bottom-heavy IMF is employed.

Katz et al. (2019) show that they are able to reproduce the ob-
served Balmer break of JD1 without the need of extreme variations
in the SFR. While their simulated galaxies show variations in the
star formation activity, these exhibit strong Balmer breaks mainly as
an effect of strong differential obscuration, where the light of young
stars is largely extinguished by dust. Indeed, we do expect dust to
be concentrated in regions of higher density where star formation
is occurring, and where young stars are likely to be found (see e.g.
Charlot & Fall 2000). This effect is also observed in the FIRE-2
galaxies that have been post-processed with SKIRT. Even so, we find
no galaxies in which this effect is strong enough to reproduce the
Balmer break observed in JD1. Contrary to the dust prescription
used in Katz et al. (2019), the SKIRT post-processing also considers
scattering by dust. In principle, light scattered into the line of
sight may contribute significantly to the post-extinction flux in the
simulated galaxies (Ma et al. 2019). Thus, the effect of differential
obscuration may become significantly smaller in cases where dust
scattering is considered. In addition to finding an analogue to JD1,
Katz et al. (2019) show that they find three objects that exhibit
strong Balmer breaks in their simulation volume. It is, however,
not entirely clear how likely we are to find such galaxies in their
simulations when considering a larger sample of objects (especially
when considering possible viewing-angle effects). Furthermore,
Katz et al. (2019) point out that strong Balmer breaks are rare in their
simulations if one considers dust-free galaxies, which is consistent
with our findings. In difference to the Katz et al. (2019) study, we
find that galaxies with Balmer breaks as strong as the one observed
in JD1 are rare in the simulations at z ∼ 9, even when considering
differential obscuration. This means that the main difference in
our results stem from the different treatment of dust effects. Note,
that while we find that JD1 would be a rare type of object in the
simulations presented here, this does not rule out that one could find
an analogue of JD1 given larger simulation volumes/samples.

Is it possible that JD1 is an outlier in the intrinsic Balmer break
distribution due to selection effects? JD1 was targeted with ALMA
due to the photometric redshift prediction, which places the [O III]
88 μm emission at a fitting wavelength for ALMA. In principle, it
could be the case that the photometric redshift determination of JD1
hinges on a strong Balmer break, and that we are in this way biased
to find galaxies such as JD1 at the estimated redshift. We performed
tests using the EAZY photometric redshift code (Brammer, van
Dokkum & Coppi 2008) for measurements from Zheng et al. (2017)
in order to understand if the Balmer break strongly affects the
redshift determination. We ran EAZY using the built-in prior (and
with no prior), with several of the built-in libraries, while altering
the Spitzer/IRAC 4.5 μm measurement, or removing it completely.
We found no significant difference in the obtained best photometric
redshift or posterior distributions. Thus, we see no reason to think we
are biased to find objects such as JD1 in the high-redshift Universe.
This suggests that JD1 is either a common type of object, or it
has been drawn from the tail of the galaxy distribution basically
due to ‘bad luck’. Given the large error bar on the Spitzer/IRAC
measurements of the Balmer break in JD1, and the fact that JD1
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represents only one system, conducting similar observations for a
wider class of high-redshift objects should be of high priority. As
mentioned in the introduction (Section 1), while there is a lack
of spectroscopically confirmed galaxies at these highest redshifts,
there are several galaxies which have photometric redshifts above
9.1 and that exhibit similar Spitzer/IRAC colours as JD1. Looking at
the combined sample (Bouwens et al. 2019; and Oesch et al. 2014)
we find 11 objects with zphot ≥ 9.1 (including GN-z11, which has a
measured spectroscopic redshift; Oesch et al. 2016). Out of these,
there are a few objects that exhibit red Spitzer/IRAC colours which
are comparable to JD1 (F4.5/F3.6 � 2). It is important to note that the
lack of a spectroscopic redshift increases the uncertainty regarding
the nature of the red colour in these channels, since contribution
from emission lines such as [O III] λ5007 to the 4.5-μm channel
cannot be ruled out. However, if future observations are able to
confirm that the red colour does in fact arise due to strong Balmer
breaks, this would indeed mean that objects like JD1 are much more
common than predicted by the simulations used here. If this turns
out to be the case, this may be an indication that simulations and
models are missing some key physical ingredient that is required
to reproduce observations at the highest redshifts. For example,
stronger feedback effects in the simulations should be more likely
to produce larger variations in the SFR and ultimately Balmer break
strengths, and thus could be more likely to produce Balmer breaks
as strong as the one seen in JD1. Ultimately, the JWST should be
able to shed some light on the nature of JD1 along with the galaxy
population at these very high redshifts, helping us determine if JD1
represents a common type of object in the early Universe, and allow
us to calibrate and/or verify our models.
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740, 13
Zheng W. et al., 2012, Nature, 489, 406
Zheng W. et al., 2017, ApJ, 836, 210

A P P E N D I X A : A D D I T I O NA L FI G U R E S

Fig. A1 shows B4200/3500 as a function of observed UV magnitude
for the FIRE-2 galaxies that have been post-processed using SKIRT

assuming a dust-to-metal ratio of 0.8 (see Section 2.2).

Figure A1. UV magnitude (mAB(1500 Å)) versus Balmer break strength
[Fν (4200 Å)/Fν (3500 Å), B4200/3500 in the text] versus redshift (colour axis)
for the FIRE-2 simulations that have undergone post-processing in SKIRT

assuming a dust-to-metal ratio of 0.8.
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