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Abstract. Recently, spectroscopic detections of O[III] 88 pm and Ly-a emission lines from the
2z~ 9.1 galaxy MACS1149-JD1 have been presented, and with these, some interesting properties
of this galaxy were uncovered. One such property is that MACS1149-JD1 exhibits a significant
Balmer break at around rest-frame 4000 A, which may indicate that the galaxy has experienced
large variations in star formation rate prior to z ~ 9, with a rather long period of low star for-
mation activity. While some simulations predict large variations in star formation activity in
high-redshift galaxies, it is unclear whether the simulations can reproduce the kind of varia-
tions seen in MACS1149-JD1. Here, we utilize synthetic spectra of simulated galaxies from two
simulation suites in order to study to what extent these can accurately reproduce the spectral
features (specifically the Balmer break) observed in MACS1149-JD1. We show that while the
simulations used in this study produce galaxies with varying star formation histories, galaxies
such as MACS1149-JD1 would be very rare in the simulations. In principle, future observations
with the James Webb Space Telescope may tell us if MACS1149-JD1 represents something rare,
or if such galaxies are more common than predicted by current simulations.

Keywords. galaxies: high-redshift, early universe

1. Introduction

While understanding galaxy evolution at high redshifts and the formation of the first
stars is important to create a complete picture of the evolution of the universe, these
processes are still largely shrouded in mystery. Much of our understanding regarding how
stars are formed in the earliest galaxies comes from theory and numerical simulations. At
the same time, the lack of observations at the highest redshifts make it difficult to verify
predictions by simulations. Recent (and future) observations of galaxies at high redshifts
could, however, provide us with a simple test to determine how well simulations are able
to reproduce properties of the first galaxies. Until recently, the only spectroscopically
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confirmed galaxy at z 2> 9 was GN-z11 at a redshift of z ~ 11 (Oesch et al. 2016). Using
observations of the [OIII] 88um and Ly-« emission lines from the galaxy MACS1149-JD1
made it possible to constrain the redshift of this object to z ~ 9.1, adding a second object
to the list of spectroscopically confirmed galaxies at z > 9 (Hashimoto et al. 2018).

One interesting feature of JD1 is that Spitzer /IRAC observations of the object indicate
that it exhibits a strong Balmer break. A possible explanation for this feature is that
the galaxy has experienced large variations in the star formation rate (SFR), with a
significant period of low star formation activity prior to z ~ 9. While certain simulations
predict large variations in the SFRs of high-redshift galaxies (e.g. Kimm et al. 2015;
Trebitsch et al. 2017; Hopkins et al. 2018; Ma et al. 2018) it is unclear whether galaxies
such as JD1 are commonly seen in simulations, or if JD1 represents an outlier. Here,
we use simulated galaxies from two independent cosmological simulations and generate
synthetic spectra for these in order to study the distributions in Balmer break strengths
exhibited by galaxies in the simulations. Through this, we are able to discuss how likely
we are to find objects like JD1 among the simulated galaxies. We also show simulated
distributions of Balmer break strengths that could be compared to future observations
with the James Webb Space Telescope (JWST) to test if simulations are able to reproduce
what is seen in observations, or if simulations may be missing some key ingredient.

2. Model

In this study, we use simulated galaxies from the FIRE-2 simulations (Ma et al. 2018;
Hopkins et al. 2018) and the simulations by Shimizu et al. (2016, hereafter S16). Star
formation histories and metallicity distributions of stars in simulated galaxies with M, >
108 My, are extracted in order to obtain galaxies with masses comparable to JD1, which
has a stellar mass of M, =1.087073 x 10° M, assuming the fiducial magnification of
=10 (Hashimoto et al. 2018). We select galaxies in the redshift interval z ~ 9.5 — 8.5 for
the FIRE-2 galaxies and z =9 for the S16 galaxies, which, in total, provides us with 150
galaxies from the FIRE-2 simulations and 182 galaxies from the S16 simulations. In order
to generate synthetic spectra for these, we use synthetic single stellar population spectra
from Yggdrasil (Zackrisson et al. 2011) consisting of Starburst99 Padova-AGB models
(Leitherer et al. 1999; Vézquez & Leitherer 2005) for metallicities Z = 0.0004 — 0.050 and
Raiter et al. (2010) models for Z =10"" — 10~°. In order to account for nebular emission,
the CLOUDY photo-ionization code (Ferland et al. 2013) is used. In order to model the
distributions of Balmer breaks, we consider effects of dust reddening on the spectra of
simulated galaxies. The S16 simulations provide us with predictions of the galaxy-wide
dust extinction at 1500 A. To account for dust-reddening effects in these galaxies, we
utilize the Pei (1992) extinction curve for the Small Magellanic Cloud (SMC). For the
FIRE-2 simulations we apply the SMC extinction curve while assuming a fixed extinction
in the V-band of Ay =0.5 for all galaxies. This crude recipe provides us with a test of
the effects of dust extinction on the overall distribution of Balmer breaks.

However, we also utilize a set of the FIRE-2 galaxies that have undergone post-
processing with the SKIRT dust radiative transfer code (Camps & Baes 2015) in order
to account for more realistic dust reddening. The radiative transfer code is run while
assuming SMC-type grain distributions (Weingartner & Draine 2001), the dust-to-metal
ratio is assumed to be 0.4 and all gas hotter than 10° K is assumed to be dust-free.
Further details about this version of FIRE-2 simulations and effects of the radiative
transfer calculations are presented in Ma et al. (2019). For this process, the single stellar
populations consist only of Starburst99 Padova-AGB models, and only nebular emission
from hydrogen is considered. The difference in the distributions of Balmer break is, how-
ever, small, and does not significantly change our results. From the synthetic spectra,
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Figure 1. Balmer break strengths as measured by the Spitzer/IRAC 4.5/3.6 pm flux ratio
for simulated galaxies with 108 < M, <5 x 10® (left) and M, >5 x 10® (right) compared to the
observed Balmer break in JD1. The yellow area shows the photometric error of the Balmer break
observed in JD1.

we also generate fluxes in Spitzer /IRAC channel 1 and 2 (3.6 and 4.5 pum), assuming a
redshift of z=9.1 in order to compare results to JDI1.

3. Results

Figure 1 shows the distributions of Balmer breaks in the simulated galaxies as observed
by Spitzer /IRAC at z=9.1 for stellar masses 10°Mg < M, <5 x 108M, (left panel)
and M, > 5 x 108 M, (right panel). Galaxies from the FIRE-2 simulations exhibit larger
Balmer breaks than those seen in the S16 simulation, likely owing to the more stochastic
star formation histories seen in the former. While the effect of dust on the synthetic
spectra is to shift the distribution toward higher Balmer breaks, Ay = 0.5 represents a
quite extreme case and leads to average UV slopes that are significantly redder than
those observed in the high-redshift universe (e.g. Bouwens et al. 2014). However, even in
the FIRE-2 galaxies with this extreme dust scenario, JD1 would be a rare type of object.

Figure 2 shows the F,(4200A)/F,(3500A) distribution of galaxies in the simulations,
where F,,(4200A) and F,,(3500A) are flux densities at rest-frame 4200 and 3500 A, respec-
tively. Continuum fluxes at these wavelengths should be observable with JWST /NIRSpec
even at the lowest resolution setting without emission/absorption lines blending into the
relevant spectral bins. The right panel in figure 2 show the FIRE-2 galaxies that have
been post-processed using SKIRT for five different viewing-angles without dust and the
same five viewing-angles when dust is taken into account. The effect of dust on the distri-
butions of Balmer breaks is in this case insignificant. While dust is suggested as a possible
explanation for the large Balmer break observed in JD1 by Katz et al. (2018), none of
the post-processed FIRE-2 galaxies exhibit a large difference on the Balmer break as an
effect of dust reddening. This could, of course, be an effect of differences in the exact
treatment of dust extinction.

4. Summary

We have presented distributions of Balmer breaks in simulated galaxies from two inde-
pendent simulations. While there is a span in observed Balmer breaks exhibited by the
simulated galaxies, objects such as MACS1149-JD1 represents a type of galaxy that
seems to be extremely rare in the simulations. Other studies have suggested that effects
of dust reddening could explain the Balmer break observed in JD1 without the need of
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Figure 2. F,(4200A)/F,(3500A) distributions in the simulated galaxies, where F,, (4200A) and
F,,(3500A) are the flux densities at rest-frame 4200 and 3500 A, respectively. Left panel: The
S16 (blue) simulations, the dust-free FIRE-2 galaxies (black) and the FIRE-2 galaxies with the
simplified dust treatment (Ay = 0.5, orange). Right panel: S16 galaxies (blue) and the FIRE-2
galaxies that have been post processed in SKIRT for five viewing-angles without dust (gray)
and with dust taken into account (pale orange).

extreme variations in star formation activity. We do not see such an effect in the galaxies
used here. We argue that future JWST observations of Balmer breaks in high-redshift
galaxies may reveal if JD1 is just an extremely rare type of galaxy, or if models may be
missing some key physics required to explain such large Balmer breaks.
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Discussion

SHOHEI AOYAMA: Recently, high-z galaxies such as JD1 have been detected. In this
sense, do simulation need to be improved in order to explain these objects?

CHRISTIAN BINGGELIL: If future observations reveal that Balmer breaks like the one seen
in JD1 are common and we find that here are very rare in simulations, this may indicate
that simulations are missing some crucial ingredient.

THEMIYA NANAYAKKARA: What effect would you think stellar libraries have on
reproducing the observed Balmer break? Going from Padova to FPSP, BPASS, etc.

CHRISTIAN BINGGELIL: I have calculated Balmer break strength distributions for the
simulated galaxies using the BPASSv2 stellar libraries. While there is a difference in the
shape of the Balmer break strength distributions, they are still inconsistent with what is
seen in JD1.

DANIEL CEVERINO: You may need to increase your sample of simulated galaxies if you
want to find an analogue of the JD1 galaxy (Hashimoto et al. 2018). This is because of
the large diversity of star formation histories of galaxies at high z.

CHRISTIAN BINGGELI: Yes, if we want to find an analogue or estimate a more exact
probability of finding a galaxy like JD1, a larger sample may be required. However, we
may still be able to determine if Balmer breaks like the ones seen in JD1 are common in
simulations using a more limited sample.

https://doi.org/10.1017/51743921319002527 Published online by Cambridge University Press


https://doi.org/10.1017/S1743921319002527

	Extreme variations in star formation activity in the first galaxies
	Introduction
	Model
	Results
	Summary



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


