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ABSTRACT

In local disk galaxies such as our Milky Way, older stars generally inhabit a thicker disk than their
younger counterparts. Two competing models have attempted to explain this result: one in which
stars first form in thin disks that gradually thicken with time through dynamical heating, and one
in which stars form in thick disks at early times and in progressively thinner disks at later times.
We use a direct measure of the thicknesses of stellar disks at high redshift to discriminate between
these scenarios. Using legacy HST imaging from the CANDELS and GOODS surveys, we measure the
rest-optical scale heights of 491 edge-on disk galaxies spanning 0.4 < z < 2.5. We measure a median
mtrinsic scale height for the full sample of 0.74 4+ 0.03 kpc, with little redshift evolution of both the
population median and scatter. The median is consistent with the thick disk of the Milky Way today
(0.6 — 1.1 kpc), but is smaller than the median scale height of local disks (~1.5 kpc) which are matched
to our high-redshift sample by descendant mass. These findings indicate that (1) while disks as thick as
the Milky Way’s thick disk were in place at early times, (2) to explain the full disk galaxy population
today, the stellar disks in galaxies need to on average physically thicken after formation.
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1. INTRODUCTION comprise its flatter “thin disk” (scale height ~ 270 pc)
n Milky Way (Gilmore & Reid 1983; Bland-Hawthorn & Gerhard 2016

and references therein) In realitv the relation between
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In present-day disk galaxies like our ow
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[aNnaKTUKa:
e Tonctbi anck h~ 1 kpc, Hanbonee ctapble 38e34bl

* ToHKMN anck h~270 pc
* Bonpoc: TONCTbIN AUCK — 3TO ANHAMUYECKU Pa30rPeTblit TOHKUMN,

U XKe npeawuecrBeHHUK TOHKOro?

[lonyctnmbl 06a BapmaHTa



e/1b paboTbl: NPOC/IeANTb Ha ODLLNPHOM
MaTepuase TeEHAEHUNIO M3MEHEHWNA TONLLMNHDbI
IMNCKOB CO BpemeHemM B nHTepBane z=0.4-2.5

B PABOTE ANCKW HE PA3AENAKOTCA HA TONCTbIA M TOHKUMN,

e PaccmaTtpuBatoTcs Hanbonee BepoOsATHbIE 3HAYEHUSA TONLWMHbBI ANCKA
HA 3OPEKTUBHOM PAANYCE TAJTAKTUKWN.

* MaTtepuan: archival Hubble Space Telescope (HST) IR imaging from
the CANDELS (Cosmic Assembly Near-infrared Deep Extragalactic
Legacy Survey) and GOODS (Great Observatories Origins Deep Survey)
surveys

* The galaxies in this sample span a stellar mass range of logM=9 -11.
* Fixed rest-optical wavelengths (0.46-0.66 mkm)



* Parent sample gnaz=0.4-2.5 - 6933 ranakTuku
* I3 HUX oTbumpatorca:

* ranaktnku ¢ well-defined major and minor axis and pos.angles, so
that we can reliably orient the plane of the galaxy (okono 3000
ranakTuk).

* OTHOLWeHne poTomeTpuyeckux oceu < 0.4 (ana oxknaaembix TOALWMH
INCKa 3710 B npegenax i ~10° ot edge-on).

* We remove galaxies with a sufficiently close neighbor (< 2”).
* The final sample includes 491 galaxies.



* 13 6933 ranakTtuk otobpaHbl
491 ranaktuk c b/a<0.4
n 6e3 6an3KNxX cocenemn.
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Figure 1. The distributions of stellar mass, redshift, WFC3/F160W effective radius, and WFC3/F160W photometric axis
ratio for the galaxies in our sample are shown. Our sample spans a relatively uniform distribution in redshift. The majority of
the galaxy sample have low stellar mass (9 < log M, /Mg < 10). To include galaxies that are sufficiently edge-on, we select
galaxies with a WFC3/F160W photometric axis ratio less than 0.4.
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Figure 2. HST /ACS+WFC3 postage stamps for a random subset of the galaxies in the sample are shown. We select edge-on
galaxies using a cut on axis ratio. The top row are high-mass galaxies (10 < log M./Ms < 11) and the bottom row are
low-mass galaxies (9 < log M,/Ms; < 10). Redshift increases from left to right. The filters shown (and used to make the
measurements in this paper) vary with redshift to target a fixed rest frame wavelength of 0.46 — 0.66um (see Figure 3 and



OueHKa WKaabl BbICOT

We extract vertical surface brightness (and uncertainty) profiles along each
vertical column.

The columns are separated by 0.0006"” which corresponds to 0.33 kpc at z=0.4
and 0.52 kpc at z = 2.

We fit each of the observed surface brightness profiles using a model that
includes a 1D convolution of the HST point-spread function %PSF) and a 1D sech?
surface brightness profile.

For every vertical column we derive the probability distribution of the scale
height. (B pamKax npuHAaTOM moaenum).

We do not consider the effect of dust attenuation on the observed surface
brightness proles.(Bizyaev et al. (2014) inferred that dust attenuation leads to a

< 15% increase in the observed disk thickness).
He noHAn, Kak bbiTb ¢ banaxamu?



1007 —— g =10.25
B 0.15 < q<0.35
804 - median correction
We consider a galaxy sufficiently edge-on if it has a photometric
axis ratio of b/a <0.4. This corresponds to an inclination E
of < 20° from edge-on for disks with intrinsic axial ratios L 60
(commonly denoted q) of 0.25. We then use simulations E‘,
of randomly-inclined galaxy disks to calculate E 401
the bias to the median of the measured scale heights o
due to the residual inclination VI CECRNNNN A SS———
0_
MpocTaa mogens ANA 3aBUCMMOCTU 0 2 4 6 8 10 12
OTHOLLIEHWUW TONLLMHbI ANCKA K Inclination (degrees)
PaManbHOM LWKafe AMCKa OT OTKNOHEHWA OT Figure 7. This figure shows the percentage difference be-

. ., tween the intrinsic and recovered scale heights for toy mod-
edge-on”. els of disk galaxies that are randomly inclined to our line-of-
B cpeaHem otanyme ot edge-on sight. The toy models have ratios (q) of intrinsic scale height
to scale length that vary between 0.15 and 0.35 The horizon-

YBENMHNBACT OLIERKY TONLLMRbI tal line represents the median of the models, 22%. We use
ANCKa Ha 22%. the results shown here to correct the population median of

the observed scale heights measured in this paper.



incl—corr

z Z0,median Z0 median Azp
(kpe)
1.7<2<25 ] 096 = 0.07 | 0.75 =0.05 | 0.47
(N = 198)

08<2<1.7| 0.88 x0.04 | 0.69 =0.03 | 0.40
(245)

04<2z<08 ]| 1.15x0.15| 0,90 =0.12 | 0.80
(48)

04<2z<25] 094 £0.04 | 0.74 = 0.03 | 0.35
(491)

Table 1. The population median (zp median), inclination-
corrected median (zg soqn ), and scatter (Azo) of the galaxy
scale height as measured at one effective radius is reported
for different bins in redshift (top three rows) and for the full
sample (bottom row). The scatter is defined as (zogath —
zo,16th)/2. The reported uncertainties are the standard error

on the median.



* BbibopKa HOpManbHbIX ranakTUK - No pabote Bizyaey, D. V., Kautsch,
S. J., Mosenkov, A. V., et al.2014 (g-band), 9.5 < log M/Ms< 10.5.

* We fit each of the observed surface brightness profiles using a model
that includes a 1D convolution of the HST point-spread function (PSF)
and a 1D sech? surface brightness profile.
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Figure 6. The distribution of the galaxy scale heights of our sample is shown in red. The sample spans 0.4 < 2 < 2.5. The
measurements are carried out at one effective radius from the center of each galaxy. The distribution of a population-matched
sample of disk galaxies in the local universe (SDSS; Bizyaev et al. 2014) is shown in blue. The median and inclination-corrected
median of our high redshift sample are shown with solid and dashed red lines, respectively. The median of the local sample is
indicated with a vertical blue line. The range of estimates for the thick (light blue) and thin (grey) disks of the Milky Way
are also shown (Bland-Hawthorn & Gerhard 2016 and references therein). The inclination-corrected median scale height of the
high-redshift galaxies (~ 750 pc) is smaller than that of the disk galaxies today (~ 1500 pc) but is similar to that of the thick
disk of the Milky Way (~ 600 — 1100 pc).



- 4 AL L

As a whole, we draw two conclusions: (1) disks as
thick as the Milky Way are established as early as cosmic
noon at z ~ 2, but also that (2) these high-redshift stel-
lar disks are as thin or thinner than their (expected) de-
scendant galaxies today. This suggests that the thickest
components of today’s galaxy disks start thick, and sub-
sequently thicken at later times. 'I'his 1s consistent with
the scenario outlined in Bird et al. (2021), where stars
are formed in thicker disks (with higher velocity disper-
sion) at higher redshifts and also subsequently thicken
at later times.



Elle oaAMH BbIBOA,

e from 2z ~ 2.5 to z ~ 0.4, we find no evidence
for an evolution i the median and scatter of the
scale heights of the galaxy population with red-
shift. We suggest that the bulk of the scale height
evolution that i1s implied by the comparison with
SDSS above must occur at cosmic times later than
z ~ 1, where our sample loses statistical power.
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