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ABSTRACT

We investigate the median flattening of galaxies at 0.2 < z < 4.0 in all five CANDELS/3D-HST fields
via the apparent axis ratio gq. We separate the sample into bins of redshift, stellar-mass, sérsic index,
size, and UVJ determined star-forming state to discover the most important drivers of the median
q (@med). Quiescent galaxies at z < 1 and M, > 101 Mg are rounder than those at lower masses,
consistent with the hypothesis that they have grown significantly through dry merging. The massive
quiescent galaxies at higher redshift become flatter, and are as flat as star forming massive galaxies at
2.5 < z < 3.5, consistent with formation through direct transformations or wet mergers. We find that
in quiescent galaxies, correlations with ¢,,.q and M,, z and r. are driven by the evolution in the sérsic
index (n), consistent with the growing accumulation of minor mergers at lower redshift. Interestingly,
n does not drive these trends fully in star-forming galaxies. Instead, the strongest predictor of ¢ in
star-forming galaxies is the effective radius, where larger galaxies are flatter. Our findings suggest
that gmeq is tracing bulge-to-total (B/T) galaxy ratio which would explain why smaller/more massive
star-forming galaxies are rounder than their extended/less massive analogues, although it is unclear
why Sersic index correlates more weakly with flattening for star forming galaxies than for quiescent
galaxies

Subject headings: galaxies: evolution, galaxies: formation

1. INTRODUCTION

Tracing the morphological evolution of galaxies from
photometry is valuable in providing insights into the
underlying kinematics of galaxy evolution when time-
expensive, high S/N spectra are unavailable. Physical
parameters have long been known to broadly couple to
Hubble-type (e.g., Roberts & Haynes|1994; Blanton et al.|
, with young, star forming (SF) galaxies exhibiting
some form of gas-rich disk or flattened structure and qui-
escent (Q) galaxies exhibiting older stellar populations in
rounder, puffed up ellipticals (although passive disks do
make up a small, but not insignificant population of pas-
sive galaxies; [Bruce et al.|e.g., 2014al).

In order to quantify the morphological evolution, vari-
ous structural parameters have proven to be useful prox-
ies for visual classification. In general, disk galaxies have
been associated with a low (n ~ 1) Sersic index surface
brightness profile (or an exponential profile), and ellipti-
cal galaxies with a high (n ~ 4) Sersic index light profile
(de Vacouleurs profile). Along with a Sersic parameter,
galaxies have also been quantified based on their effective
radius, 7., and their apparent axis ratio, q.

On a galaxy-by-galaxy basis, ¢ is not in itself a very
useful parameter as it can depend strongly on inclina-
tion angle. However, distributions of ¢ have been used
to infer the intrinsic axis ratios of populations of galaxies
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separated by their Hubble type (e.g.,[Sandage et al.[1970;
[Lambas et al|[1992) and by mass, star-forming state and
redshift (e.g., [Law et al|2012; [Chang et al. [2013}
lder Wel et al|[2014b)). For instance, in the local uni-
verse, Lambas et al| (1992) found that the elliptical g-
distribution implied that these galaxies are intrinsically
triaxial as pure oblate/prolate models could not account
for the observed axis ratio distributions.

van der Wel et al.| (2014b) and |Chang et al.| (2013)
used similar methodology to measure how the distribu-
tions evolve with redshift in star-forming and quiescent
galaxies. |Chang et al| (2013) confirmed that the appar-
ent axis ratio distribution of quiescent galaxies at low-
z is consistent with intrinsic triaxial shapes, and that
this is also true in their high-redshift (1 < z < 2.5)
counterparts. They also found that at z > 1, galax-
ies with M, ~ 10 M, exhibited a higher oblate frac-
tion which they interpreted as massive galaxies being
comprised of disks in the past, which were destroyed in
major-merger events. For lower-mass quiescent galaxies
(M, < 10'%5M), the evolution of the oblate fraction is
reversed, with low-mass quiescent galaxies at high-z not
having sufficient time to settle into stable disk systems
as compared to today.

In star-forming galaxies, van der Wel et al. (2014b)
found that disks are ubiquitous among massive galax-
ies at all redshifts below z ~ 2. At lower stellar mass
(M, < 10*°My,), the fraction of galaxies with elongated
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intrinsic shapes increases towards higher redshifts and
lower masses, and that similar to their low-mass quies-
cent counter parts discussed in|Chang et al.| (2013]), these
galaxies did not have sufficient time to settle into sta-
ble disks. This interpretation is supported by kinematic
analysis in IFU studies, such as |Simons et al.| (2017)
who find that disordered (i.e. dispersion dominated) mo-
tions decreases with decreasing redshift in low-mass star-
forming galaxies.

In this study, we choose to investigate the median ap-
parent axis-ratio (gmeq) evolution instead of modelling
the distributions and inferring their intrinsic shapes.
We instead, infer the intrinsic flattening from the me-
dian flattening, with the underlying assumption that the
trends in the median encapsulate trends in the larger
population. We caveat this with the fact that many stud-
ies who investigated the apparent axis ratio distribution,
P(q), find that a single morphological type often does
not reproduce the observed P(q), and that the models
demand a more heterogeneous population (e.g., [Lambas
et al.|1992; Chang et al.|2013; van der Wel et al.|2014b)).
By using the gmneq, we can quantify the dependency on
other structural parameters such as n, and r. and their
evolution. We analyze how these values change as a func-
tion of the star-forming state of these galaxies and deter-
mine what ¢meq is tracing in these different populations.

We note that the apparent average flattening of a pop-
ulation of galaxies is closely related to the average in-
trinsic flattening defined by the ratio of the short axis
to the long axis of a galaxy (see, e.g. [Franx et al.||1991)).
The ratio of intermediate axis to long axis influences the
apparent flattening only weakly.

Throughout this article, we assume a A-CDM cosmol-
ogy (Ho =70 kms™*Mpct, Qp; = 0.3, and Q2 = 0.7).

2. SAMPLE SELECTION

This work makes use of the structural parameter cata-
logues of [van der Wel et al.[ (2012)) which were generated
using GALFIT Peng et al|(2010). We use the parameters
in the observed F160W band, which corresponds to the
H-band. These authors constructed PSFs in a hybrid
way: the outskirts of the PSFs are derived from stacked
stars in the image; the area within a radius of 3 pixels is
based on theoretical PSFs constructed by TinyTim |Krist
(1995) and processed in the same way as the raw science
data. GALFIT is used to fit to each individual galaxy.
Neighboring objects are masked out if they are substan-
tially fainter than the main target, otherwise they are
included in the fit (see[van der Wel et al.||2012] for more
details).

We also utilize the most recent (v4.1.5) photomet-
ric catalogues on which they are based from the
CANDELS/3D-HST survey (Brammer et al.||2012; |Skel-
ton et al.|2014; Momcheva et al|2016). We use the stel-
lar population parameters, and rest-frame colours based
on the ‘zbest’ catalogues, which will use (if available)
first a spectroscopic redshift, then a (good) grism red-
shift and lastly a photometric redshift if a spectroscopic
and grism redshift were not available. Stellar masses
were estimated from fits of stellar population models to
the full photometric dataset (ranging from the UV to 4.5
pum). We refer the reader to the aforementioned papers

TABLE 1
NUMBER OF GALAXIES IN EACH REDSHIFT RANGE BY UVJ
SF-STATE
z-range Quiescent Star forming
02<2<0.5 173 589
05<2<1.0 781 3426
1.0<2<1.5 643 1904
1.5<2<20 357 614
20<2<25 187 477
25<2z<30 16 78
3.0<2<4.0 12 44
NOTE. — Above are the number of galaxies in each redshift range

that are above our mass limits outlined in Fig.

and their associated documentation for details. [

We perform a first pass selection using the 3DHST
photometric flags (use_phot = 1), as well as an F'160W
magnitude cut of m4p = 24.5 to ensure uncertainties in
size and shape were within 10% (as described in [van der
Wel et al.[|2012). We use objects with a quality flag of
f=0,1in|van der Wel et al,| (2012)) which means that
GALFIT converged on a solution (without crashing) and
that the solution did not require parameters to take on
their ‘constraint’ values.

We also separate our sample into SF and Q galaxies
based on their rest-frame U — V and V — J colours,
where galaxies display a colour bi-modality and separate
based on specific star formation rates (Labbé et al.|2005}
Williams et al.[[2009, 2010; [Whitaker et al.[2011f). We
use the UV J boundaries defined in|Muzzin et al.| (2013)
to separate the Q and SF sequences.

In Figure[I]we have plotted the 160/ AB magnitude,
and the fraction of ‘good’ structural fits (f = 0, 1 in [van
der Wel et al.| (2012)) as a function of mass and redshift,
as well as SF state to determine our mass completeness
as a result of our magnitude limit and the effect of our
decision to take only ‘good’ structural parameters. In the
top panels we have indicated the mass completeness limit
for each redshift (which ranges from log M, /Mg = 9.5 —
11.0), to ensure sufficient signal-to-noise (S/N). In the
bottom panels, we see the fraction of ‘good’ structural
fits using our mass and magnitude selection is always
greater in the SF galaxies, likely because of the difference
in their rest-frame optical colours. This is particularly
striking for quiescent galaxies at the highest redshift bin
(3.0 < z < 4.0) at log M. /Mg < 10.5 where we see the
recovery of ‘good’ fits is ~ 30%. However, our mass cut
from the top panels ensures we have recovered > 80% of
the total galaxies in each redshift bin.

After applying all the aforementioned selection criteria
to the complete 3SDHST catalogue, we are left with 9301
galaxies. A census of these galaxies broken down into
their respective redshift and UVJ-SF state can be found
in Table[I

3. ANALYSIS
3.1. Correcting for Systematics

Since we are taking a median of P(q), and we have
already imposed a fairly conservative S/N cut, our ran-
dom errors on the median are a fraction of a percent for
most data points in this article. However, the system-
atics in ¢ can be significant at the faintest magnitudes.

! https://3dhst.research.yale.edu/Data.php
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Fic. 1.— The top panels are the FF160W magnitude plotted against mass, with each panel showing a different redshift bin. The bottom
panels show the corresponding recovery of ‘good’ fits (i.e. a flag value of 0 or 1 the [van der Wel et al.| (2012) catalogs) as a function of UVJ
star-forming state. The grey-shaded region marks our selected mass and magnitude completeness limits for this study, with the mass limit
evolving with increasing z.
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Fi1G. 2.— Left: The systematic error in ¢ as measured by [van der Wel et al.| (2012) (orange points; see their Table 3) as a function of the
F160W magnitude. gcorr is the flattening after correction for the systematic error. The blue line is an exponential fit to the data. Right:
The average systematic error in g,eq from the original structural catalog from [van der Wel et al.| (2012) as a function of z. The individual
galaxies have been corrected by using the fit from the left panel. The error bars show the variance in values. As expected, the total effect

of the systematics grows bigger with redshift.

Since we wish to investigate the trends with flattening
out to significant z, rather than exclude these galaxies
from our sample, we chose to correct for the systematics
investigated by [van der Wel et al.| (2012]).

In their article, [van der Wel et al.| (2012) used model
light profiles convolved with the noise and PSF profiles
of HST to estimate the effects of systematics. They re-
peated their surface brightness profile fitting on the sim-
ulated images and found that near the magnitude limits
of their survey, the measured ¢ in the data were flatter
than the model images. In their Table 3, they tabulated
the average systematic as a function of F160W magni-
tude, which we have plotted in Fig. Notice that [van
der Wel et al.| (2012) list “simulation output - model in-
put” in their Table 3. Hence the correction values shown
in Fig. 2 are the opposite of the listed values, as we
show the term that is added to the observed data. In
the left panel of Fig. [2, we fit an exponential function
to the data, and made corrections to the values of ¢ in
the catalog based on each object’s F160W magnitude.
Although we do not know the magnitude of the system-
atic for any individual object, our approach of medians
means we can apply these corrections. In the right panel
of Fig. [2] we have shown the median correction as a func-
tion of z. As expected, the magnitude of the correction
is larger at higher redshift, where the sample is domi-
nated by objects at fainter magnitude limit (as seen in
the upper panel of Fig. [1)).

Unless otherwise specified, the values of ¢ presented in
this paper are corrected for these systematic effects.

Another potential systematic can be caused by the
shifting intrinsic bandpass as a function of wavelength.
We tested the effect of bandpass on the axis ratio in two
ways. First, we used the analysis of the GAMA sur-
vey Kelvin et al.| (2012) . These authors derived the
flattenings in bands ranging from the u band to the K
band. We find that the difference in the median flat-

tening is very small for this sample. When expressed
as a function of log(wavelength), it is d10g gmeq/dlog A
= 0.00 for quiescent galaxies and 0.05 for star forming
galaxies. This is measured between the g band and the
H band, representative for our sample. The effect on our
results are negligible. In addition, we used the CAN-
DELS photometry itself to estimate the effect, by com-
paring the flattening of the F125W and F160W bands.
We find dlog gmeq/dlog A = 0.06 +0.03 and 0.11 + 0.024
for quiescent and star forming galaxies. The effect for
star forming galaxies somewhat higher than estimated
from GAMA, but consistent at the 2.5 ¢ level. It sug-
gests that the dependence of flattening on passband may
depend on redshift. It would still lead to very small sys-
tematics. We tested whether this correction would af-
fect our results; and we only found a small difference for
flattening of the star forming galaxies as a function of
redshift (Fig. 4), where the trend changes by about 0.02
per unit redshift. This is a very small trend which will
be ignored in the rest of the analysis.

3.2. Trends with star-formation, My, z, r. and n

To investigate trends in ¢;,eq With other properties, we
binned our galaxies into 7 different redshift bins (with
ranges specified in Table [1] ), as well as 4 different stel-
lar mass bins (log M./Ms € [9.5,10.0], [10.0,10.5],
[10.5,11.0], [11.0,12.0]), 3 bins of r. (r.[kpc] € [0,3],
[3,6], [6,9], [9,20]), and 3 bins of n (n €[0,2.0],
[2.0,4.0], [4.0,8.0] ). We exclude galaxies with r. < 0.1/
from our sample, as this is smaller than the HWHM of
the PSF. The median ¢,,.q are derived for the various
bins, and the errors are determined from a bootstrap
procedure. Bootstrap resamples are constructed and the
medians are determined. The error bars shown in the fig-
ures are the rms deviations derived from the distribution
of bootstrap medians.

In Fig. we have plotted ¢neq as a function of
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log M./Mg and z. In this figure, we only plot our re-
sults to z = 2.5 because we are not complete in mass
above this redshift (although we plot our highest mass
bin, M, > 10'' M. where we are complete in Fig. .
Considering only the quiescent galaxies, we have calcu-
lated the average linear least squares slope (auqyg) for
every redshift bin, and find an aq,y = 0.01 £0.01, which
is consistent with g.q being independent of M,. On
the other hand, star-forming galaxies at z < 1 do dis-
play a broad mass dependence, (qug = 0.05+£0.02) with
lower mass galaxies appearing flatter than higher mass
galaxies. Because we are mass-limited, whether or not
this trend continues at z > 1 is an open question which
would require deeper survey depths to answer.

If we now consider the broad difference between qui-
escent and star-forming galaxies in Fig. |3] we see that
the quiescent galaxies are generally rounder than their
equivalent mass star-forming counterparts. The excep-
tion to this is in our 2.0 < z < 2.5 redshift bin, where at
log M, /Mg > 11.0, the axis ratios are indistinguishable.
This could be indicative of similar morphology between
the two populations at these redshifts.

We investigate this similarity to higher redshifts by
only considering galaxies in our highest mass bin where
we have sufficient redshift coverage given our mass-
complete limits. In Fig. [} we have plotted the appar-
ent axis ratio of galaxies in our highest mass bin as a
function of redshift. We see quiescent galaxies are flat-
ter at higher redshifts of equivalent mass, whereas the
star-forming galaxies show little evolution in g,,eq with
redshift. Asin Fig.[3] at z < 2, the quiescent galaxies are
rounder than their star-forming counterparts. At z > 2,
we see that there is no discernible difference in the g¢eq
between the star-forming and quiescent populations, sug-
gesting that at this mass (as alluded to in Fig.|3) perhaps
these galaxies have similar structure.

Given the known association between a galaxy’s mass
and size (e.g.,|Shen et al.[2003; ivan der Wel et al.|2014a;
Lange et al.[[2015) and that the size of galaxies at an
equivalent mass are observed to be smaller at larger red-
shifts (e.g., Daddi et al.|[2005; [Trujillo et al.|2006; Franx
et al.|2008; [van Dokkum et al.||2008}; |Straatman et al.
2015), it is also important to determine whether the
trends observed in Fig. [3] are driven by the size evolu-
tion. As previously mentioned, we have binned our data
according to 7. and have plotted how this evolves with z
and M, in Fig.[f]and Fig. [6] respectively, but have omit-
ted bins with fewer than 3 galaxies (as has been done for
all medians in this article).

In Fig. [f] we see that the ¢,q of star-forming galaxies
depends more strongly on r. than their quiescent coun-
terparts (with ag.g = 0.01£0.004, —0.039£0.007 for qui-
escent and star-forming galaxies respectively), with large
galaxies being flatter than smaller galaxies. At low-z,
quiescent galaxies become marginally rounder with in-
creasing size, with this trend disappearing, or even re-
versing at z > 2.

Fig [6| echoes the trends with r. seen in Fig. [5| (with
star-forming galaxies showing steeper aq.g than quies-
cent galaxies), however there is a much stronger depen-
dence on M, than with z, with massive galaxies always
rounder than less massive galaxies at fixed r., with the
exception of the smallest quiescent galaxies where the

trend reverses. These trends are also what are expected if
the B/T ratio increases with increasing M, and decreas-
ing r.. In this figure, we also plot gmeq as a function of
Te/Te, M, , Where 7. p, is the expected size given the stel-
lar mass from the mass-size relations oflvan der Wel et al.
(2014a). This can be thought of as a deviation from the
mass-size relation. When plotting this fraction instead of
the r., we see the mass dependence largely disappears in
both quiescent and star-forming galaxies. In quiescent
galaxies we see a relatively flat relationship. For star-
forming galaxies, galaxies that lie below the mass-size
relation are rounder than those that lie above it.

In Fig.[7] we investigate the dependencies of n on ¢meq
and M,. In this Figure, the galaxies have been binned
by n. We observe a strong positive correlation between
Gmed and m in both quiescent and star forming galaxies,
with no significant M, dependence. Because there is no
significant M, dependence, we have plotted trend lines
in Fig. [7] based on the median of all galaxies, as well
as only the quiescent/star-forming in their respective n
bin. These lines show that the n dependence is steeper
for quiescent galaxies. This is the most significant trend
observed out of the structural parameters investigated.

3.3. Is n driving trends with Gmeq?

Because of the tight relationship between g4 and n,
we re-investigate the observed trends with gpeq to test
the extent to which these trends can be explained by
trends in n. To this end, we re-calculate ¢4 using their
measured values of n as well as the relationships for star-
forming and quiescent galaxies in Fig. [7} ¢,. We then
take the residual between ¢,,.q and ¢,, and and plot that
against M, z and r..

Fig. [§] shows the residuals of the values in Fig. [3] In
this figure, we see for most data points that the residuals
are ~ 10% of the original values, and can account for
most of the observed @eq- For star-forming galaxies,
although there is structure in the residuals, n can also
account for the trends, especially at the lowest redshifts.

In Fig. [9] we show the residuals of the relationship of
our massive galaxy subsample (M, > 10'!) with z. In
massive galaxies, we see that ¢,,.q can be fully accounted
for by n, and the trend of massive galaxies becoming
rounder at lower redshift is also gone, with this relation-
ship accounted for by an evolution in the median n. We
see the flat relationship with star-forming galaxies is also
maintained. Therefore, we conclude that the evolution in
n can account for any g,,eq evolution in massive galaxies.

Although n can convincingly account for most of the
observed ¢eq, as well as trends with M, and z, it is
insufficient to explain the trends in r. for star-forming
galaxies. Fig. and Fig. are the residuals plots of
Fig.[pland Fig.[6] respectively. For the quiescent galaxies
in Fig.[6] we do see that the previously seen mass depen-
dence of @meq at fixed radius is gone (again with the
exception of galaxies at the smallest radius). However,
the mass dependence for star-forming galaxies persists,
as well as the overall trend with r..

4. DISCUSSION AND CONCLUSIONS

In the previous sections, we investigated the depen-
dence of the observed ¢,,.q with various structural pa-
rameters. At all masses below z < 2, the median qui-
escent galaxy is rounder than their star-forming coun-
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are rounder than the star forming galaxies; and the quiescent galaxies do not show a strong trend with mass. On the other hand, the
star forming galaxies do show a trend with mass: the more massive galaxies are rounder. The error bars in log M. /Mg represent the
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Fic. 5.— Apparent axis ratio as a function of effective radius for the same redshifts bins as Fig. 3. As in previous figures, the error bars
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other hand, for star-forming galaxies, there is a significant anti-correlation between ¢,,.q and 7, although no consistent z evolution.
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Fi1G. 6.— Top: Similar to Fig. [5] except galaxies have been binned according to M, instead of redshift. As in other figures, aqvg is the
average of the best-fit linear least squares slopes to each mass bin. Bottom: The same as the top row, except instead of plotting the axis
ratio against re, we have plotted the ratio of r. to the expected size based on its mass from the mass-size relation of
1i (re,m, - The differences in mass bin seen in the top row disappear when considering the deviation from the mass-size relation. We

nd that the flattening of star forming galaxies depends strongly on the size normalized to the expected size for the redshift and mass of
the galaxies. No strong trend is found for quiescent galaxies.
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F1a. 7.— Apparent axis ratio binned by Sersic index for 4 different mass bins for UV J-quiescent (left) and UVJ-SF (right). Black dashed
linens both panels is the linear least squares fit to the combined star-forming and quiescent sample. Red and blue dashed lines are the
linear fits to the quiescent and star-forming galaxies, respectively. In the left panel, we see no apparent mass dependence in the quiescent
galaxies, but we do see a strong correlation of flattening with Sersic index. In the right panel, we see a flatter, albeit, still strong relationship
between n and ¢, eq, with no apparent mass trend, except in the lowest mass bin where more massive galaxies are rounder. The slopes are

alpha = 0.058,0.062, 0.035 for all, quiescent, and star forming galaxies respectively.
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F1Gc. 8.— These plots contain the same galaxies and bin as inFig. E except the abscissa is now the residual between the actual g,,.q, and

gn where ¢p is the g,cq expected based on the galaxies Sersic index using the quiescent and star-forming relationships from Fig. [7]

n is

able to account for the observed ¢,,cq to within ~ 10% for most of the mass and redshift bins. Although there is structure in the residuals

for the star-forming galaxies, the spread in ¢,,eq observed in Fig. E| disappears, suggesting n is sufficient to explain the trends.
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F1a. 9.— This figure shows the residuals of the relation between flattening and redshift for the most massive galaxies (Fig.

subtracting ¢, (the expected gmeq from a galaxy’s n assuming the relationships from Fig. IZ[)

for galaxies at log M. /Mg > 10

, after
). The

strong trend of ¢,,.q With z for quiescent galaxies is reduced to zero, showing the trend was correlated with a trend with sersic index n and
that n is able to account for the observed g¢,,.q for massive galaxies. The trend for the star-forming galaxies is still consistent with zero.
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This figure shows the residuals of Fig. [5] after subtracting g. (the expected gneq from a galaxy’s n assuming the relationships

from Fig. for galaxies at log M. /Mg > 10'!. This trend is sufficient to explain the observed g,,cq of quiescent galaxies, but does not
account for the trend of g,eq With re in star-forming galaxies where the magnitude of the trend persists.
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UVJ Quiescent UVJ Star-forming
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F1a. 11.— The residual values after subtracting g, (the expected gmeq from a galaxy’s n assuming the relationships from Fig. @ from
Qmed in Fig. EI As in Fig. n is able to account for ~ 80 — 90% of the observed ¢,,.q in quiescent galaxies. In star-forming galaxies, the
observed trend with r. does not change after correcting for the correlation with n.
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terpart (Fig|3)). For quiescent galaxies, when binned by
M, there was no discernible trend with mass, whereas
star-forming galaxies do show a significant mass depen-
dence at low-redshift (z < 1.0). At the highest masses
(M, > 10'), quiescent galaxies are increasingly flat at
higher z, until they match the apparent ¢,.q of star-
forming galaxies at z > 2 . This suggests that at the
highest redshifts, massive quiescent galaxies are struc-
turally similar to their star-forming counterparts, and
that high-z quiescent galaxies could be disk-like, a no-
tion that has been posited previously (e.g., van der Wel
et al.[|2011; |Wuyts et al.[2011} |Bruce et al.|2012} [Buitrago
et al.[2013}; |Chang et al.|2013; Newman et al.|2015}; Hill
et al.|2017))

This result is also consistent with studies of nearby
relic galaxies, which are thought to be “unprocessed”
descendants of high redshift quiescent galaxies (e.g. jvan
den Bosch et al.|[2012; [Trujillo et al.|[2014; [Yildirim et al.
2017, [Ferré-Mateu et al.|2017)).

The observed trend of massive galaxies flattening at
higher redshift (Fig. |4]) can be explained entirely by the
dependence of n on @mneq. This conclusion was drawn
through an analysis of the residuals after subtracting
the effect of n from ¢,,.q. To obtain this correction, we
binned our sample according to n and M, and found n
to correlate strongly with g,,.q with no apparent stellar-
mass dependence (Fig. . By using the linear relation-
ship surmised in Fig. [7] we calculated what g,,.q would
be given the modelled n from the catalog of van der Wel
et al.| (2012)), and plotted the residuals. The residuals
for gmeq with z in massive galaxies were consistent with
0 (Fig. [9), with the conclusion that the evolution in n
drives the evolution in gpeq.

The ¢pmeq-residuals were also plotted for the other
masses, and the residuals were insignificant for the quies-
cent galaxies. These results are consistent with a simple
picture in which quiescent galaxies grow with time due
to minor mergers (e.g., (van Dokkum et al.|[2010)) which
would make them appear rounder and increase the Sersic
index. More detailed comparisons with simulations are
required to test this explanation in detail.

It is remarkable that the star-forming galaxies show
different trends than the quiescent galaxies. This is likely
related to the fact that the star-forming galaxies grow
through very different mechanisms (e.g., growth through
the accretion of gas and subsequent star formation in a
disk).

We do not find a strong trend of flattening with redshift
(e.g., Fig 4); on the other hand, the flattening correlates
significantly with mass, and very strongly with effective
radius; and with Sersic index. If we “take out” the cor-
relation with Sersic index, we still see a correlation of
residual flattening with effective radius, in contrast to
the quiescent galaxies.

The most remarkable of these correlations for star-
forming galaxies is the correlation with r.: when binning
galaxies based on their r., for star-forming galaxies we
observed a negative relationship between ¢neq and 7,
with larger galaxies exhibiting stronger flattening than
smaller star forming galaxies, regardless of z (Fig. [5]).
This trend persists when comparing star-forming galax-
ies at fixed r. in different mass bins (Fig. [6). At fixed
re, massive galaxies are always rounder than lower mass

galaxies, regardless of star-forming state (with the ex-
ception of the smallest quiescent galaxies which requires
further investigation). This mass dependence disappears
when considering ¢ as a function from the deviation of
the relevant mass-size relation (Fig. @

To first order, the results are interpreted by assum-
ing that geq is tracing the bulge-to-total galaxy ratio
(B/T) in star-forming galaxies. It has been shown previ-
ously that n broadly traces B/T in massive galaxies (e.g.,
Bruce et al.[2014b; |Kennedy et al.|2016)); this combined
with the our observation that g,,.q is also correlated with
n makes a consistent picture.

It is not entirely clear, however, why size plays such a
dominant role: the flattening varies by a factor of about
2 as a function of size normalized to the mass size rela-
tion - stronger than the variation with Sersic index. In
addition, when the dependence on Sersic index is taken
out, there remains a correlation with size.

Possibly, these effects are simply due to the fact that
the light distribution of star forming galaxies is very sen-
sitive to dust, orientation, and young, unobscured star
formation. Hence simple trends as for quiescent galax-
ies become complex - take for example the case of disk
galaxies for which the disks almost “disappear” due to
dust when viewed edge-on (e.g., [Patel et al.|[2012). In
short, models are needed to interpret these results and
derive the full interpretation.

5. SUMMARY

We have taken the catalogues of [van der Wel et al.
(2012) and studied the evolution of the median apparent
axis ratio (gmeq) for over 9000 galaxies out to z = 3 with
M=, z, n and r.. We find :

1. Quiescent galaxies are rounder than their star-
forming counterparts at all masses below z < 2.
Above z > 2, the median flattening between mas-
sive quiescent and star-forming galaxies is identi-
cal, suggesting they had very similar structure in
the early universe (Fig. 4). This is an extension in
redshift of previous work (Chang et al.[2013]) who
found an increased incidence of disk-like structure
in massive quiescent galaxies at z > 1.

2. The flattening in quiescent galaxies is mass inde-
pendent, whereas in star-forming galaxies, there
is a steep positive correlation with stellar mass at
least until z = 1 (Figs. 3,4); due to our mass limits,
whether this trend continues to higher z is an open
question.

3. In star-forming galaxies, ¢meq correlates signifi-
cantly with r., in contrast to quiescent galaxies
where there is no discernable trend (Fig. 5).

4. In quiescent galaxies, the strongest common corre-
lation was between ¢,,.q and n (Fig. 7). For most
relationships, there is very little residual correla-
tion between ¢meq and g, (the expected ¢ calcu-
lated from the sérsic index), however this was not
the case in star-forming galaxies (Fig. 8).

5. We suspect that g,q is likely tracing the B/T ra-
tio which would explain why smaller/more mas-
sive star-forming galaxies are rounder than their
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extended/less massive counterparts, as well as why
we do not observe strong M, and r. dependen-
cies in quiescent galaxies, as the majority of the
quiescent galaxies are not expected to have promi-
nent disks. We caveat that we are also only tracing
the light, which would weight blue disks with lower
mass-to-light ratios heavily in the observables, and
that the mass distribution could be quite different.
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