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ABSTRACT

Context. The post-quenching evolution process of early-type galaxies (ETGs), which is typically driven by mergers, is still not fully
understood. The amount of growth in stellar mass and size incurred after quenching is still under debate.

Aims. In this work, we investigated the late evolution of ETGs, both observationally and theoretically, by focusing on the stellar mass
density profile inside a fixed aperture, within 10 kpc from the galaxy center.

Methods. We first studied the stellar mass and the mass-weighted density slope within 10 kpc, respectively M. ;o and I, 0, of a sample
of ETGs from the GAMA survey. We measured the I, jo—M. o relation and its evolution over the redshift range 0.17 < z < 0.37.
We then built a toy model for the merger evolution of galaxies, based on N-body simulations, to explore to what extent the observed
growth in I', jo—M. ;o relation is consistent with a dry-merger evolution scenario.

Results. From the observations, we do not detect evidence for an evolution of the I', ;o—M, ;o relation relation. We put an upper limit on
the redshift derivative of the normalization (x) and slope (8) of the I ;o— M. 1 relation: |0u/d1og(1+z)| < 0.13 and |6/3 /0log(1 + z)| <
1.10, respectively. Simulations show that most mergers induce a decrease in I', ;o and an increase in M, o, although some show a
decrease in M, o, particularly for the most extended galaxies and smaller merger mass ratios. By combining the observations with our
merger toy model, we place an upper limit on the fractional stellar mass growth of fy; = 11.2% in the redshift range 0.17 < z < 0.37.
Conclusions. While our measurement is limited by systematics, the application of our approach to samples with a larger redshift
baseline, particularly with a time interval Az > 3.2 Gyr, should enable detection of a signal and improves our understanding of the late

growth of ETGs.
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1. Introduction

Early-type galaxies (ETGs), which are typically elliptical in
shape and evolve passively, are believed to represent the final
stage of galaxy evolution. By the time they are observed, these
galaxies have likely completed most of their star formation activ-
ity. However, they may still undergo further evolution via merg-
ers and accretion. Understanding the post-quenching evolution
process that ETGs undergo can provide insight into the hierar-
chical structure formation theory, which is fundamental in the
context of the lambda cold dark matter (ACDM) cosmology.
Observations suggest that ETGs at higher redshift (i.e.
z = 2) have significant differences from their z ~ 0 coun-
terparts in several aspects. For instance, ETGs at z ~ 2 are
more compact in size (e.g. Daddi et al. 2005; Toft et al. 2007,
Trujillo et al. 2006, 2007; van Dokkum et al. 2008) and have
smaller color gradients, i.e., the contrast in color between
the outskirt and the center is less significant than that
of their low-redshift counterparts (e.g. Suessetal. 2019a,b,
2020). Specifically, the apparent size growth at fixed mass
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of such quiescent, compact objects is believed to be a fac-
tor of approximately three between z = 2 and z = 0
(e.g. Fan et al. 2008; van Dokkum et al. 2010; van der Wel et al.
2014; Damjanov et al. 2019; Hamadouche et al. 2022). Com-
bined with the relatively low star-formation rate of ETGs, this
suggests that these galaxies have been building up their outer
envelopes since z ~ 1.5 via some form of merging and accre-
tion (e.g. Hopkins et al. 2009, 2010; van Dokkum et al. 2010).
Numerous studies based on both observations and hydrodynam-
ical simulations suggest that, among various possible mecha-
nisms, the dominant one is dissipationless (dry) mergers, espe-
cially those with a relatively small mass ratio between the
accreted galaxy and the progenitor galaxy (hereafter minor
mergers). The rationale is that minor mergers can produce
the largest growth in size for the same accreted mass and
qualitatively reproduce the evolutionary trend in central den-
sities and orbital structures of these quiescent galaxies (e.g.
Naab et al. 2009; van Dokkum & Brammer 2010; Oser et al.
2011; Newman et al. 2012; Hilz et al. 2013; Dekel & Burkert
2014; D’Eugenio et al. 2023). Recently, taking advantage of
the depth and resolution of the James Webb Space Telescope
Advanced Deep Extragalactic Survey (Gardneretal. 2023;
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Eisenstein et al. 2023), Suess et al. (2023) suggested that minor
mergers also have the potential to contribute to the color gradient
evolution of ETGs.

Nevertheless, a quantitative investigation of the evolution-
ary process reveals that the minor merger scenario is insuffi-
cient to explain the full growth of ETGs at redshift z > 1. Stud-
ies based on HST images (e.g. Newman et al. 2012; Belli et al.
2015) identify satellite galaxies around massive ETGs and find
that the merging event of ETGs with their surrounding satel-
lites can account for at most half of the entire size growth.
Moreover, studies based on theoretical models (e.g. Nipoti et al.
2009a,b, 2012) also imply that it is difficult to reproduce the
evolution of the R.—M, relation, i.e., the relation between the
half-light radius, R., and the total stellar mass, M., by solely
invoking dry mergers. Some possible solutions to this problem
have already been proposed. Given that the observed size of star-
forming galaxies is on average larger than that of quiescent ones
(e.g. Newman et al. 2012; van der Wel et al. 2014; Belli et al.
2015; Roy et al. 2018), the addition of newly quenched ex-
star-forming galaxies to the population of ETGs could supple-
ment the size growth of ETGs (e.g. Dokkum & Franx 1996;
van Dokkum & Franx 2001; Carollo et al. 2013; Fagioli et al.
2016). The existence of color gradients could also mimic the
observed size growth of ETGs, thus misleading to a conclu-
sion that the minor merger scenario is insufficient (Suess et al.
2019a,b). Detailed theoretical models that incorporate various
possible scenarios and explain the entire growth of ETGs are still
lacking. It must also be noted that the evolution of other scaling
relations (such as those involving the central stellar velocity dis-
persion) provides additional and complementary constraints on
such models (Cannarozzo et al. 2020; Nipoti 2025).

Another problem arises at lower redshift, z < 1, where there
is not yet a consensus on the observed evolution of ETGs. The
growth rate of ETGs at that time appears to be mass-dependent.
van der Wel et al. (2014), Roy et al. (2018) suggested a more
rapid size growth rate for more massive ETGs (M, > 10" M),
but Damjanov et al. (2019) find that less massive ETGs tend
to grow faster. Moreover, studies exploring the number density
growth of ETGs (e.g. Bundy et al. 2017; Kawinwanichakij et al.
2020) imply a lack of growth in the stellar mass function in
the same redshift interval, which is generally in agreement
with Damjanov et al. (2019) as both imply that massive ETGs do
not grow significantly, and thus contrast with van der Wel et al.
(2014) and Roy et al. (2018). Such complexity limits our ability
to draw precise conclusions about the evolution of ETGs in this
redshift range. Whether ETGs grow in this redshift range is still
not determined, let alone the detailed growth mechanism.

So far, ETG evolution has mainly been studied by means
of the total stellar mass, M., and the half-light radius, R..
However, the full light (stellar) profile contains more infor-
mation than can be compressed into these two quantities.
Indeed, efforts have been made to extract the light profile
to the faint outer region and study the evolution of the stel-
lar halo (e.g. Tal & van Dokkum 2011; D’Souza et al. 2014;
Huang et al. 2018, 2020; Spavone et al. 2021; Chen et al. 2022;
Williams et al. 2025). The outer stellar distribution is believed
to preserve information about the accretion history of galaxies,
with flatter light profiles indicating a larger fraction of accreted
stellar mass. In this work, we chose a complementary approach,
by focusing on the inner region of ETGs and their evolution.

Following Sonnenfeld (2020), we defined the inner region as
the region inside a circularized radius, 10 kpc, and described the
stellar density profile using the mass (M. o) and mass-weighted
density slope (I'.j0) enclosed within that aperture. The mass-
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weighted density slope is defined as
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where radii are expressed in kiloparsecs. These two parame-
ters provide a good summary of the inner stellar distribution of
ETGs, in the sense that by specifying their values, we can pre-
dict the stellar profile inside 10 kpc to better than 20% (see Fig. 8
in Sonnenfeld 2020). Therefore, we refer to these two parame-
ters as the 10kpc collar. The choice of 10kpc is arbitrary, but
it represents a compromise between a scale that is sufficiently
large enough to enclose a substantial fraction of the mass of a
massive ETG, but not so large that this fraction becomes one.
A benefit of using this parametrization is that it does not suffer
from extrapolation problems: at the redshifts and depths covered
by our study, the surface brightness of ETGs is detected out to
10kpc, and therefore M., 1o and I, 1o can be measured directly
from the data. In contrast, obtaining M, and R, requires extrapo-
lating the surface brightness model distribution to regions below
the sky background level. As shown by Sonnenfeld (2020), this
extrapolation can be significant even at relatively low redshifts,
z~0.2.

Using our new robust parametrization, we measured the evo-
lution of the inner stellar density profile of ETGs in the redshift
range 0.15 < z < 0.40. We first collected a sample of qui-
escent galaxies, measured their M, ;o and I'; 1o, and then ana-
lyzed the evolution of the I, j0—M, o relation. Furthermore, to
explore the extent to which the evolution of this I', jo—M., ¢ rela-
tion can be explained by dry mergers, we utilized the set of simu-
lations used in Sonnenfeld et al. (2014) and originally presented
in Nipoti et al. (2009b, 2012), which contains a number of binary
merger simulations with different merger mass ratios. We used
Jfm, the fractional stellar mass growth of galaxies, to represent
the growth of ETGs driven by dry mergers, and built a toy model
to estimate the maximum fy; allowed by the observed evolution
in the I, jo—M.. 1o relation in the redshift range 0.15 < z < 0.40.

The structure of this paper is as follows. We describe the
observation sample together with the measurement of M, ;o and
I'..10 in Sect. 2. In Sect.3, we present the measurement of the
I'..10—M. 10 relation using a Bayesian hierarchical method and
in Sect. 4, we describe how we establish a toy model based on
simulations to find a maximum fractional mass growth fy that is
allowed by the observed evolution of the I', jo—M., 1 relation, in
the context of dry mergers. We discuss the results in Sect. 5 and
provide a brief conclusion in Sect. 6.

We assume a flat ACDM cosmology with Qy = 0.3 and
Hy = 70kms~! Mpc~!. Magnitudes are in AB units and stellar
masses are in solar units.

2. Observations
2.1. Sample selection

The goal of this work was to investigate the evolution of quies-
cent galaxies at low redshift and to attempt to eliminate possible
systematic effects from the extrapolation problem by focusing on
a fixed aperture size of 10kpc. We selected a sample consisting
of quiescent galaxies with spectroscopic data, thereby obtaining
reliable measurements of redshift, stellar mass, and aperture size
and distinguishing them from star-forming galaxies. In partic-
ular, we required the method for stellar mass measurement to
be homogeneous throughout the whole sample. In addition, we
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needed to obtain the structural parameters of galaxies to calcu-
late M. 1o and I’ jo.

Therefore, we selected galaxies based on the Galaxy And
Mass Assembly Data Release 4 (GAMA DR4, Baldry et al.
2010; Hopkins et al. 2013; Bellstedt et al. 2020; Driver et al.
2022). Specifically, we used the data management unit (DMU)
gkvScienceCatv02 (Bellstedt et al. 2020) to select galaxies
brighter than an r-band ProFound magnitude of 19.65 from the
GAMA DR4 Main Survey sample, which has a 95% spectro-
scopic completeness. We conservatively included only galax-
ies in the G09, G12, and G15 fields, due to the shallower r-
band magnitude limit in the G23 field. We obtained stellar
mass measurements from the DMU StellarMassesGKVv24 (see
Driver et al. 2022). Stellar masses were estimated using stel-
lar population synthesis (SPS) modeling to the observed spec-
tral energy distribution (SED) data. The fitting code was first
described in Taylor et al. (2011), and later modified to operate
within a fixed wavelength range of 3000—11000 A. The fitting
used the stellar evolution models of Bruzual & Charlot (2003),
assuming a Chabrier (2003) stellar initial mass function (IMF),
uniform metallicity, exponentially declining star formation his-
tories, and the dust curve of Calzetti et al. (2000). The main
reference for the measurement is Taylor et al. (2011), while the
photometric data used in this stellar mass estimation procedure
are from Bellstedt et al. (2020).

To select ETGs, we used the spectroscopic index D,4000
to distinguish the quiescent galaxies. In GAMA, this index fol-
lows the narrow-band definition of Balogh et al. (1999), which
is defined as the ratio between the flux per unit frequency in
4000-4100 A and 3850-3950 A. This index is commonly used
as an indicator of the age of the stellar population. According
to Kauffmann et al. (2003), the distribution of D,4000 exhibits
strong bimodality with a clear division between star-forming and
quiescent galaxies at D,4000 = 1.5. Therefore, we applied a
selection criterion of D,4000 > 1.5 to select quiescent galax-
ies. We also removed galaxies with normalized redshift quality
nQ < 2, following the suggestion of the GAMA Collaboration
(Driver et al. 2022).

In addition, we included only galaxies that overlap with the
Kilo-Degree Survey (KiDS, de Jong et al. 2013; Kuijken et al.
2019), in order to obtain surface brightness profiles of our galax-
ies. Galaxy structural parameters were measured using Gal-
Net (Lietal. 2022), which fits single Sérsic models to the
surface brightness of KiDS DRS5 galaxies using its r-band
photometry. After excluding galaxies with catastrophic mea-
surements, the final sample comprised 66 145 ETGs with mea-
surement of spectroscopic redshift, stellar mass, and structural
parameters.

2.2. Measurement of M..19 and T, 19

To obtain M, ;o and I', ;o for the galaxies in our sample, we fit the
image of galaxies with a point spread function (PSF)-convolved
Sérsic model, then derived the M, ;o and I', ;o based on the best-
fitting model. While the total mass, M., and half-light radius, R.,
derived by fitting a Sérsic model suffer from the extrapolation
problem discussed in Sect. 1, the quantities M, ;o and I, o do
not. This is because, as we show below, the surface brightness
profile in the inner 10kpc is well constrained by our data and
is well described by our best-fitting Sérsic model. Although, in
principle, M. 10 and I, ;o could be determined in a nonparamet-
ric way by directly measuring the surface brightness profile, our
model-based approach allowed us to more conveniently deblend
the galaxies of interest from contaminants and to deconvolve

the surface brightness profile by the PSF (see Li et al. 2022, for
details).
The Sérsic profile (Sersic 1968) can be written as

R 1/n
I(R):Ioexp{—bn(IT) } 2

with
2
R =g+ "’;. 3)

Here, ¢ is the axis ratio, n is the Sérsic index, and R is the circu-
larized radius where x and y are Cartesian coordinates with ori-
gin at the center of galaxies. We use the symbol x to denote the
axis aligned with the semi-major axis of the ellipse, while using
y to denote the axis aligned with the semi-minor axis. The effec-
tive radius, R., is also circularized. The light enclosed within a
circularized aperture of radius R is given by

1
1 R\"
L(<R) =27n - [)R? - y(2n b, =] |- 4
(<R R Y (R) “
The total light can be obtained by letting R — +oo,
1
Lio = 27n - [hR2 - —— -T'(2n). 3)

(b

Here I' is the gamma function, vy is the lower incomplete gamma
function, and b, is a constant that ensures the light enclosed
within the effective radius, R., is half of the total light:

Lyt = 2L(< Re). (6)
Therefore, b, can be calculated by solving
I'2n) = 2y(2n, by). @)

To demonstrate the accuracy of our Sérsic fits in the inner
10kpc region, we show in Fig. 1 a comparison between the
PSF-convolved best-fitting model surface brightness profiles and
the circularized surface brightness profiles measured in radial
bins directly from the data, for 25 galaxies. We selected these
galaxies randomly, while discarding objects with bright com-
panions. We applied this additional isolation cut only to illus-
trate Fig. 1. As shown by Li et al. (2022), our fitting method can
handle objects with overlapping surface brightness distributions,
and such objects are included in our analysis. However, the pres-
ence of neighbors complicates the procedure of measuring the
surface brightness profile directly from the data, and thus com-
plicates our comparison. The observed light profile can be repro-
duced by the best-fitting Sérsic model inside 10 kpc (denoted by
the vertical dashed pink line) with a typical accuracy of 10%.
Residuals are thus much smaller than the uncertainties on the
stellar mass-to-light ratio, which are on the order of 30%. There-
fore, our measurements of M, ;o and I, ;¢ are largely immune to
the impact of systematics related to the determination of galaxy
structural parameters. Additionally, we measured the median
fractional error across the 25 galaxies, finding values of 1.2%
for the surface brightness at 10kpc and 1.5% for the enclosed
light within the same radius. These results confirm that the best-
fitting model provides an unbiased reconstruction of the surface
brightness profile, thereby ensuring the reliability of the derived
parameters M 1o and I jo. Figure 1 also shows that the radius
at which the surface brightness of our galaxies falls below the
sky background root mean square (rms) level (horizontal dashed
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Fig. 1. Surface brightness profile of 25 galaxies. These galaxies were selected after visually inspecting 69 galaxies in one KiDS tile and randomly
choosing 25 from the 62 without bright companions. The upper panel shows the surface brightness as a function of the circularized radius. The
solid blue line shows the best-fitting Sérsic model convolved with PSF, calculated using GalNet structural parameters. The blue diamonds show
measurements directly obtained from the KiDS r-band image. The lower panel shows the difference between the two measurements. The vertical
dashed pink line indicates the angular size corresponding to 10 kpc for each galaxy. The horizontal line represents the noise level of the sky.

line) is typically larger than 10 kpc. This means that M, ;o and
I'..10 are indeed determined directly from the data and thus do
not suffer from the extrapolation problem.

In this work, we assume that there is no stellar mass-to-light
ratio gradient within individual galaxies; hence, the stellar mass
profile can be obtained directly from the light profile. We discuss
the possible implications of this choice in Sect. 5.2. We obtained
the stellar mass estimate for each galaxy from GAMA, along
with the light used in the SPS model fitting process (Driver et al.
2022), which enabled us to calculate the mass-to-light ratio, ..
The mass profile can be easily obtained by multiplying Eqgs. (2)
and (4) by Y.:

R 1/n
2.(R) = T.Ip exp [—bn (—)

&I ®)
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M.(< R) = T.27n - IyR? - y 9)

1
R n
2n, b, (Re ) .
By substituting R = 10 kpc into Eq. (9), we obtained M, o, while
we obtained I', 1o by combining Eq. (8) with Eq. (1).

The stellar mass-to-light ratio, T, and the Sérsic structural
parameters, R. and n, are measured by two different surveys:
the T, ratio from GAMA, and R. and n from KiDS. Since the
total flux of a galaxy used in KiDS Sérsic modeling may dif-
fer from that used in the GAMA stellar mass estimate, this dis-
crepancy must be taken into account when deriving M, ;o and
I'..10. However, because we assumed that there is no gradient
in the stellar mass-to-light ratio, the measured value of Y, does
not depend on the modeling choice. Therefore, although T, can
only be obtained from the GAMA survey, we believe that it is

B
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Fig. 2. Distribution of M, jo/F in three narrow redshift bins. The vertical
dashed line marks the 95th percentile of the distribution in each bin. By
multiplying this ratio by the flux corresponding to the r-band magnitude
limit, re = 19.65, we obtain the M, ;o limit for that redshift bin.

reasonable to use it to calculate M, o and I, ;o together with the
structure parameter measured by KiDS.

2.3. Completeness

To minimize potential biases related to selection effects, we con-
structed a volume-limited sample in M, ;9. The GAMA DR4
Main Survey sample, from which the quiescent galaxies were
selected, is flux-limited, with a 95% completeness limit down to
an r-band ProFound magnitude of 19.65, which corresponds to
a critical flux Feq ~ 5.01 x 107 Jy. To obtain a complete M, ;o
sample, we needed to translate this flux-completeness limit into
a limit in M, .

We used the M, jo-to-flux ratio to perform this translation.
At a given redshift, the ratio between M, 1o and the total flux,
F, is not a fixed value, but rather is spread over a relatively
wide range. We divided the sample into narrow redshift bins,
measured the distribution of M, jo/F in each bin, and found
the critical value M, 1o/ F|i, Where the cumulative probability
reaches 95%. Multiplying M, 1o/ Fleic by the critical flux F,
we obtained the M, jo limit for that redshift bin. Here, we made
an implicit assumption that the ratio M., ;o/F depends neither on
M, 1o noron F.

Fig. 2 illustrates the procedure, which shows the distribution
of M. 10/ F in three different redshift bins, with dashed lines indi-
cating the 95th percentile of each bin, i.e., the critical M, jo-to-
flux ratio M, 10/ F|crit- The M:rito in these three bins is calculated

by M:‘i‘o = M, 10/ Flerit X Feri, using the value of M, 19/ Flei in
each bin. Applying this procedure iteratively across all redshift
bins results in the full 95% completeness limit in M, 1o as a func-
tion of redshift z. We used a logarithmic formula to fit this limit

as a function of redshift:
f(x) =Alogz+ B, (10)

where the best-fitting parameters are A = 0.87 + 0.0001 and
B =11.74 £ 0.0003.

The upper panel of Fig. 3 shows the distribution of our sam-
ple in M, jp—z space, with the solid pink line showing the 95%
completeness limit. Galaxies with M, ;o above this limit have a
95% probability of inclusion in our sample. Galaxies with M., ;o
below this limit were excluded and are shown as gray dots, while
those included in the complete sample are shown as black dots.
The lower panel shows the full sample in M,—z space with black
dots.

We focused only on massive quiescent galaxies whose
M., 10 > 10'%° M, and so imposed a corresponding upper red-
shift limit of z = 0.4 . We further set a lower limit on the redshift
range z > 0.15, to increase the S/N with a reliably large sample
size. The final sample used to investigate the evolution contained
5690 ETGs, shown as cyan dots in the upper panel of Fig. 3. The
distribution of our final sample in the z—M., space is shown in
the lower panel, with cyan dots representing the selected galax-
ies and black dots indicating the rest. The 5th percentile of the
stellar mass distribution of our final sample is log M. = 11.1.
The distribution of our sample in M, 19, I's 10, and z is shown in
Fig. 4.

3. Iy,10—M, 19 relation
3.1. Model

Having obtained the measurements of M, ;o and I', jo, we pro-
ceeded to measure the I', jo—M., 1o relation. We expected that this
relation would provide valuable information on the growth of
ETGs, complementary to the traditional R.—M., scaling relation.
To infer the distribution of I',. ;¢ as a function of M, o, we fitted a
model with a Bayesian hierarchical method. Each galaxy in our
sample can be described by a set of quantities {log M. 10, .10, 2}
The true values of these quantities, hereafter represented by @,
are drawn from a probability distribution that correlates with
the observed data d = {log Mggs(),r*,10°b5,z°b5}, which itself is
described by a set of hyperparameters ®. We wanted to obtain
the posterior distribution of the hyperparameters ® given the
observed data d:
P(®|d) o< P(®)P(d|®), (11)
and thus we marginalized every possible value of ® in the like-
lihood term:

Pd|®) = fP(d|@)P(®|(I))dG). (12)

The likelihood term on the right-hand side of Eq. (12) can be
rewritten as

P(d|®) = P(log M2, log M., 10)P(TYT [T 10)P(™]2). (13)
P(d|®) corresponds to the uncertainties of log M, 10, I 10 and z.
In this work, we only consider the uncertainty from the measure-
ment of the stellar mass. Uncertainties from other sources are
sufficiently small to be ignored. For example, P(z°™|z) is a neg-
ligible term as it is only affected by uncertainties on the spectro-
scopic redshift. The term P(l"i’}’lsoll"*,lo) can also be ignored: I', 9
does not depend on stellar mass, the measurement of the sur-
face brightness profile is the only source of uncertainty, which
is negligible as shown in Fig. 1. The remaining term of P(d|®)
is P(log ijbfol log M. 19), which we assumed to be a truncated
Gaussian distribution, since we only selected galaxies whose
log ij}’fo > log M. 10.min- When log Mfﬂs() > log M. 10.min, W€
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Fig. 3. Distribution of our galaxy sample in z—M. ;o space (top) and
z—M. space (bottom). The 95% completeness M, ;o limit as a function
of redshift of our ETG sample is shown by the solid pink line. Galaxies
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sample; gray dots below the line are excluded. We further define lower
and upper redshift limits of z > 0.15 and z < 0.40, respectively, to build
the final sample shown as blue dots.

have
_ Allog M 10l

P (1og Mf}’,sol log M*,m) =
V 271'0—12”* 10,0bs

[log M., 1o — log M:bs 1?
xexp{— 107 U (14

2
ZO-M*,m,am

otherwise,
P (log MY, log M. 1) = 0. (15)

The factor Allog M. 1o] is a normalization constant that ensures
that the probability of obtaining any log M, ;o measurement
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Fig. 4. Distribution of our 5690 ETGs in M., y9, I'. 10, and redshift z.

larger than log M. ;o min, given that a galaxy is part of our sample,
is one. Therefore, the following equation for A must be satisfied:

o0 Allog M.,
f atog Moy, T M10]
) > 2
log M. 10,min 27TO-M*_10.0hx
{ [log M. 1o — log M1
X exp 4 — 2 ) -
20—Mv,l(].nbs

(16)

The second term on the right-hand side of Eq. (12) can be rewrit-
ten as

P(O|®) = P(log M., 10, 1®)P(T. 1o|®, log M. 19, 2). (17)
This term formed the core of our model, as it contains both
the distribution of log M, o and also the relation between
log M, 10 and I', 1. We wanted to fully capture both the aver-
age I, 10—M., 1o relation and its redshift evolution. We chose a
model-independent approach to describe the redshift evolution,
aiming to avoid potential bias that might be introduced by an
inadequate choice of functional form. We separated the sample
into different redshift bins and, for each bin, fit the model while
ignoring the redshift dependence of T, jo.

The description of this model is as follows. Without the red-
shift dependence, Eq. (17) can be simplified to
P(O|®) = P(log M. 19|®)P(I's 10|®, log M. 1) (18)
For the distribution of log M, 9, we used a skewed normal distri-
bution, inspired by the functional form used by Cannarozzo et al.
(2020):

log M, 10 — pim)?
P (log M..10/) = (e i) ”M)}

ol
——exp >
27r0'§/[ 2O-M

x & (log M. 10|®), (19)
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Table 1. Median values of the marginal posterior probability of the
model parameters in each redshift bin.

Redshift MM oM aMm Mr.,0 ,8 or
0.15-0.21 1092 0.16 6.34 150 -0.33 0.10
0.21-0.28 1094 0.15 434 152 -040 0.10
0.28-0.34 1093 0.14 2.64 151 -0.35 0.10
0.34-040 10.89 0.15 2.09 150 -023 0.11
where
log M. 10 — tm
E(log M, |<D=l+erf(oz _— 20
(log M. 10|®) M Ty (20)

The function P (log M. 10/®) serves as a prior on log M. 1.
Although a functional form of the skewed Gaussian distribution
may not perfectly describe the log M. o distribution, this issue
does not significantly bias the posterior distribution. Adopting
a Schechter function for the prior can only shift the mean and
the standard deviation of the posterior distribution by no more
than 0.01 dex and 1%, respectively. Since the uncertainty on
log M, 19 is smaller than the width of the log M, ;¢ distribution,
the posterior distribution is dominated by the second term, i.e.,
the likelihood part. The influence of the prior is therefore min-
imal. In addition, our model automatically corrected for the so-
called Eddington bias.
For the distribution of I', 9, we adopted a Gaussian model:

exp - (a0 — ur)?
2 20’12- ’

27T0'F

P (T 10l®,log M. 10) = 21

We modeled the relation between log M, 1o and I', 1o by a linear
dependence of yr on log M, jo:
pr = pro + B (log M0 — log M7}, (22)
where the pivot value log M, ;o = 11.04, which is the median
value of M, ;o of our sample.

Therefore, in this model, the full distribution of ® given @ is
governed by the following set of hyperparameters:

® = {um, om, am, pro, B, ot} (23)

3.2. Fitting result

We binned our sample into four redshift bins of equal width and
then sampled the posterior distribution of the hyperparameters in
each bin. Table 1 shows the median value of the marginal poste-
rior probability for each parameter. To illustrate the I, j0—M. 10
relation, which is described by Eq. (22), we plot yr as a function
of log M. in Fig. 5 as a dotted line, while the shaded region
represents the 68% credible interval, according to the poste-
rior probability. We also show the posterior distribution of these
hyperparameters that govern the I', jo—M. ;o relation in Fig. 6,
with four different colors representing the four redshift bins.
Fig. 5 shows an anticorrelation between I, 1o and M, jo. This
is qualitatively in agreement with the traditional R.—M., scal-
ing relation: galaxies with larger stellar mass tend to have larger
sizes, i.e., larger R.. For simplicity, assuming that all galaxies
have the same Sérsic index n, the Sérsic profile becomes steeper
going outward. For a less massive galaxy, 10kpc encompasses
more of the steeper parts of the profile than for a more massive

galaxy. Qualitatively, this should also remain true even with a
spread in Sérsic index. The relation in the highest redshift bin
shows a significant difference compared with the other three
bins, both in the slope and in the normalization. The other three
redshift bins are in agreement at the 1o level. However, the evo-
lutionary trend in these four bins is non-monotonic, both in the
slope (reflected by ) and in the normalization (reflected by ur ).

As we consider that the post-quenching evolution should
be driven mainly by dry mergers, we expect the evolution of
the I’ 10—M. 10 relation to be monotonic. Given this unusual
observed feature and our prior belief, it is difficult to interpret
these observations. We believe that there are systematic effects
in the data that we have not accounted for, such as redshift-
dependent inaccuracies in stellar population synthesis models,
the existence of a color gradient, or the progenitor bias. We dis-
cuss these possible systematic effects further in Sect. 5.2.

To estimate the amplitude of our systematic uncertainties, we
assumed that the intrinsic I, jo—M.. 10 relation does not evolve,
and we attributed the differences between the four I', j0—M. 19
relation s to measurement errors. We calculated the median
I'..10—M. 19 relation of the four bins, with a normalization and

slope of urp = 1.51 and B = —0.33, respectively. We consid-
ered this median I', jo—M., jo relation as the underlying intrinsic
I'..10—M. 1o relation. We then took the standard deviation of the
normalization and the slope of the I', jo—M., ;o relation in the
four bins, which are o, = 0.007 and o3 = 0.05, respectively,
as estimates of the 1 — o amplitude of the uncertainty. Based on
this, we considered a linear model for the redshift evolution of
the I, 10—M.. 10 relation,

Hr = uro + Blog M, 1o + ¢, log(1 + 2), 24
with a redshift-dependent slope
B =pBo + gplog(l + 2). (25)

The two parameters £, and {3, which are the redshift derivatives
of urp and g, are thus constrained to be |4’ﬂ| < 0.13 and |{ﬁ| <
1.10 at the 3—o level. We further discuss the implications of this
limit in Sect. 4.2.

4. Toy model

In Sect. 3, we measured the I, jo—M. o relation and its redshift
evolution. Assuming that all the evolution of ETGs is induced
by dry mergers, we aimed to determine to what extent this sce-
nario is consistent with our observation. We used the fractional
stellar mass growth, fi, to represent the evolution of ETGs and
constructed a toy model to estimate the maximum fy; allowed by
the observed evolution of the I', jo— M, 1 relation, in the context
of dry mergers.

4.1. Simulations

To establish a toy model, the first step is to understand the impact
of mergers on ETGs, particularly on M, o and I',jo. In this
work, we used N-body simulations to investigate this. We uti-
lized a collection of eight sets of dissipationless binary-merger
simulations previously used in Sonnenfeld et al. (2014) (see also
Nipoti et al. 2009b, 2012), to construct a dry-merger model.

A typical simulation dataset consists of two progenitor
galaxies and one remnant. The two progenitors, i.e., the main
galaxy and the satellite galaxy, in each set of simulations are
composed of dark matter and stellar mass, both in a spherically
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Fig. 5. The I', jo—M.. ;o relation of our observation sample fitted using a
Bayesian hierarchical model. For each redshift bin, the median value of
this relation is shown as a dotted line, while the shaded region represents
the 68% credible interval. The gray region indicates the estimated 3 — o
systematic uncertainty.

symmetric distribution. The stellar profile is described by a y
model (Dehnen 1993; Tremaine et al. 1994) with y = 1.5:

3—-vy M.,r,
4 rY(r+ r)4r’

pu(r) = (26)

where M. is the total stellar mass and r. is a scale radius.
The dark matter halo is described by a truncated Navarro-
Frenk-White(NFW) profile (Navarro et al. 1996),

o=

where r, is the scale radius, Mpyo is a reference mass, and
rvir = cryg 18 the virial radius (c is the concentration). As the
sum of the two components, the total mass density profile p(r) =
p«(r) + ppm(r) is nearly isothermal. The y’, which is the log-
arithmic slope of the total mass profile over the radial range
r < 0.5R.g, in the considered sets of simulations lies in the
range 1.97-2.03, matching the strong lensing measurement by

Mpwm,o

e 7

pom(r) =
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Auger et al. (2010). The remnant galaxy consists of dark matter
and stellar particles that are bound after the stellar component of
the merging system is fully virialized.

The eight sets of simulations have three different merger
mass ratios, &, allowing us to probe both minor and major merg-
ers. Specifically, three sets of simulations with six runs have
& = 0.2, three sets have & = 0.5 while the other two sets
have & = 1. The other differences among the eight sets of sim-
ulations occur in the concentration, ¢, the scale ratio, ry/Reg,
and the stellar-to-dark matter mass ratio, M. /M, of the pro-
genitor galaxies. The details of these differences are reported in
Table 1 of Sonnenfeld et al. (2014). Each set contains two runs
of simulations with nearly identical parameter settings except for
their different orbital angular momenta, in order to consider both
head-on and off-axis encounters. All orbits are parabolic.

A limitation of choosing these three £ values is that mergers
with a small merger mass ratio (¢ < 0.1) are not considered. Tak-
ing advantage of deep JWST imaging, Suess et al. (2023) sug-
gested that small mass-ratio mergers can also contribute to the
growth of ETGs. However, recent work by Nipoti (2025) indi-
cates that the effect of these ‘mini mergers’ may differ from that
of mergers with the mass ratios considered in this work. Future
studies should extend our knowledge of mergers to lower mass
ratios.

To investigate the effect on the two parameters M, o and
I'..10, we focused on the main progenitor galaxy and the remnant
galaxy. We projected the initial and remnant galaxies onto the
x—y plane, parallel to the merger orbital plane, to generate mock
observational images. The mock images are shown in Fig. 7 in
the left and middle panels. The initial main galaxy is spherical,
and thus its image is circular. The remnant galaxy lacks this sym-
metry; hence, its image is elliptical. To make a fair comparison,
we then circularized the remnant ellipse. In particular, we mea-
sured the quadrupole moment of the remnant galaxy image and
then stretched and rotated the image according to this quadrupole
moment until the image became a circle, as shown in the right
panel of Fig. 7.

The next step in generating mock observations is to assign
physical units to the simulation data. In Nipoti et al. (2009b)
code units were used for length. To compute I', ;9 for our mock
galaxies, we first needed to specify a physical value for this
length unit. We refer to this operation as rescaling the simulation
data. To understand how mergers affect the growth of M, ;o and
I'..10, we required a series of mock galaxies with different initial
values of these parameters. This necessitated rescaling the sim-
ulation data several times to generate a series of mock galaxies.
Setting the length unit to 1 kpc, the effective radius of the main
galaxy is R = 1.22kpc, while I', 1o = 1.93. We then rescaled the
simulation data, generating two additional sets of mock galax-
ies with effective radii Re = 8.5kpc and R, = 11.5kpc, with
I'i10 = 1.50 and T, ;o = 1.44, respectively. These specific val-
ues were chosen to ensure the I', ;o value of the rescaled mock
galaxies fell within the gray band shown in Fig. 5, while main-
taining moderate separation between them to facilitate the fol-
lowing analyses.

We then measured the evolution in log M, ;o and I', ;o for
the mock galaxies. Fig. 8 shows the derivatives of log M, ;o and
I'..10 with respect to log M. for three differently sized ETGs due
to mergers, as a function of merger mass ratio &. Fig. 9 shows
AT, 19" versus Alog M@ for various & values. In both figures,
each data point correspoﬂds to one particular run of the simula-
tions. The top row of Fig. 8 shows the log M, derivative of I, o
and illustrates that mergers always decrease I', j9. The decrease
can be explained by a scenario in which the stellar density pro-
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Fig. 7. Projected stellar particles of the main and remnant galaxies from a binary merger simulation. The left panel shows the initial main galaxy,
while the middle and right panels show the uncircularized and circularized remnant galaxies, respectively. Length are in arbitrary units.

file is flattened by mergers, hence producing a shallower density
slope. However, it is not straightforward to confirm this argu-
ment from the behavior of M, j¢, as its evolution due to mergers
is somewhat complex and can be decomposed into two parts. The
first part is induced by the increase in total stellar mass, while the
second results from the change in density profile. Nevertheless,
the signal of the first part can be approximated by homogeneous
mass accretion, for which dlog M, jo/dlog M, = 1. Therefore,
the net effect of a merger on the density profile can be captured
by dlog M, 1o/dlog M, — 1, as illustrated in the bottom row of
Fig. 8. The negative value is evidence of a scenario in which
the density profile is indeed flattened, as the mass of the inner

region will outflow to the outer region during the flattening pro-
cess, resulting in a decrease in M, jo. A similar feature was also
revealed in the work of Hilz et al. (2013), who performed N-
body simulations of sequences of mergers, and showed that the
slope of the stellar surface mass density profile becomes shal-
lower after mergers (see their Figure 3).

We conclude that for the same amount of mass accreted via
mergers, a smaller merger mass ratio £ results in a flatter stellar
density profile. Both dI', jo/d log M, and dlog M, jo/d log M. —1
in Fig. 8 show a larger absolute value for lower . In addition,
for the same merger mass ratio &, the change in density profile
is more significant for galaxies with larger R. and lower I, jo,
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Fig. 8. Derivatives of log M. 1o and I', ;o with respect to log M, for three differently sized ETGs due to mergers. The first row shows the log M.
derivative of I', o for each merger mass ratio, £&. The three columns correspond to different sets of mock galaxies with varying I', ;9. The second
row shows the log M, derivative of log M, o, offset by one to remove the effect of homogeneous mass accretion. Each data point represents a
particular run of simulations. For & = 1, two sets of simulations with two runs in each set are shown. For the other two values of &, three sets of
simulations are shown. Note that in some cases two point overlap, hence the number of visible data points is smaller than the number of runs.

as shown in Fig. 9. The absolute value of AT, o' for galaxies
with T, 1o & 1.93 is always smaller than for the other two sets of
galaxies. In conclusion, mergers flatten the stellar density profile,
with stronger flattening for lower & mergers.

4.2. Mass growth

The evolution of the I', jo—M., 1o relation depends on the mass
growth of ETGs. Leveraging binary merger simulations, we
related the fractional mass growth, fu, to ¢, and {3 within the
redshift interval 0.17 < z < 0.37, specifically within the context
of dry mergers.

As a first step, we considered a special condition in which
all mass growth is induced by mergers of a single mass ratio &,
focusing on ¢ = 0.2,0.5 and 1.0. To connect fy to ¢, and £z,
we began by calculating the number of mergers, Nperger, from
the fractional mass growth, fy, then predicted the I'. 10—M, 10
relation after Nperer merger events, and finally calculated the
resulting ¢, and 3.

To calculate the number of merger events Nperger in the first
step, we simply divided fy by &:
v

Nmerger ~ (28)
We note here that Npereer does not describe individual galaxies,
but represents an average for the entire galaxy population. There-
fore, in principle, Npereer Can take any positive value, which can
be used to predict the average evolution of M, ;o and I’ ;¢ for the
galaxy population in the following step.

The second step, predicting the I'. jo—M. 1o relation after
Nierger merger events, is more involved. First, we chose an ini-
tial I, 10— M. 1 relation as the starting point. We set the starting
I'..10—M. 1o relation to be the median value of the gray band in

A181, page 10 of 14

Fig. 5. We located the initial state of mock galaxies with two
rescaling settings, I', ;o = 1.50 and I, ;o = 1.41, on the starting
I'..10—M. 19 relation. The initial state of mock galaxies is shown
in Fig. 10. The three different colors correspond to three dif-
ferent ¢ mergers that the mock galaxies undergo. Due to differ-
ent detailed settings in the simulation of those three & mergers
(see Table 1 of Sonnenfeld et al. 2014), the positions of mock
galaxies in I, jo—M.. 10 space exhibit slight offsets relative to one
another. We then calculated the evolution of M, o and I', 1o for
these two sets of rescaled galaxies in the context of three differ-
ent & mergers, using the simulation results and Nperger:

A]‘4*,10 = Nmerger X AMLO?(‘)I (6)

Al—‘*,10 = Nmerger X Al—‘*,lowtal (f) . (29)
Here, AM;"}‘(‘)I and AT, ;o™ are the median values for each group
of simulation data with different merger mass ratios for an entire
merger event, as shown in Fig. 9. Adding the growth to the initial
state yields the final state of our mock galaxies. Connecting the
final states of the two groups of mock galaxies by dotted lines
then gives the resulting I, 10—M. 1o relation. Fig. 10 illustrates
how the I, jo—M.. o relation evolves. In this figure, the values of
AM., 1o and AT, ;9 were calculated based on the fractional mass
growth fyr = 3.2% over z = 0.37 to z = 0.17 from Moster et al.
(2018), which is further discussed in Sect. 5.1.

The third step involved calculating £, and (3. The change in
normalization and slope was obtained by comparing the initial
and resulting I, jo—M. jo relation given by the second step. By
specifying a certain redshift interval, we then calculated the red-
shift derivatives of the normalization and slope of the I, jo—M.. 10
relation: ¢, and (3. For instance, applying this approach to
the initial gray line and the three colored lines in Fig. 10, we
obtained £, and (g for each ¢ merger given fy in the redshift
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Fig. 9. Three panels illustrating changes in log M.,y and I, ;o induced by mergers. Different colors represent distinct I'. 1o values of the main
galaxy. Each data point corresponds to a particular run of simulations. For merger mass ratio & = 1, two sets of simulations with two runs in each
set are shown. For the other two values of &, three sets of simulations are shown. Some data points overlap, hence the number of visible data points

is smaller than the number of runs.

range 0.17 < z < 0.37 from Moster et al. (2018). The results are
shown in Fig. 11 with star symbols for illustration.

To find a relation between fy and ¢, { in the redshift inter-
val 0.17 < z < 0.37, we repeated the above three steps several
times, with each iteration using a larger fractional mass growth
Jum. The three colored lines in Fig. 11 show how ¢, and {3 evolve
with fy;, with arrows indicating the direction of increasing fy.
The direction of each arrow depends on the merger mass ratio.
All mergers decrease the normalization of the I', jo—M., jo rela-
tion, while the slope becomes steeper for & = 0.2 and ¢ = 0.5
mergers but becomes shallower for & = 1.0 mergers.

We have now successfully connected ¢, and {z to fu in
0.17 < z < 0.37 under the condition that only mergers with
a given merger mass ratio & contribute to the mass growth of
ETGs. In reality, however, the mass growth is induced by a multi-
tude of mergers involving different mass-ratio mergers. The total
mass growth, £ is given by the sum of the mass growth, fyi(£),
induced by different £ mergers:

V= ffm(f)df- (30)
In this case, the first and second steps described above
require modification. We calculated Nierger(€) and thus obtained
AM, 10(¢) and AT, 10(é) for each &, summing AM, 10(¢) and
AT, 10(€) to get the total AM, ;o and AL, jp. Hence, a precise
fm(€) is required to find the precise relation between f{f" and
{u» (. The different directions of the three arrows in Fig. 11 sug-
gest that if £, and /g can be measured precisely, we might infer
the fractional mass growth, fy(€), for different & mergers. How-
ever, our observations are currently limited by systematics, and
thus not sufficiently precise to infer fy(£).

Nevertheless, our initial goal, which was to explore to what
extent the evolution of the I', jo—M., ;o relation in redshift range
0.17 < z < 0.37 can be explained by dry mergers, can still be
achieved. This is possible because mergers with smaller mass
ratios ¢ cause a more significant evolution in I', j0—M, 1o rela-
tion, which is reflected by the three star symbols in Fig. 11. The
three symbols have the same fractional mass growth, but the £,
and {p values of the £ = 0.2 merger are the largest. In other
words, mergers with larger £ must induce more mass growth of
ETGs to achieve the same degree of evolution in the I, 10— M., 1o
relation as mergers with smaller & values. Therefore, we can
use the largest &, which is & = 1, to place an upper limit on
the fractional mass growth fy;. Using the toy model for sin-
gle mass ratio & = 1 mergers, the maximum fractional mass

1.60
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------ £ =10.2 model remnant
1.55 A £=0.5 model remnant
& =1 model remnant
1.50 - "
S &
"
1.45 A
1.40 R o
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Fig. 10. Evolution of the I, jo—M. ;o relation due to different merger
toy models. As in Fig. 5, the gray band represents an upper limit of the
evolution of the I, 19—M., i relation. The median I', ;o—M. o relation of
the gray band (shown as a dashed, gray line) serves as a starting point.
The fitting formula of EMERGE (Moster et al. 2018) is used to estimate
the number of mergers, thus calculating £, and 3. The three sets of
dots that lie on the starting I', o—M.. 1o relation represent three different
merger models, while the arrows show the change of these dots and the
resulting I, 10— M. 1o relation.

growth fy in the redshift range 0.17 < z < 0.37 is found to be
11.2%. This represents the fy; boundary where the dry merger
scenario is viable. If the fractional mass growth fyy of ETGs
in the redshift range 0.17 < z < 0.37 is less than 11.2%, or
Alog M. /At < 0.022 dex/Gyr, then the dry merger scenario is
consistent with our observational limits on the evolution of the
L. 10—M. 1o relation.

5. Discussion
5.1. Comparison with the literature

Our observations do not show evidence for evolution of
the I',10—M., 1o relation. This is qualitatively consistent with
Huang et al. (2018), whose Figure 6 shows that the inner mass
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Fig. 11. Upper limit of T, jo—M, ;o relation evolution in {,—{s space.
The filled gray contour represents the estimate of the allowed evolu-
tion in the slope and normalization of the I, jo—M. ;o relation. The
star symbol indicates the prediction of ¢ = 0.2 (in pink), & = 0.5 (in
orange), and ¢ = 1 (in blue) mergers, with merger numbers obtained
from Moster et al. (2018). The arrows indicate the direction in which
£, and {p would evolve if the number of merger events increases. We
also include mass growth estimates, specifically f,;*" and f", from
Conselice et al. (2022). The combined evolution of I, jo—M. ;o rela-
tion from both major and minor mergers is shown with a green error
bar.

profile of massive galaxies in the redshift range 0.25 < z < 0.50
are similar to those of z ~ 0 massive galaxies.

We compared our upper limit on the fractional mass growth
with results from the literature. We first compared fy with an
empirical model, EMERGE (Moster et al. 2018). This is a semi-
analytic model designed to populate mock galaxies inside simu-
lated dark matter halos, thereby providing predictions for galaxy
formation and evolution. For EMERGE, we obtained the frac-
tional mass growth fy in the redshift range 0.17 < z < 0.37
from the fraction of stellar mass accreted to the main galaxy as a
function of redshift, f,.., with respect to z = 0. This is given by
Eq. (24) in Moster et al. (2018):

Jace(@) = 0.55exp[-1.09(z + 1)]. (31

Hence, fy can be calculated by substituting the lower and upper
redshifts of our sample:

— 1 _faCC(O) + fac(;(017) _
"1 = fue(0) + fee(0.37)

This value is smaller than the maximum allowed fractional mass
growth fyy = 11.2% obtained from our toy model. We further
checked the induced £, and g, using the procedure introduced
in Sect. 4.2 for three different &€ mergers. The three star symbols
in Fig. 11, representing the resulting positions in £~ space, all
lie within the gray contour. Therefore, we consider the EMERGE
result consistent with our observation.

Next, we compared our results with the observation of
Conselice et al. (2022), who defined major mergers as those with
mass ratio ¢ > 0.25 and minor mergers as those with mass ratio
0.1 < ¢ <0.25. They selected galaxies from the REFINE survey
in the redshift range 0 < z < 3 and separated them into dif-
ferent redshift bins, then measured the number of merger events
in each redshift bin and inferred the amount of accreted mass
as a function of redshift. For comparison, we selected the red-
shift bin 0.2 < z < 0.5, as it is the closest to our redshift
range 0.17 < z < 0.37. According to Conselice et al. (2022),
the stellar mass of the main galaxies, which later merge with
their nearby lower-mass companions, is logM, = 11.3 + 0.1
in this redshift bin, and the mass accreted via major and minor

fu 1 =3.2%. (32)
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mergers is log MIae' = 9.9 = 0.2 and log M™% = 9.2 + 0.3,
respectively (see Table 2 in Conselice et al. 2022). Assuming a

constant accretion rate during 0.2 < z < 0.5, we calculated the
total accreted mass M, aoc = M,T O+ M™inor i our focused red-

*,acC

shift range 0.17 < z < 0.37, then calculated the fractional mass
growth fy = M, acc/M. = 3.5*78%. We then applied the & = 0.2
merger scenario to evolve the I, 10—M., 1o relation according to
MRS, and the € = 1 merger scenario to evolve the I, jo—M. 10
relation according to M, s - The outcome is plotted in Fig. 11 as
the green point, with the error bar representing the uncertainty.
The green point lies inside the gray contour, indicating that the
result of Conselice et al. (2022) is also consistent with our obser-
vations.

Although the fractional mass growths predicted by
EMERGE and Conselice et al. (2022) observations are similar,
the induced £, and {p differ, as shown in Fig. 11. We believe
that the potential remains to distinguish different merger scenar-
ios, provided sufficiently precise measurement. To measure £,
and { precisely, we need to overcome the limitation imposed by
systematics. The pink star symbol in Fig. 11 shows the induced
, and {3 of the fiy predicted by the EMERGE model. Although
this symbol correspond to the most extreme case in which all
mergers have the smallest mass ratio & = 0.2, it still lies inside
the gray contour, which indicates that the systematics in the data
may be larger than the intrinsic evolution of the I, j0—M, i rela-
tion. We therefore discuss the possible sources of systematics in
the following Sect. 5.2.

Nevertheless, we believe that applying our method to a larger
redshift baseline could potentially detect a real signal of evo-
lution in the I',10—M., 1o relation, thereby achieving a better
understanding of the late growth of ETGs. To provide a rough
estimate, we utilized the ¢, and {g derived from the result of
Conselice et al. (2022). We find that if we explore to a higher
redshift of z = 0.54, i.e., a time interval A = 3.2 Gyr, the
I'..10—M. 1o relation will evolve outside the gray contour. Hence,
we believe that focusing on a redshift range with a time interval
longer than At > 3.2 Gyr, will allow the signal of evolution in
the I', 1o—M. 1o relation to emerge above the systematics.

5.2. Possible source of systematics

In our observations, we adopted a conservative approach, leading
to the identification of the gray band that serves as the upper
limit of the evolution of the I, jo— M, 1o relation. The I, j0—M. 10
relation could have evolved its slope and normalization in the
redshift range 0.17 < z < 0.37, but must be constrained within
the gray band. We suspect that quantities that were derived from
photometry could be affected by systematics, although we lack
robust methods to quantitatively estimate and eliminate them.
One possible source of bias is the stellar population synthe-
sis model on which the measurement of the stellar mass-to-light
ratio of our galaxies are based. Stellar population synthesis fits to
broadband imaging data are prone to systematic errors (see e.g.
Conroy 2013), which may be redshift-dependent. For instance,
Paulino-Afonso et al. (2022) found that the stellar masses of
z = 0.5 galaxies are underestimated by 0.1-0.2 dex, compared
to their z = O counterparts. Nevertheless, we suspect that such
biases are highly dependent on the details of the stellar popula-
tion modeling methods and data used; therefore, we refrain from
applying a correction to our results based on their analysis.
Another potential source of systematics is the presence of
color gradients. Galaxies are typically bluer in their outer regions
(e.g. Suessetal. 2019a,b, 2020), making them appear more
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Fig. 12. Differences in the derived M, ;o (top panel) and I', ;o (bottom
panel) using different Sérsic parameters (R. and n). The superscripts
‘this work” and ‘Can20’ indicate that R. and n are taken from this work
and from Cannarozzo et al. (2020), respectively. The dashed line repre-
sents the median value of the difference.

extended when observed at shorter wavelengths. We compared
our observations with those of Cannarozzo et al. (2020), com-
puting M, 1o and I', ;o for 63 overlapping galaxies from their
Sérsic model fits. We find discrepancies between the two
datasets, as shown in Fig. 12. Both logM., o and I, o are
systematically smaller in our sample than in Cannarozzo et al.
(2020), with median discrepancies of 0.1 dex and 0.04, respec-
tively. The depths of both surveys are sufficient to capture the
full extent of galaxy light within a radius of 10kpc. For our
highest-redshift subsample (0.39 < z < 0.40), the typical sur-
face brightness at 10 kpc is approximately 24 mag/arcsec?. This
is well above the detection threshold of the shallower KiDS sur-
vey, which is typically 26 mag/arcsec?, as measured from galax-
ies shown in Fig. 1. Therefore, the main difference between
these two measurements is that they use observed data at dif-
ferent wavelength ranges. Cannarozzo et al. (2020) use g, 1,1, z,
and y-band Hyper Suprime-Cam(HSC) Subaru Strategic Pro-
gram(SSP) data, with the i-band data having the best S/N. Hence,
we believe that the i-band plays the major role in determining the
stellar mass and the surface brightness profile. In contrast, we

used data in a fixed wavelength range 3000—10 000 A to measure
the stellar mass and only the r-band, which has a shorter wave-
length than the i-band, to measure the Sérsic parameters. The
discrepancy in I', ;o measurement can be qualitatively explained
by the existence of the color gradient, as the smaller values of
I'..10 in our sample are consistent with the trend that galaxies
appear more extended in bluer filter bands. Our choice to ignore
the color gradient in our sample therefore introduces a potential
systematic bias in the measurements of M, ;o and I 0.

This bias could be alleviated by obtaining spatially resolved
stellar population synthesis models, although at the expense of a
significant increase in the complexity of our analysis. We defer
such efforts to future work.

Finally, another important systematic effect is progenitor
bias (Dokkum & Franx 1996; Saglia et al. 2010; Carollo et al.
2013; Fagioli et al. 2016). The population of quiescent galaxies
is continuously augmented by the addition of recently quenched
ex-star-forming galaxies, which in turn leaves imprints on the
average I, jo—M, 1o relation. One solution to remove this bias
could be to trace the evolutionary tracks for both star-forming
and quiescent galaxies. Progenitor bias does not necessarily
affect our measurements, but it complicates their interpreta-
tion. To account for progenitor bias, we would need to ana-
lyze star-forming galaxies in addition to ETGs. However, the
transition from star-forming to quiescent galaxies changes their
morphology in a nontrivial way, making it unclear how to
map objects from one population to the other. Moreover, com-
paring stellar mass measurements of galaxy populations with
very different star formation histories can be subject to bias.
Another possible solution is to focus on ETGs only and trace the
descendants of higher redshift ETGs using proxies, for instance,
the D,4000 index (Zahid et al. 2019; Hamadouche et al. 2022;
Damjanov et al. 2023). In principle, we can use stellar popula-
tion synthesis models to predict the evolution of the D,4000
index of quiescent galaxies, and a redshift-dependent D,4000
cut can be applied to follow galaxies along their evolutionary
tracks. However, further investigation is required to validate the
robustness of this approach with respect to choices of the under-
lying stellar population synthesis model. We therefore leave this
analysis to future work.

6. Conclusion

In this work, we provide a new perspective on investigating the
evolution of quiescent galaxies. Instead of attempting to obtain
information on stellar mass and effective radius from the entire
light of a galaxy, we focused our attention to the inner region.
In particular, we focused on a fixed physical aperture of 10 kpc
and measured the stellar mass and the stellar mass-weighted pro-
jected surface brightness slope I', ;o enclosed within this aper-
ture, known as the 10 kpc collar.

First, combining KiDS imaging with GAMA spectroscopy,
we measured the I', jo—M, 1o relation in four different redshift
bins with a Bayesian hierarchical model, while correcting for
the Eddington bias. Due to potential uncertainties and system-
atic effects, current observations are not sufficient to detect an
evolution in the I', jo—M. o relation. We placed an upper limit
on the parameters {,, and {3, which are the redshift derivatives
of the normalization and slope of the I, 19—M. jo relation. The
values of the upper limits are || < 0.13 and |§ﬁ < 1.10.

For interpretation of these observations, we focused on dissi-
pationless mergers, a well-agreed mechanism driving the growth
of galaxies. To understand how mergers evolve quiescent galax-
ies in I'y10—M. 10 space, we utilized a collection of dissipa-
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tionless binary merger simulations. We analyzed the difference
between pre-merger mock galaxies and post-merger galaxies and
draw the following conclusions:

1. Mergers flatten the density profile and thus result in a
decrease in I', jo. This is reflected by the fact that all post-
merger mock galaxies have a smaller I', ;o compared with
their pre-merger counterparts. The larger decrease in I, jo
for lower ¢ mergers indicates that the flattening is stronger
for smaller mass-ratio mergers.

2. In most cases, mergers induce an increase in M, jo. However,
M., o decreases when galaxies with low I',. ;o undergo low-&
mergers. This indicates that the effect of minor mergers is to
redistribute stellar mass toward the outer regions.

After characterizing how mergers evolve galaxies in the
M. 10—T .10 space, we established a toy model to explore to what
extent a dry merger scenario can explain the possible evolution
of the I, 10—M.. 1o relation. We find that the effect of mergers on
the I', 10—M. 1 relation depends on the merger mass ratio. The
normalization of the I', jo—M., o relation always decreases after
mergers, while the slope of the I, jo—M. o relation becomes
either shallower or steeper, depending on the merger mass ratio.
We then used the upper limit on ¢, and {3 to find the max-
imum fractional mass growth fiy = 11.2% of ETGs during
0.17 < z < 0.37, below which the dry merger scenario remains
consistent with our observations. We compared our maximum
Jm with the empirical model EMERGE Moster et al. (2018) and
the observations of Conselice et al. (2022), finding consistency
with both.

Furthermore, we discussed the possible source of bias and
systematics in our observations. We find that measurement of
both M. 19 and IT', ;o depend on the wavelength used in the anal-
ysis, which suggests that color gradients in galaxies should not
be ignored. Another potential source of bias could be the con-
tamination from newly quenched star-forming galaxies. In the
presence of these systematics, a larger redshift baseline, particu-
larly Az > 0.45, may be needed to observe a signal of evolution
in the I', jo—M. 1o relation. Further efforts are needed to either
extend the redshift baseline or eliminate the possible systemat-
ics, thereby improving our understanding of the post-quenching
evolution of ETGs.

In conclusion, we present a new method to investigate the
evolution of quiescent galaxies, establishing a toy model based
on N-body simulations to predict the impact of different merg-
ers on the I', jo—M, o relation. When applied to data from the
GAMA survey, our method is currently limited by systemat-
ics in the stellar mass estimate. However, upcoming surveys
such as Euclid (Euclid Collaboration: Scaramella et al. 2022)
and CSST (Zhan 2021) are expected to expand coverage and
deepen survey-limiting fluxes. We believe that these improve-
ments will help overcome the current limitation and enable more
precise conclusions on the evolution of quiescent galaxies in the
near future.
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