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ABSTRACT
We study the evolutionary trend of the total density profile of early-type galaxies
(ETGs) in IllustrisTNG. To this end, we trace ETGs from z = 0 to z = 4 and measure
the power-law slope γ′ of the total density profile for their main progenitors. We find
that their γ′ steepen on average during z ∼ 4− 2, then becoming shallower until z = 1,
after which they remain almost constant, aside from a residual trend of becoming
shallower towards z = 0. We also compare to a statistical sample of ETGs at different
redshifts, selected based on their luminosity profiles and stellar masses. Due to dif-
ferent selection effects, the average slopes of the statistical samples follow a modified
evolutionary trend. They monotonically decrease since z = 3, and after z ≈ 1, they
remain nearly invariant with a mild increase towards z = 0. These evolutionary trends
are mass-dependent for both samples, with low-mass galaxies having in general steeper
slopes than their more massive counterparts. Galaxies that transitioned to ETGs more
recently have steeper mean slopes as they tend to be smaller and more compact at
any given redshift. By analyzing the impact of mergers and AGN feedback on the
progenitors’ evolution, we conjecture a multi-phase path leading to isothermality in
ETGs: dissipation associated with rapid wet mergers tends to steepen γ′ from z = 4
to z = 2, whereas subsequent AGN feedback (especially in the kinetic mode) makes γ′

shallower again from z = 2 to z = 1. Afterwards, passive evolution from z = 1 to z = 0,
mainly through gas-poor mergers, mildly decreases γ′ and maintains the overall mass
distribution close to isothermal.

Key words: galaxies: formation – galaxy: evolution – galaxies: structure – cosmology:
theory – methods: numerical

1 INTRODUCTION

Early-type galaxies (hereafter, ETGs) are the end products
of galaxy formation and evolution. It is thought that they
first formed by accreting cold gas from cosmic filaments
above z = 3 (Rees & Ostriker 1977; White & Frenk 1991;

? E-mail: ycwang15@mit.edu

Kereš et al. 2005; Dekel et al. 2009; van de Voort et al.
2011; Nelson et al. 2015b), and subsequently quenched their
star formation activities by Active Galactic Nuclei (here-
after, AGN) feedback from the central supermassive black
hole (Silk & Rees 1998; Wyithe & Loeb 2003; King 2003;
Springel et al. 2005; Di Matteo et al. 2005; Fabian 2012; Ko-
rmendy & Ho 2013), and evolving passively since z ≈ 2. Their
assembly history is crucial for constraining the structure for-
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mation theory under the most widely tested Λ-Cold Dark
Matter (CDM) cosmology model (e.g. White & Rees 1978;
Blumenthal et al. 1984; Cole et al. 1994). The typical mor-
phology of these galaxies is elliptical or lenticular, and they
have been observed and studied in detail through methods
such as strong and weak gravitational lensing (Mandelbaum
et al. 2006; Gavazzi et al. 2007; Brownstein et al. 2012; Shu
et al. 2015, 2017), stellar kinematics (Krajnović et al. 2011;
Emsellem et al. 2011; Deason et al. 2012; Napolitano et al.
2014; Naab et al. 2014; Cappellari 2016; Veale et al. 2017),
and stellar dynamic modelling (Ciotti et al. 2009; Cappel-
lari et al. 2011, 2013; Tortora et al. 2014b; Li H. et al. 2017;
Poci et al. 2017; Li H. et al. 2018a,b,c).

The total matter density profile described by a power-
law model ρ(r) ∝ r−γ

′
is a first-order but important approx-

imation of an ETG. Especially for the baryon dominated
inner region, γ′ serves as an indicator of the compactness
of the matter distribution within a few effective radii. It
is well known from observations of strong and weak lens-
ing of high-redshift ETGs (Koopmans et al. 2006; Gavazzi
et al. 2007; Koopmans et al. 2009; Barnabè et al. 2009, 2011;
Auger et al. 2010; Li et al. 2018; Lyskova et al. 2018), X-ray
studies (Humphrey et al. 2006; Humphrey & Buote 2010)
and local dynamically modeled ETGs (Tortora et al. 2014a;
Cappellari et al. 2015; Serra et al. 2016; Poci et al. 2017; Bell-
stedt et al. 2018) that the power-law slope γ′ is close to 2,
resembling a self-gravitating isothermal collisional ideal gas
sphere. Since neither the stellar nor the dark matter com-
ponent follow such a density profile, this combined effect is
also known as the ‘bulge-halo conspiracy’. Current strong
lensing observations out to redshift z = 1, i.e. SLACS (Ruff
et al. 2011), SL2S (Sonnenfeld et al. 2013); S4TM (Shu et al.
2017); BELLS (Bolton et al. 2012; Li et al. 2018); Herschel-
ATLAS (Dye et al. 2014), consistently show a mild steepen-
ing trend of the power-law slope towards lower redshift.

Since it is infeasible to observe the evolution of indi-
vidual galaxies over time, theoretical approaches focusing
on understanding the formation of ETGs have made use of
numerical simulations to trace the evolution of individual
galaxies. Through zoom-in and cosmological simulations, a
consensus has emerged between these simulations that the
formation of ETGs proceeds through two phases, where
galaxies first go through dissipative gas-rich wet mergers
followed by in-situ star formation bursts at redshifts above
z ≈ 2, and then evolve towards low redshift through non-
dissipative gas-poor dry mergers (Naab et al. 2007; Guo
& White 2008; Nipoti et al. 2009a,b; Hopkins et al. 2009;
Oser et al. 2010; Johansson et al. 2012; Moster et al. 2013;
Remus et al. 2013; Furlong et al. 2015; Wellons et al. 2015,
2016; Rodriguez-Gomez et al. 2016). However regarding the
redshift evolution of ETGs’ total power-law density slopes,
no consensus has been reached neither among different cos-
mological hydrodynamic simulations nor between the simu-
lations and observations, despite the many advances in cos-
mological simulations (Vogelsberger et al. 2019a). While the
Magneticum pathfinder simulation (Remus et al. 2017) and
the Illustris Simulations (Xu et al. 2017) produce shallower
total density profile with time, the Horizon-AGN simula-
tions (Peirani et al. 2019) produce steeper total density pro-
file with time, in better agreement with the redshift evolu-
tion trend found in observations. However, the latter simu-
lation has smaller slope values compared to the former two,

which are closer to the observed slope values due to different
implementation of feedback models etc. Apart from cosmo-
logical simulations, dedicated zoom-in simulations (Johans-
son et al. 2009, 2012; Remus et al. 2013) have revealed that
dry mergers that dominate the passive evolution of ETGs be-
low z ≈ 2 could make the total density profile shallower than
isothermal (Hilz et al. 2012, 2013; Remus et al. 2017). The
inclusion of wet mergers is also crucial for reconciling the
simulated redshift evolution trend of the slope with strong-
lensing observations (Sonnenfeld et al. 2014).

In Wang et al. (2018) (Paper I hereafter) we studied a
sample of ETGs from a state-of-the-art cosmological hydro-
dynamic simulations, the IllustrisTNG Simulations1 (Mari-
nacci et al. 2018; Naiman et al. 2018; Nelson et al. 2018;
Pillepich et al. 2018b; Springel et al. 2018). These galaxies
show correlations between the total power-law slope with
galaxy size, stellar mass, surface density and central dark
matter fraction that are broadly consistent with both lo-
cal and distant observations. The total power-law slope also
correlates with the in-situ formed stellar mass ratio and red-
shift, in line with previous simulation studies (Xu et al. 2017;
Remus et al. 2017; Bellstedt et al. 2018). Although a slightly
negative total density slope/central velocity dispersion cor-
relation and a shallower slope with time are in tension with
observational trends, the uncertainties and systematics in
observations may have obscured the true trends (Xu et al.
2016, 2017; Tagore et al. 2018). In this work, we will hence
investigate the redshift evolution of the density profiles of
z = 0 ETG progenitors, and statistical ETG samples at
higher redshifts selected based on their morphology. We will
analyze the dependence of the total power-law slope on stel-
lar mass, quenching time, merger events, AGN feedback his-
tory etc.

This paper is organized as follows: in Section 2 we intro-
duce our methodology to analyze the total density profile,
merger history, AGN feedback, and other galaxy properties
of the selected ETGs; in Section 3 we present the density
profile evolution of both ETG progenitors and statistical
ETG samples in different stellar mass bins, and the variance
of the total power-law slope at z = 0 with respect to dif-
ferent quenching time; in Section 4, we study the effects of
merger events and AGN feedback history on the evolution of
the total power-law slopes of ETG progenitors; in Section 5
we summarize the major aspects involved in the formation
scenario of IllustrisTNG ETGs and their implications for
galaxy formation processes. In this work, the Planck ΛCDM
cosmology (Planck Collaboration et al. 2016) has been used
in all analyses, which has also been the cosmology model
assumed in the IllustrisTNG Simulations; i.e., h = 0.6774,
Ωm = 0.3089, ΩΛ = 0.6911, Ωb = 0.0486, and σ8 = 0.8159.

2 METHODOLOGY

2.1 The simulation

The IllustrisTNG Simulations (IllustrisTNG hereafter, see
Marinacci et al. 2018; Naiman et al. 2018; Nelson et al.
2018; Pillepich et al. 2018b; Springel et al. 2018) are a set

1 http://www.tng-project.org
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ETG density profile evolution 3

of state-of-the-art magneto-hydrodynamic cosmological sim-
ulations consisting of 3 box sizes, i.e. TNG300, TNG100,
and TNG50 (with 302.6 Mpc, 110.7 Mpc, and 51.7 Mpc box
length respectively). We select galaxies from the highest res-
olution version of the TNG100 simulation, which has dark
matter and baryon mass resolution of mDM = 7.5 × 106M�
and mbaryon = 1.4×106M�. TNG100 and TNG300 simulation
data are available for public access (Nelson et al. 2019).

IllustrisTNG inherits many successful aspects of the
Illustris Simulations (Vogelsberger et al. 2014a,b; Genel
et al. 2014; Nelson et al. 2015a; Sijacki et al. 2015), which
was evolved using the advanced moving-mesh hydrodynam-
ics code arepo (Springel 2010). The IllustrisTNG physical
model has made major improvements in the AGN feedback
and galactic wind models (Weinberger et al. 2017; Pillepich
et al. 2018a) over the original Illustris models (Vogelsberger
et al. 2013; Torrey et al. 2014). The baryonic version of
the IllustrisTNG suite reproduced many observational re-
lations, including the evolution of the mass-metallicity rela-
tion (Torrey et al. 2017, 2018), the galaxy-color bimodality
in the Sloan Digital Sky Survey (Nelson et al. 2018), the
fraction of dark matter within galaxies at z = 0 (Lovell et al.
2018), the galaxy size-mass relation evolution (Genel et al.
2018), the cool-core structure in galaxy clusters (Barnes
et al. 2018), and the intra-cluster metal distribution in
galaxy clusters (Vogelsberger et al. 2018). The many suc-
cesses in producing galaxy relations consistent with observa-
tions lends credibility to utilizing the simulated IllustrisTNG
galaxy and galaxy cluster populations for theoretical pur-
poses.

2.2 The SUBLINK merger tree

A central aspect of this work is that we trace the individual
evolutionary tracks of an ETG sample selected at z = 0 up
to z = 4, which is complementary to previous observational
and theoretical studies. We climb up the ‘main progenitor
branch’ (MPB) of selected IllustrisTNG ETGs in the galaxy
(baryonic) version of the sublink merger tree (Rodriguez-
Gomez et al. 2015). The ‘main progenitor branch’ of the
merger tree for a galaxy is determined by the sublink al-
gorithm which follows the subhalo branch with the ‘most
massive history’ (De Lucia & Blaizot 2007). We will also
identify mergers through the merger tree, since the assembly
of the ex-situ formed stellar population is dominated by ma-
jor and minor mergers (Rodriguez-Gomez et al. 2016), and
correlates with the total power-law slope (Remus et al. 2017;
Bellstedt et al. 2018). Following the approach of Rodriguez-
Gomez et al. (2015), all galaxy properties of the in-falling
galaxy that merged into the main progenitors will be cal-
culated at the snapshot in which it had the largest value
of stellar mass enclosed within twice its stellar half mass
radius. We define the merger stellar mass ratio µ∗ as the
ratio of the stellar mass between the less massive progeni-
tor over the more massive progenitor, and we only consider
merger events with µ∗ > 0.01. We further define mergers
with µ∗ > 0.25 as major mergers, and mergers with µ∗ < 0.25
as minor mergers.

Besides tracing the evolution of the total density pro-
file and merger events along the MPB, we also record the
stellar mass (enclosed within central 30 kpc), AGN feedback
(kinetic and thermal mode), total cold gas fraction, and in-

situ formed stellar mass ratio. For the statistically selected
sample of ETGs at different redshifts (namely z = 0, 0.1, 0.2,
0.3, 0.4, 0.5, 0.7, 1.0, 1.5, 2.0, and 3.0), we define their stellar
masses as the total stellar mass enclosed within the central
30 kpc of these galaxies. The stellar mass for the traced pro-
genitor sample is approximated by the stellar mass enclosed
within twice the 3D stellar half mass radius which is suffi-
ciently large to cover most of the stellar mass in progenitor
galaxies while reducing the pollution from satellites.

We point out that the sublink algorithm may occasion-
ally misidentify the MPB during a galaxy merger causing a
‘halo-switch’ issue that could temporarily decrease the pro-
genitor stellar mass by orders of magnitude. To overcome
this issue, we identify the ‘dips’ in the stellar mass evolu-
tion tracks of MPB galaxies and neglect the corresponding
snapshots. The criterion we use to identify these ‘dips’ is:

M2
∗, i < 0.25 × M∗, i−1 × M∗, i+1 , (1)

where M∗, i−1, M∗, i, and M∗, i+1 are the stellar masses of the
main progenitors in the i−1 th, i th and i+1 th snapshot, and
i ranges from 22 to 98 corresponding to the redshift range
0 to 4. After neglecting these snapshots, we interpolate all
physical quantities that we trace as the mean of those quan-
tities in the snapshots just before and after the snapshot
we neglected. We note that this smoothing criterion is suffi-
cient to remove most ‘halo-switch’ events, but it occasionally
(. 10% of all events) leaves out such events if the masses
of the three consecutive main progenitors in a ‘halo-switch’
event are just below the criterion margin.

2.3 Galaxy selection and analysis

Galaxies are identified as gravitationally-bound systems by
subfind (Springel et al. 2001; Dolag et al. 2009) in Illus-
trisTNG. In Xu et al. (2017) and Wang et al. (2018), the se-
lection and classification of the simulated galaxies have been
described in detail, and we apply the same methods in this
work. We derive the optical luminosity of the galaxy with the
SPS model galaxev (Bruzual & Charlot 2003) based on the
age and metallicity of every stellar particle in the galaxy, and
apply a basic dust attenuation treatment that varies with the
viewing angle. Projected along the three principal axes (X,
Y, and Z directions) of the simulation box, every galaxy’s
radial luminosity profile is calculated and fitted with a de
Vaucouleurs, an exponential, and a bulge-disk 2-component
radial luminosity model. The fitting procedure is conducted
in a minimum-χ2 fashion, and we consider the model which
gives a lower minimum-χ2 a better model. Galaxies better
fitted by the de Vaucouleurs model than the exponential
model, and which have a large bulge-to-total ratio (> 50%)
in the best-fit two-component model in all three independent
projections are classified as early-type.

We select statistical samples of ETGs that have stellar
mass 1010.7M� 6 M∗ 6 1011.9M� enclosed within the cen-
tral 30 kpc region. They are well-resolved and resemble the
observed ETGs (Auger et al. 2010; Ruff et al. 2011; Sonnen-
feld et al. 2013). In addition to the above criteria, we add a
constraint on the Sérsic index n of selected galaxies, n > 2,
to ensure a more robust ETG classification. This results in
491 IllustrisTNG ETGs at z = 0, and different numbers for
different redshifts (see 3.1 for details) that make up our sta-
tistical sample of ETGs ranging from z = 0 to z = 3.

MNRAS 000, 1–17 (2019)
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For the progenitor tracing sample, we choose galaxies
from the 491 z = 0 IllustrisTNG ETGs in the statistical
sample that were also classified as ETGs in the z = 1 snap-
shot. This consideration is meant to mimic the passively
evolving ETG population already quenched since z = 1 as
predicted by the two-phase formation scenario, and results
in 165 ETGs for which we trace back various galaxy prop-
erties along their merger tree of the main progenitor branch
from z = 0 to z = 4. We will also explore the selection effects
induced by artificially choosing different quenching time for
the z = 0 sample total power-law density slope in Section
3.2.

The total power-law density slope, γ′ of the total density
profile in the form of ρ(r) ∝ r−γ

′
, is calculated over the range

0.4 R1/2 to 4 R1/2, where R1/2 is the 3D stellar half mass ra-
dius of IllustrisTNG ETGs. This was also the radial range for
the total power-law slope we adopted to investigate various
galaxy correlations in Paper I. Assuming spherical symme-
try, we perform a linear fit (with equal radial bin weighting)
to log ρ(r)− log r within this radial range and define the best
linear fit slope (minimum χ2) as the total density power-law
slope γ′ for each of our galaxies.

Since the main progenitors of z = 0 ETGs traced to
high redshifts are not guaranteed to be well-resolved (hav-
ing ≈ 104 particles), we adopt fewer radial bins to suppress
the Poisson noise in those low-resolution galaxies, i.e. 100
logarithmic radial bins for ETGs with total particle number
N > 5000, 30 logarithmic radial bins for ETGs with particle
number 1000 6 N < 5000, and we ignore ETG progenitors
with particle number N < 1000. This ensures reasonably re-
solved total density profile power-law slope fits out to z = 4
for the MPB sample, and the statistical ETG sample stellar
mass lower bound of 5 × 1010 M� guarantees the 100 loga-
rithmic radial bins criterion automatically.

3 THE EVOLUTION HISTORY OF THE
TOTAL DENSITY PROFILE

In this section, we present the mean evolution path of the Il-
lustrisTNG ETG total power-law density slope traced along
the main progenitor branch of the sublink merger tree and
in statistical samples selected at different redshifts. We will
also show the dependence of the slope evolution on stellar
mass and quenching redshift.

3.1 Sample selection and stellar mass evolution

The MPB tracing sample, is composed of a selected set
of 165 ETGs at z = 0 together with their MPBs all the way
to z = 4. We require that the MPBs of the selected present-
day ETGs must also be classified as ETGs at z = 1. The
progenitors of this sample above z = 1 are not necessarily
ETGs. Note that the reason that we require such a specific
redshift upper limit on type transition is two-fold: (1) the
majority of the most massive ETGs within the given mass
range is quenched around z = 1 (see Figure 7 of Genel et al.
2018); (2) massive ETGs that are observed to high redshifts
seem to have evolved little since z = 1 (e.g. Koopmans et al.
2006, 2009; Auger et al. 2010; Ruff et al. 2011; Bolton et al.
2012; Sonnenfeld et al. 2013; Dye et al. 2014; Shankar et al.
2017; Li et al. 2018). In Section 3.4, we vary this redshift

Figure 1. The evolution of the total stellar mass within the cen-
tral 30 kpc of the main progenitors traced by the merger tree from

z = 0 to z = 4 (same redshift range as the statistical ETG sample).

The four stellar mass bins of sources are divided by their z = 0
stellar masses. The median of the stellar mass distribution in each

bin is shown by the dashed curves, and the maximum/minimum

values are marked by the solid curves of the same color. The me-
dian value does not increase much in the four mass bins from

z = 1 to z = 0, but increased rapidly before z = 1. This reflects

our selection criteria which require the progenitors to quench and
become ETGs by z = 1, and evolve passively afterwards.

limit to see how this would affect the evolutionary trend of
a given selected sample, especially for the effects of lower
mass galaxies quenching and joining in the ETG population
at z = 0 later than their higher mass counterparts.

In order to study the mass dependence of the density
slope evolution, we divide galaxies in all MPBs into 4 mass
bins based on their z = 0 stellar mass enclosed within the
central 30 kpc region, i.e. log (M∗/M�) ∈ [10.7, 10.9], [10.9,
11.1], [11.1, 11.4], and [11.4, 11.9]. Note that their progeni-
tor stellar masses will in general not remain in these 4 stellar
mass bins as we trace them along the MPB to higher red-
shifts.

We present the stellar mass evolution in the 4 stellar
mass bins for the main progenitor tracing from z = 0 to
z = 4 in Fig. 1. For the main progenitors, the medians of the
stellar mass ranges in the 4 mass bins are almost constant
below z = 1, but drop rapidly with time above z = 1. This
is typical for the two-phase formation scenario of massive
galaxies, where active in-situ star formation above z ≈ 2 that
rapidly increases the stellar mass is followed by accretion of
ex-situ stellar populations below z ≈ 2 (Naab et al. 2007;
Guo & White 2008; Nipoti et al. 2009a,b; Hopkins et al.

MNRAS 000, 1–17 (2019)
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Figure 2. The evolution of the total stellar mass distribution for
the statistical ETG samples selected at redshifts 0, 0.2, 0.5, 1, 2,

and 3. The distribution of the four stellar mass bins log (M∗/M�) ∈
[10.7, 10.9], [10.9, 11.1], [11.1, 11.4], and [11.4, 11.9] are shown
by the blue, red, green and black histograms, respectively. The

median stellar mass of each distribution is given by the dashed line
in each subplot, and the total number of ETGs in each snapshot
is also labeled. The pie chart to the right of each subplot shows

the proportion of ETGs in each of the four stellar mass bins with
the same color reference as the histogram.

2009; Oser et al. 2010; Johansson et al. 2012; Moster et al.
2013; Remus et al. 2013; Furlong et al. 2015; Wellons et al.
2015, 2016; Rodriguez-Gomez et al. 2016). Note that at z = 3
and z = 4, the least massive galaxies are resolved by & 10000
and & 4000 particles in total.

The statistical ETG sample is a set of ETGs selected
at z = 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.0, 1.5, 2, and 3 purely
based on their luminosity profiles and stellar masses at each
of these redshifts as described in Section 2.3 (galaxies at
higher redshifts are not necessarily progenitors of those at

Figure 3. The evolutionary trend of the total power-law density
slope γ′ with redshift. The MPB tracing sample is shown in blue,

with the solid curve denoting the median and the shaded region
denoting the [16%, 84%] distribution of γ′, traced from z = 0 to

z = 4. The stellar masses within the central 30 kpc of the sam-

ple selected at z = 0 are in the range of log (M∗/M�) ∈ [10.7, 11.9].
Their selection enforced them to have already become ETGs mor-

phologically by z = 1, shown by the red dashed dotted line. The

distribution of the statistical ETG samples is shown by the solid
orange curve (median), with the error bars denoting the [16%,

84%] distribution of γ′. They have stellar masses within the cen-

tral 30 kpc log (M∗/M�) ∈ [10.7, 11.9] in all selected redshifts from
z = 0 to z = 3. The horizontal grey dashed line stands for the

exact isothermal slope γ′ = 2.

lower redshifts). To study the mass dependence, we also di-
vide the statistical ETG sample into 4 mass bins based on
their stellar masses at all selected redshifts. We show the
stellar mass and number evolution in the 4 stellar mass bins
for the statistically selected ETG sample from z = 0 to z = 3
in Fig. 2. For succinctness we only show redshifts 0, 0.2, 0.5,
1, 2, 3 for the mass and ETG number evolution. As shown in
the figure, the number of galaxies in the lowest mass bin de-
creases with increasing redshift, so does the median mass at
different redshifts. The steep stellar mass function towards
lower redshift reflects the increasing dominance of low-mass
ETGs with time. Above z = 2, the total number of ETGs
within the required stellar mass range drops significantly. We
therefore do not consider any ETG sample beyond z > 3.

3.2 The total power-law density slope evolution

We first present the evolutionary trend of γ′ of the MPB
sample and the statistical ETG sample in the full stel-
lar mass range log (M∗/M�) ∈ [10.7, 11.9]. The evolution-
ary trends of the total power-law density slope γ′ for Illus-
trisTNG ETGs are shown in Fig. 3.

The MPB tracing sample is shown by the blue solid
curve and shaded region, which represents the median
and [16%, 84%] distribution, respectively. As can be seen,
roughly before z = 2 the total density slope γ′ steepens
with time as a consequence of secular star formation and
wet mergers. Between z ≈ 1 and z ≈ 2, γ′ gradually becomes
shallower, as a consequence of AGN feedback (see Section 4.2

MNRAS 000, 1–17 (2019)
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Figure 4. The evolutionary trend of the total power-law slope γ′ with redshift, divided in 4 stellar mass (enclosed within central 30 kpc)
bins, i.e. log (M∗/M�) ∈ [10.7, 10.9], [10.9, 11.1], [11.1, 11.4], and [11.4, 11.9]. The MPB tracing sample is shown in blue, divided into 4 bins

based on their z = 0 stellar mass. The thick solid curves denote the median and the shaded regions denote the [16%, 84%] distribution

of γ′. The individual evolutionary tracks of γ′ in the progenitors are also shown by the thin blue solid lines traced from z = 0 to z = 4.
Their selection forces them to have already become ETG morphologically by z = 1, shown by the red dashed dotted lines. The statistical

ETG sample from z = 0 to z = 3 is shown by the solid orange curves (median), with the error bars denoting the [16%, 84%] distribution

of γ′. The horizontal grey dashed line stands for the exact isothermal slope γ′ = 2.

for details). Below z = 1, the total profile passively evolves
with little change, staying on average close to an isothermal
distribution. We note that the MPB γ′ evolution has large
intrinsic scatter, and it is consistent with an isothermal total
density profile within the 1σ scatter from redshift 4 and 0.

The statistically selected samples of ETGs at various
redshifts from z = 0 to z = 3 are shown by the orange solid
curve (median), with the error bars denoting the [16%, 84%]
distribution. The total density profile demonstrates a differ-
ent evolutionary trend compared to the MPB tracing sam-
ple. Above z = 1, the median value of the total power-law
density slope starts out significantly steeper than isother-
mal, and then decreases with time. Below z = 1, the sta-
tistical ETG sample slope shows almost no evolution. How-
ever, a slight but noticeable increase in the mean γ′ towards
z = 0 is present (below z = 0.5), which is interestingly in line
with observational evidence of the total density profile evo-
lution towards low redshift. (Ruff et al. 2011; Bolton et al.
2012; Sonnenfeld et al. 2013; Dye et al. 2014; Shankar et al.
2017; Li et al. 2018). Although both the progenitor tracing
and the statistical samples show little evolution of γ′ below
z = 1, their median evolution trends with time are notably
different. In Section 3.3 and Section 3.4, we consider the
factors that could account for such differences. We remind
the reader that the scatter of γ′ in both samples is large,
rendering both samples’ total density profile evolutionary
trend consistent with a constant isothermal density profile,

and statistical uncertainties also play a role in the difference
of the two evolution trends.

3.3 The mass dependence of the slope evolution

In order to understand the mass dependence of the slope
evolution, we show the γ′ evolutionary trends in the four
different stellar bins in Fig. 4. The γ′ evolution of individual
MPB tracks is plotted with the thin blue curves. Their me-
dian and [16%, 84%] distribution are shown by the thick blue
curve and the shaded region, respectively. The solid orange
curve denotes the median of the statistical ETG sample γ′,
with the error bars standing for their [16%, 84%] distribu-
tion. We note that the scatter of γ′ in both samples among
the four stellar mass bins is large, especially in the two lower
mass bins and at redshifts above z ≈ 1.

As can be seen in all four mass bins, both statistical
(yellow) and MPB (blue) distributions show constant γ′

evolution since z = 1.0. The average γ′ within this redshift
range strongly depends on galaxy mass: on average lower-
mass galaxies have steeper total density profiles than their
more massive counterparts (also see Fig. 4 in Wang et al.
2018).

The MPB tracing tracks (blue) for more massive
present-day galaxies have γ′ peaking at higher redshifts,
indicating they left the in-situ star formation/wet merger
phase earlier than their lower-mass counterparts. Note that
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as high-z lower-mass galaxies in the statistical sample are
among the MPBs of present-day galaxies in the higher-mass
bins, the mass-dependence of the γ′-peak also explains the
differences seen at higher redshifts between the MPB tracing
samples (blue) and the statistical samples (yellow), which is
most established in the lowest mass bin. For the same reason,
the two samples also show different redshift dependencies at
z > 1 in Fig. 3, as lower-mass galaxies always dominate any
given galaxy sample. Deviations from an isothermal total
density profile at the ∼ 1σ scatter level are present for both
samples in the redshift range z & 1.5, as well as in z . 0.8
for both samples in the two higher stellar mass bins.

3.4 The dependence of the averaged γ′ on ETG
transition redshift

As described in Section 3.1, we require our MPB tracing
sample to be composed of galaxies whose progenitors as early
as z = 1 must also be ETGs. This results in zero-redshift
〈γ′〉 = 1.904 ± 0.012 and σγ′ = 0.149 for our MPB tracing
sample, which is slightly shallower than the isothermal pro-
files in observational samples (Koopmans et al. 2006; Auger
et al. 2010; Barnabè et al. 2011; Ruff et al. 2011; Sonnenfeld
et al. 2013; Serra et al. 2016; Poci et al. 2017; Bellstedt et al.
2018).

In order to understand the dependence of the averaged
γ′ on ETG transition redshift, we trace all ETGs in the z = 0
statistical sample along their main progenitor branch, and
require the progenitors at different investigated redshifts, i.e.
z = 0.1, 0.2, 0.3, 0.4, 0.5, 0.7, 1.0 to be also ETGs. However, we
do not restrict galaxy types for the progenitors prior to each
one of these redshifts. We then take the selected samples
at different redshifts and trace them forward to z = 0 to
obtain the zero-redshift density slope distribution. The re-
sult is presented in Fig. 5. As can be seen, the later in time
(lower-z) that we require the progenitors to become ETGs,
the steeper the median zero-redshift γ′ becomes. The small
bump of the γ′(z = 0) evolution at z = 0.3 arises from the
inclusion of slightly more lower-mass galaxies in the sample
that made their transition to ETGs at z = 0.3 (lower panel
in Fig. 5). Thus, the zero-redshift total power-law density
slope distribution is affected by the galaxy sample’s transi-
tion time. However, this trend is rather mild given that the
large intrinsic scatter in the distribution of γ′(z = 0) is con-
sistent with little evolution with the galaxy type-transition
time shown by the [16%, 84%] interval in Fig. 5. To analyze
the impact of sample transition time on zero-redshift me-
dian value of γ′, we consider the consequence of two effects:
(1) lower-mass ETGs have steeper slopes than their more
massive counterparts (see Fig. 4); (2) Genel et al. (2018)
found for the TNG galaxies that the transition to ETGs
(quenched galaxies) moves towards lower-mass galaxies with
cosmic time (see their Fig. 4), which is consistent with ob-
servations (e.g. Franx et al. 2008; van Dokkum et al. 2015;
Woo et al. 2015; Bluck et al. 2016; Whitaker et al. 2017). The
inclusion of more and more lower-mass galaxies in the ETG
sample results in steepened slopes towards z = 0. This may
also explain the lower-z steepening trend of the statistical
sample in Fig. 3.

Figure 5. Upper panel: zero-redshift γ′ as a function of the

redshift at which the main progenitors also have to be ETGs.
The diamonds indicate the median γ′ and the error bars indicate

the [16%, 84%] distribution of γ′. The horizontal red dashed line

stands for the isothermal slope γ′ = 2. Bottom panel: the median
(solid line), [16%, 84%] distribution (shaded region), and the min-

imum/maximum values (dashed lines) of the z = 0 stellar mass
for the selected samples that quenched at different redshifts.

3.5 Example γ′ evolution with mock galaxy
images

To visualize galaxy evolution which encodes the evolution
of their total power-law density slopes, we select 4 exam-
ple galaxies from the MPB sample, one in each of the 4
stellar mass bins, and present their mock images at red-
shifts z = 0, 0.2, 0.5, 1, 2, 3 in Fig. 6. These are the rest frame
SDSS g, r, i-band composite images with the galaxies pro-
jected in their face-on direction (defined as the direction of
the mass-weighted stellar angular momentum of the galaxy).
The images also consider dust attenuation by adopting a re-
solved dust radiative transfer model with dust-to-metal ratio
of 0.3 (Vogelsberger et al. 2019b). Each image is cropped to
a side length l = min(6 R1/2, 30 kpc), where R1/2 is the 3D stel-
lar half mass radius of the galaxy, and 30 kpc is in physical
units. A yellow scale bar depicting physical 1 kpc is shown
on the right side of each image. Each galaxy evolves from
the bottom (z = 3) to the top (z = 0) in the figure. The
stellar mass M∗, Subfind ID, redshift z (snapshot number),
total power-law density slope γ′, and the group identity of
being a central or satellite galaxy are labeled for every main
progenitor we present in the figure.

As shown by the mock images and the labeled proper-
ties, the largest ETG at z = 0 has progenitors with shallower
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Figure 6. Illustration of individual MPB evolution (bottom to top) for 4 example ETGs, one selected from each of the 4 stellar mass bins.

The images are the rest frame SDSS g, r, i-band composite mock images of IllustrisTNG ETGs projected along their face-on direction. The
images also consider dust attenuation by adopting a resolved dust radiative transfer model with dust-to-metal ratio of 0.3 (Vogelsberger

et al. 2019b). A yellow scale bar depicting 1 kpc is plotted to the right side of each image. As it can be seen, the more massive galaxies
transform to ETGs earlier, are less dusty at high redshift, and more diffuse toward lower redshift; vice versa for less massive galaxies.
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total density profile compared to the smallest ETG at z = 0.
The smaller ETGs also transform from late-type to early-
type later than the larger ETGs, indicative of progenitor
bias for selecting statistical ETG samples at lower redshift.
The 4 example tracks also capture a few ongoing or recently
occurred merger events in the limited snapshots (e.g. Snap-
shot 84, Subfind ID 119410). It is seen that heavier (lighter)
ETG end products at z = 0 are more visually diffuse (com-
pact), which is consistent with the γ′ − log M∗ correlation
at z = 0 found in Paper I (Fig. 4), demonstrating that the
larger stellar mass ETGs at z = 0 have shallower γ′. An ob-
vious color transition from blue to red for the galaxies also
reflects the type transition from late-type to early-type of
the main progenitors.

4 EFFECTS OF GALAXY MERGERS AND
AGN FEEDBACK ON γ′

In this section, we study the effects of galaxy mergers and
AGN feedback on the evolution of the total density profile
for the MPB sample. We also propose a theoretical ETG
formation scenario within the IllustrisTNG Simulation con-
text that traces the evolution of γ′ to mark three distinct
formation phases.

4.1 Galaxy mergers

Merger processes are often classified as wet (dissipative) or
dry (non-dissipative). Dissipation is widely present in galax-
ies with significant gas fraction (typically late-type). Gas
eventually loses pressure support and falls in, leading to en-
hanced star formation activity in the inner regions of the
galaxy and the total density profile becomes steeper. In
contrast, dry mergers gradually build up the outskirts of
a galaxy (minor) and smooth out the matter distribution
(major) due to lack of dissipation, making the total density
profile shallower or nearly invariant after the merger.

Merger trees for IllustrisTNG galaxies examined here
are constructed with the sublink algorithm (Rodriguez-
Gomez et al. 2015) as described in Section 2.2. Although
observationally mergers are classified into gas-rich and gas-
poor according to the pair U-B color following Lin et al.
(2008), we adopt the definition for ‘wet’ and ‘dry’ mergers
from Khochfar & Silk (2009) which is a more physical def-
inition involving galaxy intrinsic properties available in the
output from the simulation. We define mergers with cold gas
fraction fCold satisfying:

fCold =
MCold

MCold + M∗
6 0.1 (2)

to be dry mergers, and otherwise wet mergers. Here, MCold
is defined as the combined mass of all gas cells assigned
to the main progenitor and the infall progenitor that have
temperature T < 104 K. M∗ here is also the combined stellar
mass of the main and infall progenitors, each enclosed within
twice their 3D stellar half mass radii.

To analyze the impact of merger events on the total
power-law density slope, we derive the change in γ′ for each
merger event:

δγ′ = γ′Des − γ
′
Main , (3)

Figure 7. The cold gas fraction fCold versus the merger mass
ratio µ∗ for all mergers that occurred to the 165 main progen-

itors traced from z = 0 to z = 4 are shown by the scattered
dots in the figure. The dots are color coded by the change in
the density profile δγ′ before and after a given galaxy merger.

We divide all merger events for all main progenitors into three
redshift bins, i.e. z ∈ [0, 1], [1, 2], and [2, 4], which are shown in

the three subplots from top to bottom, respectively. The num-

ber distribution of mergers according to µ∗ and fCold are shown
by the histograms projected in the X and Y directions in each

subplot. Each set of projected merger number distribution his-

tograms is divided into three broad bins with δγ′ < −0.1 (red
solid histogram), δγ′ ∈ [−0.1, 0.1] (black dashed histogram), and

δγ′ > 0.1 (blue solid histogram), corresponding to the total den-

sity profile becoming ‘shallower’, ‘invariant’, and ‘steeper’ due to
galaxy mergers.
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where γ′Des and γ′Main are the total power-law density slopes
of the descendant galaxy and the main progenitor, respec-
tively. From the definition of δγ′, a positive (negative) δγ′

indicates that the descendant has steeper (shallower) den-
sity profile than its main progenitor due to merger impact.
The descendant is usually identified 1 − 2 snapshots after
the merger, and the main progenitor is usually identified a
few snapshots before the merger where the infall progeni-
tor’s stellar mass reached its maximum. Thus the cadence
in which δγ′ is measured is 2 − 5 snapshots (∼ 371 Myr at
z = 0.2, ∼ 348 Myr at z = 1, and ∼ 294 Myr at z = 3) in
most cases, which is about the order of the typical dynami-
cal timescale (∼ 100 Myr) of the main progenitors.

The cold gas fraction fCold versus merger mass ratio µ∗
color coded by the change in slope δγ′ for all mergers of our
165 ETGs traced from z = 0 to z = 4 is shown by the scat-
tered dots in Fig. 7. According to the overall evolutionary
trend of the average total power-law density profile for the
MPB sample in Fig. 3, γ′ steadily rises from z = 4 to z ≈ 2,
drops steadily from z ≈ 2 to z ≈ 1, and becomes nearly con-
stant below z ≈ 1. Thus, we divide all merger events for all
main progenitors into 3 redshift bins, i.e. z ∈ [0, 1], [1, 2], and
[2, 4], which are shown in the 3 subplots from top to bottom
in Fig. 7 correspondingly. The number distribution of merg-
ers according to merger mass ratio µ∗ and merger cold gas
fraction fCold are shown by the histograms projected in the
X and Y directions in each subplot. Each set of projected
merger number distribution histograms is divided into 3 bins
with δγ′ < −0.1 (red solid histogram), δγ′ ∈ [−0.1, 0.1] (black
dashed histogram), and δγ′ > 0.1 (blue solid histogram), cor-
responding to the total density profile becoming ‘shallower’,
‘invariant’, and ‘steeper’ as a result of galaxy mergers.

As shown in the figure, the distributions of µ∗, fCold,
and δγ′ are significantly different in the 3 redshift ranges. In
the redshift range z ∈ [2, 4] (bottom panel), minor mergers
dominate the merger events, and a large proportion of these
mergers are wet, resembling the gas-rich phase of galaxy as-
sembly above z ≈ 2. From the color coding of the scattered
dots as well as the δγ′ − fCold histogram, the wet merg-
ers induce a steepening effect of the total density profile.
The effect on δγ′ with different µ∗ is insignificant during
z ∈ [2, 4]. In the redshift range z ∈ [1, 2] (middle panel),
minor and major mergers are almost free of wet mergers,
although a small proportion of minor mergers remain wet,
which resembles a transition period where late-type galax-
ies gradually turn into early-type galaxies. The color coded
scattered dots and the δγ′ − fCold histogram clearly show
that mergers with smaller (larger) fCold result in shallower
(steeper) density profiles as a result of the mergers. Since
during z ∈ [1, 2] the major mergers are dominated by dry
mergers, larger (smaller) µ∗ results in shallower (steeper)
slope after the mergers. In the redshift range z ∈ [0, 1], the
majority of mergers have fCold . 0.4, and the proportion
of wet minor mergers also decreases. Since our sample se-
lection enforces the entire MPB sample to be transformed
into ETGs by z = 1, the evolution of the progenitors dur-
ing z ∈ [0, 1] resembles the passive evolution of ETGs below
z = 1 that is dominated by gas-poor mergers (see also Naab
et al. 2007). The color coded scattered dots and the two his-
tograms reveal that gas-poor mergers (i.e. fCold . 0.4) with
larger merger mass ratio result in a shallower or unchanged
γ′. Appendix A shows further analyses of the statistical sig-

nificance between galaxy mergers and the change of the total
density profile.

Since galaxies assemble about 70% of their ex-situ stel-
lar mass through major and minor mergers (Rodriguez-
Gomez et al. 2016, µ > 1/10), the dominance of dry mergers
which correlates with δγ′ < 0 (especially in z 6 2 ) in this
merger mass ratio range is expected to make the total den-
sity profile shallower with time. This is consistent with the
positive γ′ − fin−situ correlation found for z = 0 IllustrisTNG
ETGs in Paper I, and the stellar assembly of the galaxy
could be heavily dominated by ex-situ stellar populations
accreted in mergers that make up & 80% of the total stellar
mass in the most massive IllustrisTNG ETGs (see Fig. 10
in Wang et al. 2018). Since most of the major mergers and
a part of the minor mergers are dry, the γ′ in galaxies with
lower fin−situ become shallower compared to galaxies with
higher fin−situ, creating the positive γ′ − fin−situ trend.

Overall, the impact of mergers on the density profile
with different stellar mass ratios and cold gas fractions for
IllustrisTNG ETGs is consistent with predictions from pre-
vious works (Johansson et al. 2009, 2012; Remus et al. 2013;
Sonnenfeld et al. 2014). The increasing importance of dry
mergers at z . 1 driving ETG passive evolution in our re-
sults is also consistent with the merger-induced spin-down of
ETGs constrained through observations (e.g. Newman et al.
2018). However, we point out that due to the limited spatial
and mass resolution in the TNG100 simulation (where most
of the infall progenitors are not well-resolved), the physi-
cal picture of a galaxy merger impact on the total density
profile that we have found for the IllustrisTNG ETGs still
requires finer characterization with high-resolution zoom-in
simulations. This is especially important for a better under-
standing of the impact of ‘dry’ mergers and the correlation
between µ∗ and fCold which calls for well-resolved properties
of the infall progenitors in galaxy mergers.

4.2 AGN feedback

AGN feedback plays an important role in quenching star
formation and transforming galaxies from late-type to early-
type, especially in the case of the Bondi accretion model of
black hole growth adopted in IllustrisTNG (Bower et al.
2017; Weinberger et al. 2017). One piece of observational
evidence for supermassive black holes regulating galaxy evo-
lution is the MBH − σv scaling relation in ETGs (Ciotti &
van Albada 2001; Pinkney et al. 2003; Robertson et al.
2006; Graham 2008; Kormendy & Ho 2013; McConnell &
Ma 2013). Apart from this observational scaling relation,
AGN feedback is found essential to reproduce a realistic
redshift evolution of the total density profiles in numerical
simulations, e.g. the Illustris Simulations (Xu et al. 2017),
the Magneticum Pathfinder (Remus et al. 2017), and the
Horizon-AGN Simulations (Peirani et al. 2017, 2019).

Recent developments in cosmological simulations in-
cluding AGN feedback have explored a wide range of AGN
feedback models. The AGN feedback model of the Horizon-
AGN Simulations (Dubois et al. 2014) was described in
Dubois et al. (2012). Unlike the Sijacki et al. (2007) model
adopted for Illustris, where the low accretion rate AGN feed-
back deposits thermal energy in the form of radio bubbles
that mimic the cocoon-like radio lobes observed in clusters,
Dubois et al. (2012) models the bi-polar outburst from the
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Figure 8. This figure shows the impact of AGN feedback energy
on the change of γ′. Each scattered dot corresponds to the ∆EKin
and ∆EThm which are color coded by ∆γ′, all measured within a
time scale of ∼ 1 Gyr. We divide the time evolution into three

epochs, i.e. z ∈ [0, 0.5], [0.5, 1.0], , and [1.0, 2.5], which are shown
in the three subplots from top to bottom in the figure. The num-
ber distribution of AGN feedback energy in the kinetic and ther-
mal modes are shown by the histograms projected in the X and

Y directions in each subplot. Each set of projected feedback en-
ergy distribution histograms is divided into three broad bins with
∆γ′ < −0.1 (red solid histogram), ∆γ′ ∈ [−0.1, 0.1] (black dashed

histogram), and ∆γ′ > 0.1 (blue solid histogram), corresponding
to the total density profile becoming ‘shallower’, ‘invariant’, and

‘steeper’ due to AGN feedback in the given time intervals.

low-accretion phase of AGN feedback directly by deposit-
ing momentum and energy in a cylindrical-shaped vicin-
ity of the supermassive black hole. Recent observational
evidence (Cheung et al. 2016) has revealed bi-symmetric
structures in the central regions of quiescent galaxies in the
MaNGA Survey (Bundy et al. 2015), in support of radio
mode AGN-driven bi-polar jets. However, they also infer the
presence of centrally driven winds, which could mechanically
suppress star formation in quiescent galaxies. The low accre-
tion rate kinetic mode AGN feedback in the IllustrisTNG
black hole model (Weinberger et al. 2017, 2018) is a direct
effort to model the centrally-driven mechanical winds, and
its major difference with the radio modes of Sijacki et al.
(2007) and Dubois et al. (2012) is that the kinetic mode
of the IllustrisTNG model ejects only momentum and pure
kinetic energy into its surrounding gas cells while no imme-
diate thermal energy is deposited. This is in line with the
results from recent high resolution hydrodynamical simula-
tions of isolated AGN in a single elliptical galaxy, where
the AGN is found to be mostly operating in the quiescent
phase, and this highlights the importance of kinetic winds
and jets in producing a realistic galaxy that matches obser-
vations (Yuan et al. 2018; Yoon et al. 2019). The high accre-
tion rate thermal mode AGN feedback in the IllustrisTNG
model follows the common practice of previous works (also
know as the quasar mode, Springel et al. 2005; Sijacki et al.
2007; Booth & Schaye 2009; Dubois et al. 2012; Vogelsberger
et al. 2013) which injects pure thermal energy to the local
interstellar medium of the central supermassive black hole.

Based on the variety of above-mentioned AGN feedback
implementations, previous work has highlighted the impor-
tant link between AGN feedback and galaxy properties in-
cluding the total density profile. Peirani et al. (2008) found
that bi-polar outbursts from AGN feedback can drive oscil-
lation of gas cores in the center of galaxies that flattens the
density profiles of dark matter and stars within a timescale
of 4 ∼ 5 Gyrs. Duffy et al. (2010) found that AGN feed-
back leads to shallower-than-isothermal cluster inner den-
sity profiles and reduces baryon fractions. Martizzi et al.
(2012a) proposes a new mechanism involving dynamical fric-
tion heating and gaseous ejections from AGN feedback that
creates cored stellar profiles and forms near-isothermal to-
tal density profiles in luminous elliptical galaxies, similar to
the findings of Peirani et al. (2008). Martizzi et al. (2012b)
further points out that the slow expulsion of gas in the qui-
escent (low-accretion rate) phase of AGN activity can also
lead to adiabatic expansion that further flattens the total
density profile. Furthermore, AGN feedback quenches in-situ
star formation, enhances the accreted stellar populations
from mergers at larger radii, and removes baryonic matter
from galaxy central regions. This process typically consists
of dynamically inducing radial stellar orbits (Dubois et al.
2013; Genel et al. 2015) and injecting momentum into the
surrounding interstellar medium which creates AGN-driven
outflows (Faucher-Giguère & Quataert 2012; Gaspari et al.
2012; Hopkins et al. 2016; Ciotti et al. 2017; Weinberger
et al. 2017).

Apart from AGN feedback, feedback from stellar winds
may also have an impact on the total density profile. In the
absence of AGN feedback, stronger stellar feedback can lead
to enhanced in-situ-formed stellar populations (Hirschmann
et al. 2013) which correlates with larger γ′ (Remus et al.
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2013), hence leading to steeper total density profiles (Remus
et al. 2017). Nevertheless, we have shown using the various
TNG model variations in Section 4 of Paper I that, with the
presence of AGN feedback, stronger stellar winds lead to
shallower total density profiles for IllustrisTNG ETGs, op-
posite to the effects of stellar winds without AGN feedback.
Another important finding of Paper I is that the impact of
stellar wind feedback on changing γ′ is subdominant com-
pared to AGN feedback. Hence, we will focus our discussion
of the relation between feedback and γ′ on AGN feedback
as it is the most prominent.

To study the AGN feedback impact on the density pro-
files of IllustrisTNG ETGs, we investigate the feedback en-
ergy injected by the central massive black hole of the main
progenitor in two channels, the high accretion rate thermal
mode and the low accretion rate kinetic mode. In partic-
ular, to obtain the effect of AGN feedback energy on the
total density profile, we divide the z = 0 to z = 4 evolu-
tion tracks into 9 segments (time intervals), roughly 1Gyr
for each time interval, and plot the energy injected by the
central supermassive black hole in the kinetic and thermal
AGN feedback modes versus the change of γ′ in these time
intervals in Fig. 8. The time interval boundaries are set at
10 redshifts 0.00, 0.07, 0.15, 0.24, 0.35, 0.52, 0.68, 1.00, 1.50,
2.44 corresponding to lookback times 0.00, 1.01, 1.98, 2.97,
3.97, 5.37, 6.35, 7.92, 9.51, 11.18 Gyrs. The 9 time inter-
vals are then set between these 10 boundaries. Similar to
Fig. 7, we divide the time intervals into 3 redshift ranges,
i.e. z ∈ [0, 0.5], [0.5, 1.0], , and [1.0, 2.5], which are shown in
the three subplots from top to bottom in Fig. 8. The reason
for not following the third redshift bin up to z = 4 is due
to the presence of ‘halo-switch’ jumps in every snapshot for
z ∈ [2.5, 4], making it very difficult to follow the AGN feed-
back energy of the full MPB sample in this redshift range.

For each main progenitor, the AGN feedback energies
injected in the kinetic and thermal modes for a given time
interval are denoted by ∆EKin and ∆EThm. The change of the
total power-law density profile ∆γ′ in that period is eval-
uated as the change in γ′ at the beginning and the end
snapshot of that time interval. Each scattered dot in Fig. 8
corresponds to the ∆EKin and ∆EThm which are color coded
by ∆γ′ in a given time interval. The number distribution of
AGN feedback energy in the kinetic and thermal modes are
shown by the histograms projected in the X and Y directions
in each subplot. Each set of projected feedback energy distri-
bution histograms is divided into 3 bins with ∆γ′ < −0.1 (red
solid histogram), ∆γ′ ∈ [−0.1, 0.1] (black dashed histogram),
and ∆γ′ > 0.1 (blue solid histogram), corresponding to the
total density profile becoming ‘shallower’, ‘invariant’, and
‘steeper’ as a result by AGN feedback energy in the given
time intervals.

As shown in the figure, the distributions of ∆EKin,
∆EThm, and ∆γ′ are similar during z ∈ [0, 0.5] and z ∈ [0.5, 1],
while being significantly different during z ∈ [1, 2.5] from the
two lower redshift bins. In the redshift range z ∈ [1, 2.5] (bot-
tom panel), the kinetic mode feedback energy span a larger
range of values than the thermal mode feedback. From the
color coding of the scattered dots, an excess of shallower
∆γ′ is present at both high ∆EKin and high ∆EThm, indi-
cating AGN feedback indeed makes the profile shallower.
We point out that for galaxies which have relatively lower
thermal feedback rates of ∆EThm ∼ 1053 ergs, the difference

in ∆γ′ is mainly determined by their kinetic feedback rate
∆EKin. This reflects the higher feedback efficiency of the ki-
netic mode compared to the thermal mode in the quiescent
AGN phase, and the low accretion rate kinetic AGN feed-
back couples more efficiently to the surrounding gas by driv-
ing shocks (Weinberger et al. 2017). This is consistent with
the finding in Section 4 of Paper I that removing the kinetic
mode feedback and allowing the thermal mode to act at all
black hole accretion rates could increase the overall distri-
bution of γ′ by ∼ 0.3, which emphasizes the importance of
invoking the kinetic mode AGN feedback to better match
the observed galaxy correlations of γ′. In addition, most of
the main progenitors still become shallower in this period
(red histogram), consistent with the overall redshift evolu-
tion trend of γ′ becoming shallower during z ∈ [1, 2] as shown
in Fig. 3. In the redshift ranges [0.5, 1] and [0, 0.5], the feed-
back energy deposited by the kinetic mode is comparable to
that of the thermal mode, and there is no significant differ-
ence of the impact on ∆γ′ for the two modes. The bi-modal
distribution of ∆γ′ seen at z ∈ [1, 2.5] disappears, while the
change in the total power-law density profile is dominated
by invariance (∆γ′ ∈ [−0.1, 0.1]) in these two redshift ranges,
which is shown by both the color coded scattered dots as
well as the projected ∆γ′ − ∆EKin and ∆γ′ − ∆EThm distri-
butions. This is also consistent with the redshift evolution
trend of γ′ for z 6 1 as shown by Fig. 3. Appendix B shows
further analyses of the statistical significance between AGN
feedback and the change of the total density profile.

The difference of the impact of the AGN feeback energy
on the total density profile in different redshifts, i.e. z > 1
and z 6 1, is mainly due to the sample selection we have
applied. Our MPB sample is selected such that all galax-
ies have turned into ETGs by z = 1, so the effect of AGN
feedback energy on quenching star formation by removing
baryons from the galactic central region (kinetic mode, e.g.
Martizzi et al. 2013) and heating the surrounding interstellar
medium (thermal mode) is more significant before z = 1. The
bottom panel (z ∈ [1, 2.5]) in Fig. 8 corresponds to the mid-
dle panel (z ∈ [1, 2]) in Fig 7, where the effects of major dry
mergers compete with the rapid minor wet mergers, making
AGN feedback energy (especially in the kinetic mode) more
efficient at altering the total density profile. The depletion of
gas in the main progenitors below z = 1 (ETGs by then) di-
minishes the ‘working surface’ for AGN feedback effects and
makes the impact of AGN feedback energy on the evolution
of γ′ sub-dominant (upper two panels in Fig. 8) compared to
the impact of gas-poor mergers ( fCold . 0.4) in this redshift
range (top panel in Fig 7).

4.3 A formation path for isothermal total density
profiles

We summarize the analysis of the MPB sample total den-
sity profile evolution as follows: the main progenitors start
out with shallower than isothermal (γ′ = 2) total density
profiles at z = 4 that have large scatter; i) during z ∈ [2, 4],
rapid wet mergers dominate the evolutionary trend of γ′,
making the total density profile steeper with time through
dissipation processes; ii) γ′ peaks at z ≈ 2 and decreases
with time during z ∈ [1, 2], with AGN feedback energy (es-
pecially through the kinetic mode) dominating the change
of the total density profile, while rapid minor wet mergers
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compete with the effect of major dry mergers; iii) the main
progenitors quench and turn into ETGs at z = 1, followed
by a passive evolution scenario during z ∈ [0, 1] with almost
invariant γ′, which is dominated by gas-poor mergers, before
reaching a near-isothermal (slightly shallower) total density
profile at z = 0.

With this analysis, we have identified a formation path
of isothermality in ETGs that closely relates the evolution
of the total density profile to the major activities that are
crucial to ETG formation. In addition to the in-situ star for-
mation and wet merger dominated (phase i), and dry merger
dominated (phase iii) phases of the conventional two-phase
ETG formation picture (see references in Section 1), we em-
phasize the role of AGN feedback processes (especially in the
kinetic mode) in z ≈ 2.5−1 (phase ii), making the total den-
sity profile shallower at around the transition (quenching)
time of the selected ETG sample. Together, the three phases
evolve ETG progenitors that span an order-of-magnitude in
stellar mass and largely scatter their initial γ′ towards a fi-
nal isothermal state for their matter distribution. This high-
lights the predictive power of the IllustrisTNG Simulations
for proposing a plausible evolutionary path that can explain
the origin of the ETG ‘bulge-halo conspiracy’.

Nonetheless, this scenario is closely related to the AGN
feedback model adopted in the IllustrisTNG Simulations,
which is known to possess some limitations that expect fu-
ture improvements. Specifically, the total density profile of
the MPB sample at z = 0 in this work is shallower than
observations (see Table A1 in Paper I). With the discrepan-
cies in halo contraction and ‘density slope-velocity disper-
sion’ relation compared to observations presented in Paper
I, these findings might point to common limitations in the
kinetic mode feedback in the IllustrisTNG AGN model. A
census of the cool-cores in IllustrisTNG galaxy clusters also
suggested an overly violent thermal mode feedback in the
adopted IllustrisTNG AGN model (Barnes et al. 2018). Al-
ternative black hole growth models, e.g. galaxy-scale torque-
limited model (Anglés-Alcázar et al. 2013, 2015, 2017a,b),
may weaken the impact of AGN feedback on galaxy scale
properties including the total density profile. This is not
to undermine the great success of the kinetic wind AGN
feedback in the IllustrisTNG model that mitigate the major
tensions of the original Illustris results with observations,
rather, it provides a valuable pivot point for further refine-
ment of the current AGN model. Thus, future improvements
in the black hole growth and AGN feedback models such as
including the evolution of black hole spin (Bustamante &
Springel 2019) are crucial for further constraining this multi-
phase formation path of ETG isothermal density profiles.

5 CONCLUSIONS AND DISCUSSION

In this work we have focused on the evolutionary trend
of the total density profiles in early-type galaxies selected
from the state-of-the-art cosmological hydrodynamic simu-
lation IllustrisTNG (Marinacci et al. 2018; Naiman et al.
2018; Nelson et al. 2018; Pillepich et al. 2018b; Springel
et al. 2018). Our analysis is broadly based on the realis-
tic sample of IllustrisTNG ETGs studied in Paper I of the
series (Wang et al. 2018), which provides a good match to
the various correlations between the total power-law density

slope γ′ and galaxy properties (i.e. stellar mass, effective ra-
dius, central dark matter fraction etc.) seen in observations.
Galaxy morphology classification is achieved utilizing single
and double component fits to the SDSS r−band luminosity
profile in each simulated galaxy that has best-fit Sérsic index
n > 2. With this classification criterion, we select ETGs at
z = 0 with stellar mass enclosed within their central 30 kpc
that satisfy log (M∗/M�) ∈ [10.7, 11.9], and that already have
transformed to an ETG before z = 1 by tracing their evo-
lutionary tracks along the main progenitor branch of the
baryonic version of the sublink (Rodriguez-Gomez et al.
2015) merger tree. This results in our main progenitor
branch sample that consists of 165 ETGs at z = 0 with
their individual evolution history traced out to z = 4. We
also select a statistical ETG sample that resembles ob-
servational ETG targets by applying the same stellar mass
cut and ETG criteria in all selected redshifts from z = 0 to
z = 3 for comparison (almost identical to the ETG samples
shown in Fig. 11 of Paper I). The measurement of the galaxy
total density profile is done using the best-fit total power-
law density slope γ′ within [0.4 R1/2, 4 R1/2], where R1/2 is the
3D stellar half mass radius of each galaxy. With an analysis
of the total density profile depending on stellar mass and
quenching redshift, as well as the impact of galaxy mergers
and AGN feedback, we have identified a multi-phase for-
mation path for the near-isothermal total density profiles
in ETGs. We summarize our main findings as follows:

• The stellar mass evolution of the main progenitors
roughly resembles that of a typical two-phase formation sce-
nario, i.e. a quick rise from z = 4 to z ≈ 1 due to in-situ
star formation/gas-rich mergers, and passive evolution via
dry mergers with little increase in stellar mass from z ≈ 1
to z = 0. The sample is divided into 4 stellar mass bins
based on their z = 0 stellar mass in the central 30 kpc, i.e.
log (M∗/M�) ∈ [10.7, 10.9], [10.9, 11.1], [11.1, 11.4], [11.4, 11.9]
(Fig. 1). The statistical ETG sample is selected to cover the
same four stellar mass bins in all selected redshifts, which are
dominated by lower stellar mass ETGs and have increasing
proportions of them towards lower redshift (Fig. 2).

• The power-law slope of the total density profile of the
MPB sample rises from a shallower-than-isothermal state
at z = 4, to a steeper-than-isothermal state peak value at
z ≈ 2, decreases steadfastly from z = 2 to z = 1, and finally
decreases slightly with almost no evolution below z = 1. The
statistical ETG sample’s γ′ decreases quickly from z = 3 to
z = 1, and is almost constant below z = 1, although a mild
increase in γ′ is found from z = 0.5 to z = 0 (Fig. 3). We note
that the γ′ evolution of both samples have large scatter, and
their differences are subject to statistical uncertainties.

• The stellar mass dependence of the total density pro-
file evolution is more significant for the main progenitors
compared to the statistical ETG sample. The progenitors of
the more (less) massive galaxies at z = 0 in the MPB sample
set out with steeper (shallower) seed γ′ at z = 4, rises quicker
(slower) to the peak value of γ′, and becomes shallower with
time until z = 0. The lower mass samples’ γ′ are closer to
isothermal and steeper than the total density profile of their
counterparts, consistent with the negative γ′ − log M∗ cor-
relation found in Paper I. The stellar mass dependence of
the statistical ETG sample γ′ evolution is less significant,
mainly decreasing with time above z = 1, and remaining in-
variant under z = 1. The slight increase in γ′ from z = 0.5
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to z = 0 is more significant in lower mass bins. The scatter
in the γ′ evolution decreases with increasing stellar mass in
the four bins, and the deviation from an isothermal total
density profile is significant for the two higher stellar mass
bins towards low redshift (Fig. 4).

• Making variations to the MPB sample by changing
the quenching redshift where all progenitors have turned to
ETGs, we analyze the effect of different quenching redshifts
on the z = 0 γ′ distribution. The sample’s z = 0 γ′ median in-
creases with decreasing quenching redshift. The correspond-
ing descendant ETG sample at z = 0 also involves more lower
stellar mass galaxies with lower quenching redshift. This in-
dicates that non-negligible progenitor bias could partially
account for the apparent increase in γ′ below z = 0.5 for the
statistical ETG sample (Fig. 5).

• The impact of galaxy mergers on γ′ is shown in Fig. 7.
During z ∈ [2, 4], mergers are dominated by minor wet merg-
ers. These mergers mostly induce steeper density profiles as
a consequence. During z ∈ [1, 2], major mergers are mainly
dry, while minor mergers still tend to be gas-rich. The major
dry mergers are related to making the total density profile
shallower, and minor gas-rich mergers continue to make the
density profile steeper. Their effects counteract each other in
this redshift range. During z ∈ [0, 1], the mergers are domi-
nated by gas-poor events, that induce shallower γ′ as a con-
sequence. The role of merger mass ratio is sub-dominant
compared with the cold gas fraction in the merger, which
marks the amount of dissipation that alters the total den-
sity profile. In fact, the correlation between the merger mass
ratio and cold gas fraction (although weak) is a consequence
of more massive infall progenitors in the major mergers that
evolved faster and quenched earlier than their less massive
counterparts in minor mergers. With major mergers being
dry inducing shallower total density profile, the positive
γ′ − fin−situ correlation at z = 0 for IllustrisTNG ETGs is
a result of the dominant role that dry major mergers play at
lower redshift in decreasing fin−situ and γ′ simultaneously.

• The impact of AGN feedback on γ′ is shown in Fig. 8.
During z ∈ [1, 2.5], the kinetic mode feedback energy dis-
plays a more significant bi-modal impact on the change of γ′

compared to the thermal mode, with larger (smaller) kinetic
mode feedback energy corresponding to shallower (steeper)
total density profile. This suggests a dominant role of kinetic
feedback removing baryons from galaxy central regions that
effectively evolves the total density profile shallower with
time. The effect of AGN feedback in both the kinetic mode
and the thermal mode are consistent with no correlation to
γ′ during z ∈ [0, 1], with both the thermal and kinetic modes
inducing nearly constant γ′ in this period.

• The multi-phase formation path of the isother-
mal total density profile in ETGs consists of: first, rapid wet
mergers tend to steepen the total density profile through
dissipation process from z = 4 to z = 2; second, effects of dry-
major and wet-minor mergers from z = 2 to z = 1 roughly
balance out, AGN feedback (especially kinetic mode) domi-
nates the change of γ′ by removing baryons from the galaxy
central region; third, from z = 1 to z = 0, main progeni-
tors passively evolve mainly through gas-poor mergers that
mildly decrease γ′ while maintaining the galaxy mass dis-
tribution close to isothermal. The main addition of this sce-
nario to the conventional two-phase ETG formation picture
is the role of AGN feedback making the total density pro-

file shallower at around the type-transition time of galaxy
evolution.

Our analysis is the first attempt to study a large sample
of ETGs and trace their evolutionary tracks along the main
progenitor branch of their merger trees for the evolution
of their total density profiles in a state-of-the-art cosmo-
logical hydrodynamical simulation. We emphasize that our
multi-phase formation path of isothermal-γ′ is the first nu-
merical evidence of the conventional ‘two-phase’ ETG for-
mation scenario being directly linked to the emergence of
the ‘bulge-halo conspiracy’, and that the formation path of
isothermality in ETGs is also mass-dependent. This work
extends the redshift evolution of γ′ to higher redshift and
compensates the statistical-sample-only redshift evolution
studies on γ′ in Illustris (Xu et al. 2017), the Magneticum
Pathfinder (Remus et al. 2017), and Horizon-AGN (Peirani
et al. 2017, 2019). We find a mildly decreasing trend of γ′

below z = 1 for the main progenitors and a nearly-constant
trend for the statistical sample, consistent with the findings
of Xu et al. (2017) and Remus et al. (2017). However, Peirani
et al. (2017) suggests that the weakening of AGN feedback
at lower redshifts leads to steeper dark matter profiles. Com-
bined with the nearly-invariant stellar profiles, this leads to a
continuously steepening γ′ below z = 2 which better matches
the observed redshift evolution trend of γ′ (Ruff et al. 2011;
Bolton et al. 2012; Sonnenfeld et al. 2013; Dye et al. 2014;
Shankar et al. 2017; Li et al. 2018). Their slope values are
smaller and their ETG sizes are somewhat more extended
compared with observations due to AGN feedback. The ma-
jor difference that we find for the IllustrisTNG ETGs is that
they evolve shallower from a γ′ ∼ 2.2 at z ≈ 2 through a
combination of AGN feedback and gas-poor mergers to the
near-isothermal values at z = 0, whereas the Horizon-AGN
ETGs start out from γ′ ∼ 1.6 at z = 2 and continuously
steepens until the near-isothermal values at z = 0. These
differences suggest that different AGN feedback and subgrid
prescriptions result in different evolution paths for γ′, and
the coincidentally convergent near-isothermal values of γ′ at
z = 0 call for future observations to better constrain the total
density profiles of z & 2 ETGs to discern the real evolution
of γ′ in ETGs.

Apart from the discrepancies in halo contraction and
γ′ − σe/2 compared to observations found in Paper I, the
total density profile of the MPB sample at z = 0 in this
work is slightly shallower compared with observations (see
Table A1 in Paper I). These add up to suggest an under-
lying overly efficient implementation of the kinetic mode
AGN feedback in the IllustrisTNG model. A study of the
cool-cores in IllustrisTNG galaxy clusters also suggested an
overly violent thermal mode feedback in the adopted Illus-
trisTNG AGN model (Barnes et al. 2018). Furthermore,
Mukherjee et al. (2019) recently found a counter-intuitive
phenomenon that stronger stellar and AGN feedback leads
to unrealistically steeper γ′ for mock strong lensing galax-
ies in the EAGLE Simulations (Schaye et al. 2015; Crain
et al. 2015). Galaxy-scale torque-limited black hole growth
model (Anglés-Alcázar et al. 2013, 2015, 2017a,b) or alter-
native BH growth models may even weaken the impact of
AGN feedback on galaxy scale properties such as the total
density profile. Thus, more detailed observations and theo-
retical models for AGN are required to work towards a fully
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consistent picture of the role of AGN feedback in galaxy
formation.

Apart from these limitations, Shankar et al. (2018) re-
ported fast and sharp increases of the Sérsic index with in-
creasing redshift in observations, and it is unclear whether
this is feasible in the hierarchical assembly context of galaxy
formation. Galaxy mergers which are concurrent with AGN
feedback processes also require more detailed modelling of
merger mass ratios, cold gas fraction, and resolved infall pro-
genitor properties to gain a more detailed view of the merger
impact on the evolution of the total density profile, as well
as ETG formation in general. Future improvements in the
AGN feedback and other simulation models that could bet-
ter reconcile the discrepancies aforementioned are crucial to
better understanding the origin of the bulge-halo conspiracy.
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2018a, MNRAS, 473, 1489

Li H. Y., et al., 2018b, MNRAS, 476, 1765

Li H. Y., Mao S., Cappellari M., Graham M. T., Emsellem E.,

Long R. J., 2018c, ApJ, 863, L19

Li R. ., Shu Y., Wang J., 2018, MNRAS, 480, 431

Lin L., et al., 2008, ApJ, 681, 232

Lovell M. R., et al., 2018, MNRAS, 481, 1950

Lyskova N., Churazov E., Naab T., 2018, MNRAS, 475, 2403

Mandelbaum R., Seljak U., Kauffmann G., Hirata C. M.,

Brinkmann J., 2006, MNRAS, 368, 715

Marinacci F., et al., 2018, MNRAS, 480, 5113

Martizzi D., Teyssier R., Moore B., 2012a, MNRAS, 420, 2859

Martizzi D., Teyssier R., Moore B., Wentz T., 2012b, MNRAS,

422, 3081

Martizzi D., Teyssier R., Moore B., 2013, MNRAS, 432, 1947

McConnell N. J., Ma C.-P., 2013, ApJ, 764, 184

Moster B. P., Naab T., White S. D. M., 2013, MNRAS, 428, 3121

Mukherjee S., Koopmans L. V. E., Metcalf R. B., Tortora C.,

Schaller M., Schaye J., Vernardos G., Bellagamba F., 2019,
arXiv e-prints,

Naab T., Johansson P. H., Ostriker J. P., Efstathiou G., 2007,
ApJ, 658, 710

Naab T., et al., 2014, MNRAS, 444, 3357

Naiman J. P., et al., 2018, MNRAS, 477, 1206

Napolitano N. R., Pota V., Romanowsky A. J., Forbes D. A.,

Brodie J. P., Foster C., 2014, MNRAS, 439, 659

Nelson D., et al., 2015a, Astronomy and Computing, 13, 12

Nelson D., Genel S., Vogelsberger M., Springel V., Sijacki D.,

Torrey P., Hernquist L., 2015b, MNRAS, 448, 59

Nelson D., et al., 2018, MNRAS, 475, 624

Nelson D., et al., 2019, Computational Astrophysics and Cosmol-

ogy, 6, 2

Newman A. B., Belli S., Ellis R. S., Patel S. G., 2018, ApJ, 862,

125

Nipoti C., Treu T., Bolton A. S., 2009a, ApJ, 703, 1531

Nipoti C., Treu T., Auger M. W., Bolton A. S., 2009b, ApJ, 706,

L86

Oser L., Ostriker J. P., Naab T., Johansson P. H., Burkert A.,

2010, ApJ, 725, 2312

Peirani S., Kay S., Silk J., 2008, Astronomy and Astrophysics,

479, 123

Peirani S., et al., 2017, MNRAS, 472, 2153

Peirani S., et al., 2019, MNRAS, 483, 4615

Pillepich A., et al., 2018a, MNRAS, 473, 4077

Pillepich A., et al., 2018b, MNRAS, 475, 648

Pinkney J., et al., 2003, ApJ, 596, 903

Planck Collaboration et al., 2016, A&A, 594, A13

Poci A., Cappellari M., McDermid R. M., 2017, MNRAS, 467,

1397

Rees M. J., Ostriker J. P., 1977, MNRAS, 179, 541

Remus R.-S., Burkert A., Dolag K., Johansson P. H., Naab T.,

Oser L., Thomas J., 2013, ApJ, 766, 71

Remus R.-S., Dolag K., Naab T., Burkert A., Hirschmann M.,
Hoffmann T. L., Johansson P. H., 2017, MNRAS, 464, 3742

Robertson B., Hernquist L., Cox T. J., Di Matteo T., Hopkins

P. F., Martini P., Springel V., 2006, ApJ, 641, 90

Rodriguez-Gomez V., et al., 2015, MNRAS, 449, 49

Rodriguez-Gomez V., et al., 2016, MNRAS, 458, 2371

Ruff A. J., Gavazzi R., Marshall P. J., Treu T., Auger M. W.,

Brault F., 2011, ApJ, 727, 96

Schaye J., et al., 2015, MNRAS, 446, 521

Serra P., Oosterloo T., Cappellari M., den Heijer M., Józsa
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Quantity 1 Quantity 2 z rp rboot σboot
µ∗ δγ′ [0, 1] −0.143 −0.144 0.036
µ∗ δγ′ [1, 2] −0.195 −0.193 0.044
µ∗ δγ′ [2, 4] −0.133 −0.133 0.042
fCold δγ′ [0, 1] 0.212 0.216 0.045
fCold δγ′ [1, 2] 0.317 0.316 0.042
fCold δγ′ [2, 4] 0.203 0.203 0.034
µ∗ fCold [0, 1] −0.083 −0.083 0.039
µ∗ fCold [1, 2] −0.127 −0.129 0.046
µ∗ fCold [2, 4] −0.062 −0.063 0.036

Table A1. Correlations of merger-related quantities chosen from

µ∗, fCold, and δγ′. For each ‘Quantity 1−Quantity 2 correlation’,
we calculate its Pearson correlation coefficient rp in the 3 redshift

bins z ∈ [0, 1], [1, 2], and [2, 4]. For each correlation, we calculate

the bootstrap mean rboot and variance σboot for its rp with 1000
bootstrap realizations. The results are consistent with the merger

statistics shown in Fig. 7.

APPENDIX A: STATISTICAL ANALYSES FOR
GALAXY MERGERS’ IMPACT ON γ′

To further quantify the impact of mergers on the change in
total density profile, we calculate the Pearson correlation co-
efficient rp in between merger-related quantities chosen from
µ∗, fCold, and δγ′ in the 3 redshift bins. We also calculate the
bootstrap mean rboot and variance σboot for rp in each cor-
relation with 1000 bootstrap realizations. The results of the
correlation coefficients and their bootstrap errors are sum-
marized in Table A1. We show the Kolmogorov-Smirnov (K-
S, hereafter) test p−values for the projected distributions of
µ∗ and fCold inducing different changes of the total power-
law density slope in Table A2.

A mild negative µ∗ − δγ′ and a mild positive fCold − δγ′
correlation are shown, which is consistent with the merger
statistics in Fig. 7. These correlations are significant, al-
though weak, as shown by the rboot and σboot values from
bootstrapping which are consistent with rp , 0 (Table A1).
However, the fCold − δγ′ correlation is stronger than the
µ∗−δγ′ correlation, rendering ‘wet’ and ‘dry’ a more decisive
factor in affecting the galaxy total density profile compared
to the merger mass ratio. This is also reflected in the K-
S test p−values for fCold and µ∗. fCold(δγ′ > 0.1) is clearly
drawn from a different distribution than fCold(δγ′ < −0.1)
and fCold(δγ′ ∈ [−0.1, 0.1]) above z = 1, meaning that the
‘wet’ and ‘dry’ mergers affect the total density profile dif-
ferently. The dominant ‘dry’ mergers making the total den-
sity profile shallower makes fCold(δγ′ < −0.1) distinct from
fCold(δγ′ > 0.1) and fCold(δγ′ ∈ [−0.1, 0.1]) below z = 1.
Galaxies with larger µ∗ have more massive infall progeni-
tors that in general are quenched earlier and faster (Zolotov
et al. 2015). This leads to lower cold gas fraction at the time
of the merger resulting in a weak negative µ∗ − fCold correla-
tion (consistent with non-zero rp from the bootstrap errors).
The p−values in different µ∗ distributions also reflect this
trend. µ∗(δγ′ < −0.1) is clearly drawn from a different sam-
ple than µ∗(δγ′ > 0.1) and µ∗(δγ ∈ [−0.1, 0.1]) at all redshifts,
indicating that ‘dry’ major mergers with higher µ∗ induce
shallower γ′ while gas-rich mergers that cause constant to
steeper slopes mainly have lower µ∗. Hence, the fCold − δγ′
correlation and the µ∗− fCold correlation roughly account for
the mild µ∗ − δγ′ correlation, suggesting that merger mass

ratio is sub-dominant compared with cold gas fraction in
altering γ′.

APPENDIX B: STATISTICAL ANALYSES FOR
AGN FEEDBACK’S IMPACT ON γ′

To further quantify the impact of AGN feedback energy on
the change in total density profile, we calculate the Pearson
correlation coefficient rp in between feedback energy-related
quantities chosen from ∆EKin, ∆EThm, and ∆γ′ in the 3 red-
shift bins. We also calculate the bootstrap mean rboot and
error σboot for rp in each correlation with 1000 bootstrap real-
izations. The results of the correlation coefficients and their
bootstrap errors are summarized in Table B1. We show the
K-S test p−values for the projected distributions of ∆EThm
and ∆EKin inducing different changes of the total power-law
density slope in Table B2.

Negative ∆γ′ −∆EKin and ∆γ′ −∆EThm correlations dur-
ing z ∈ [1, 2.5] are consistent with the feedback statistics
in Fig. 8. The correlations during z ∈ [1, 2.5] are significant
as shown by the rboot and σboot values from bootstrapping
which are consistent with rp , 0 (Table. B1). However, the
absolute value of rp in the ∆γ′ − ∆EKin correlation is larger
than that in the ∆γ′ − ∆EThm correlation, indicating that
the kinetic mode feedback is more efficient at altering the
total density profile, although its feedback energy rate is
lower compared to the thermal mode. This is also reflected
through the p−values in the K-S test. ∆EThm(∆γ′ > 0.1) can-
not be drawn from the same sample as ∆EThm(∆γ′ < −0.1)
and ∆EThm(∆γ′ ∈ [−0.1, 0.1]), and ∆EKin(∆γ′ > 0.1) cannot
be drawn from the same sample as ∆EKin(∆γ′ < −0.1) and
∆EKin(∆γ′ ∈ [−0.1, 0.1]). The p−values for the kinetic mode
are much smaller than those of the thermal mode, indicating
a more distinct impact on the change of the density profile
for higher and lower kinetic mode AGN feedback energy.
Furthermore, the correlation coefficients for ∆γ′−∆EKin and
∆γ′−∆EThm have a much smaller absolute value during z 6 1
(corresponding to the upper two panels, which is consistent
with the weaker correlations between feedback energy and
change in the total density profile shown in the upper two
panels of Fig. 8. The rp values are really close to zero for
these correaltions, and rboot and σboot values from bootstrap-
ping are in fact consistent with no correlation (weak and in-
significant, Table B1). From the K-S test p−values for both
the kinetic and the thermal modes, ∆EThm,Kin(∆γ′ < −0.1)
and ∆EThm,Kin(∆γ′ > 0.1) can be drawn from the same dis-
tribution below z = 1, while ∆EThm,Kin(∆γ′ ∈ [−0.1, 0.1]) can
be drawn from a distinct distribution with the former two
quantities, indicating that AGN feedback energy is consis-
tent with inducing constant slopes below z = 1.

This paper has been typeset from a TEX/LATEX file prepared by
the author.
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Quantity 1 Quantity 2 z p

[0, 1] 9 × 10−4

µ∗ (δγ′ < −0.1) µ∗ (δγ′ > 0.1) [1, 2] 8 × 10−6

[2, 4] 6 × 10−5

[0, 1] 0.11
µ∗ (δγ′ > 0.1) µ∗ (δγ′ ∈ [−0.1, 0.1]) [1, 2] 0.43

[2, 4] 0.51
[0, 1] 2 × 10−3

µ∗ (δγ′ ∈ [−0.1, 0.1]) µ∗ (δγ′ < −0.1) [1, 2] 1 × 10−3

[2, 4] 2 × 10−5

[0, 1] 7 × 10−3

fCold (δγ′ < −0.1) fCold (δγ′ > 0.1) [1, 2] 3 × 10−4

[2, 4] 6 × 10−8

[0, 1] 0.03
fCold (δγ′ > 0.1) fCold (δγ′ ∈ [−0.1, 0.1]) [1, 2] 3 × 10−4

[2, 4] 3 × 10−10

[0, 1] 2 × 10−7

fCold (δγ′ ∈ [−0.1, 0.1]) fCold (δγ′ < −0.1) [1, 2] 0.44
[2, 4] 0.42

Table A2. K-S test p−values for merger-related quantities. We carry out the K-S test for the projected distributions of µ∗ and fCold
inducing shallower (δγ′ < −0.1), steeper (δγ′ > 0.1), and near-constant (δγ′ ∈ [−0.1, 0.1]) total power-law density slopes. The K-S test for

each pair of merger-related quantities is conducted in three redshift bins, i.e. [0, 1], [1, 2], and [2, 4].

Quantity 1 Quantity 2 z rp rboot σboot
∆EKin ∆γ′ [0, 0.5] −0.023 −0.020 0.066
∆EKin ∆γ′ [0.5, 1] 0.106 0.101 0.070
∆EKin ∆γ′ [1, 2.5] −0.271 −0.281 0.048
∆EThm ∆γ′ [0, 0.5] −0.058 −0.055 0.090
∆EThm ∆γ′ [0.5, 1] 0.050 0.032 0.094
∆EThm ∆γ′ [1, 2.5] −0.227 −0.234 0.050

Table B1. Correlations of AGN feedback-related quantities cho-
sen from ∆EKin, ∆EThm, and ∆γ′. For each ‘Quantity 1−Quantity 2

correlation’, we calculate its Pearson correlation coefficient rp in

the 3 redshift bins z ∈ [0, 1], [1, 2], and [2, 4]. For each correlation,
we calculate the bootstrap mean rboot and variance σboot for its rp
with 1000 bootstrap realizations. The results are consistent with

the AGN feedback energy analysis shown in Fig. 8.
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Quantity 1 Quantity 2 z p

[0, 0.5] 0.95
∆EThm (∆γ′ < −0.1) ∆EThm (∆γ′ > 0.1) [0.5, 1] 0.95

[1, 2.5] 3 × 10−5

[0, 0.5] 4 × 10−5

∆EThm (∆γ′ > 0.1) ∆EThm (∆γ′ ∈ [−0.1, 0.1]) [0.5, 1] 0.07
[1, 2.5] 2 × 10−3

[0, 0.5] 1 × 10−6

∆EThm (∆γ′ ∈ [−0.1, 0.1]) ∆EThm (∆γ′ < −0.1) [0.5, 1] 2 × 10−3

[1, 2.5] 0.52
[0, 0.5] 0.88

∆EKin (∆γ′ < −0.1) ∆EKin (∆γ′ > 0.1) [0.5, 1] 0.34
[1, 2.5] 2 × 10−24

[0, 0.5] 8 × 10−4

∆EKin (∆γ′ > 0.1) ∆EKin (∆γ′ ∈ [−0.1, 0.1]) [0.5, 1] 0.04
[1, 2.5] 2 × 10−16

[0, 0.5] 2 × 10−5

∆EKin (∆γ′ ∈ [−0.1, 0.1]) ∆EKin (∆γ′ < −0.1) [0.5, 1] 8 × 10−3

[1, 2.5] 0.20

Table B2. K-S test p−values for AGN feedback-related quantities. We carry out the K-S test for the projected distributions of ∆EThm
and ∆EKin inducing shallower (δγ′ < −0.1), steeper (δγ′ > 0.1), and near-constant (δγ′ ∈ [−0.1, 0.1]) total power-law density slopes. The

K-S test for each pair of AGN feedback-related quantities is conducted in three redshift bins, i.e. [0, 0.5], [0.5, 1], and [1, 2.5].
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