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Abstract

Probing hierarchical galaxy formation

with SDSS-IV MaNGA

by

Grecco A. Oyarzin Martinez

In our current picture of the Universe, galaxies form and evolve in dark-matter structures
known as dark-matter halos. Although the relationship between galaxies and halos has
been extensively studied in the theory, our observational understanding of the galaxy-halo
connection is far more limited. In this Thesis, I will present observational evidence of
this connection through spatially resolved spectroscopy for thousands of nearby galaxies
from the SDSS-IV MaNGA survey. I will show that the radial stellar metallicity profiles of
massive galaxies contain signatures of minor mergers, a key feature of late-time halo growth.
I will also show that the stellar populations parameters of passive central galaxies, namely
stellar age, iron-abundance, and magnesium-enhancement, depend not only on the stellar
mass of the galaxy, but also on proxies for the masses and formation times of their host
halos. These results indicate that dark-matter halos not only dictate how much stellar mass
central galaxies build-up, but can also affect their star-formation timescales and chemical
enrichment histories. Finally, I will show that satellite galaxies are also affected by the
properties of dark-matter halos. Satellites in denser local environments feature old, alpha-
enriched stellar components, indicating that satellite quenching is facilitated by halo-driven

mechanisms.
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Chapter 1

Introduction

One of the most notorious features of galaxies in the nearby Universe is the exis-
tence of a morphological dichotomy. Late-type galaxies are disk-dominated, whereas early-
type galaxies feature prominent spheroidal components. This dichotomy inspired a debate
in the 20th century about the true origin of early-type galaxies. Do they originate from
the physical disruption of a late-type galaxy (e.g. “ram-pressure stripping”; Gunn & Gott
1972)? Or perhaps they stem from gravitational instabilities that lead to subsequent col-
lapse and star-formation (e.g. “monolithic collapse”; |Eggen et al.[[1962; Lynden-Bell |1967;
Sandage et al.|[1970)7

The monolithic collapse picture gained a lot of traction in the latter half of the
20th century (Eggen et al.||1962)). Once a gravitationally bound region of intergalactic
material would reach a critical density, its gravitational pull cannot be sustained by its
thermal energy any further and it collapses. This collapse occurs in a runaway fashion

where condensations become globular clusters and stars. The spheroidal morphology of



the resulting system would be consistent with early-type galaxies. Later on, the angular
momentum of the galaxy stalls the collapse in all but the rotating axis, resulting in a disk
and giving origin to late-type galaxies.

Despite its early success, it would later become clear that the “monolithic collapse”

scenario cannot explain the compactness of massive early-type galaxies at high redshift

(M, > 10H15Mg at z > 2; [Toft et al|[2007; |Cimatti et al|2008; Buitrago et al.|2008} van|

Dokkum et al|2010). Since z ~ 2, the stellar masses (M,) of early-type galaxies have

increased by a factor of two, yet their effective radii (Re) have increased by factor of three

to six (see Figure Daddi et al|2005; [Trujillo et al|2006albl 2007, [Zirm et al|[2007} [van|

ider Wel et al.|2008; [van Dokkum et al.|2008; Damjanov et al.|[2009; Cassata et al.|[2010).

Why are early-type galaxies in the nearby Universe only slightly more massive, yet so much

larger than these “red nuggets” at high-redshift? (e.g. van Dokkum et al.2009; Newman

ket al.|2010; |Damjanov et al.|2011; Whitaker et al.[2012} Dekel & Burkert |2014]).

Several studies have attempted to explain this observation (e.g. Barro et al.[2013}

|Cappellari et al.| 2013} [Wellons et al.2016]). For instance, Hopkins et al. (2010a)) considered

mechanisms like major and minor mergers, adiabatic expansion (Fan et al.[2008,[2010), gra-

dients in stellar mass-to-light ratio (Hopkins et al.2008)), mass uncertainties (van Dokkum|

2010)), and observational biases as possible drivers. Figure shows the impact that
each mechanism would have on the observed stellar mass surface density profiles of nearby
early-type galaxies. Of the simulated scenarios, only minor mergers and stellar accretion can

explain the extended stellar envelopes in the surface brightness profiles of massive galaxies

at low redshift (also in Figure Huang et al.[2013blal)
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Stellar accretion not only can explain the shape of the stellar mass surface density
profiles of massive nearby galaxies, but it also fits very well with our current cosmological
picture for the formation and evolution of structure (Oser et al.[2010, [2012; |Johansson et al.
2012b). Galaxies assemble at the center of dark-matter halos where the gas was able to
cool and form stars. The matter power spectrum indicates that the cores of galaxies formed
first (i.e. in-situ growth), and then grew larger in mass and size through halo and galaxy
mergers (i.e. ex-situ growth) that efficiently increased their effective radii and stellar masses
(e.g. Bezanson et al.|2009).

That said, it is unclear how consistent the hierarchical formation picture is with
observations of galaxy stellar populations. For instance, it is well known that the bulk of
the stars in massive galaxies are old, indicating that they assembled at high-redshift (i.e.
downsizing; e.g. Thomas et al.|[2005). This appears to be at odds with the “bottom-up”
fashion of halo formation, where high-mass halos form later than low-mass halos. A possible
explanation for this apparent inconsistency is that galaxy assembly does not necessarily
coincide with halo assembly (Neistein et al. |[2006)). Indeed, recent models of hierarchical
formation have argued that massive galaxies assemble early because they can efficiently cool
their gas and therefore form stars at early times (e.g. [Moster et al.[|2013). Instead, the late
assembly of their host dark-matter halos would have an impact on how much stellar mass
is accreted from satellite galaxies (e.g. De Lucia & Blaizot| 2007)).

The implication that massive early-type galaxies formed their stars early and ex-
hausted their gas reservoirs rapidly is consistent with their high quenched fractions at low

redshift. This scenario has motivated the concept of “red and dead” or “passive” galaxies



to refer to early-type galaxies at high stellar masses (M. > 101°Mg; e.g. [Lacerna et al.
2020)). Throughout this Thesis, we refer to galaxies with both low star-formation rates
and elliptical morphology as early-types, while galaxies with low star-formation rates are
referred to as passive.

A greater challenge for the hierarchical formation scenario has been to explain the
spatial distribution of the stellar populations in nearby early-type galaxies. In hierarchical
formation models, stars formed in-situ dominate at the centers of galaxies, whereas ez-situ
stars are more prominent beyond the effective radii (Zolotov et al.[2009). Hydrodynamical
simulations argue that this radial transition from in-situ to ex-situ stars leaves imprints in
the stellar populations of early-type galaxies, particularly by flattening the stellar metallic-
ity profiles as stellar mass increases (e.g. |Cook et al.2016). Unfortunately, no conclusive
evidence supporting this flattening of the stellar metallicity profile had been found in ob-
servational work.

Carollo et al.|[1993] measured the radial gradient of magnesium-sensitive stellar
absorption features in 42 nearby galaxies with long-slit spectroscopy. In tension with
merger-driven growth, the gradients within 0.5R, show no dependence on stellar mass for
M, > 10" M. It could be argued that the flattening of the metallicity profile only becomes
apparent beyond the R., explaining why long-slit spectroscopic work that followed found
evidence of flattening around the R, (e.g. [Sanchez-Blazquez et al.[2007} Spolaor et al.|2009).
However, later work with larger IFU samples would report that no clear correlation exists
between the stellar metallicity gradients of galaxies and their stellar masses or central ve-

locity dispersions (e.g. |Gonzélez Delgado et al|2015; Greene et al.[|2013] 2015, Zheng et al.



2017; |Goddard et al|[2017alb)).

In part, these struggles came from the sample size and spectral signal-to-noise

limitations of IFU surveys at the time (i.e. 2016-2017). The MaNGA (Bundy et al.|2015)

samples used in Zheng et al|(2017);|Goddard et al| (2017alb) had less than 2,000 galaxies,

and yet they were the largest IFU samples back then (Wake et al.|[2017). In contrast, work

that measured the stellar population parameters in galaxies from the SDSS MAIN Galaxy

Survey (York et al.2000; |Gunn et al.|2006; |Alam et al.2015) boosted over 300,000 objects

(e.g. Pasquali et al.2010]).

Fortunately, the MaNGA survey completed observations in 2020 and now boosts

over 10,000 galaxies, five times more than in 2017 (Bundy et al. 2015} |Yan et al.2016al). Its

combination between sample size, wavelength coverage (3600 — 10300A), spatial resolution

(~ 2 — bkpc), and radial coverage (out to 1.5R.) make it the ideal dataset for probing how

galaxies assembled their stellar components (Drory et al|2015; Law et al.2015; [Wake et al.|

2017). This is highlighted in the comparison between the constraining powers of modern
IFU surveys shown in Figure[I.3] In this Thesis, I will take advantage of the now completed
MaNGA survey to revisit some of the questions about the hierarchical formation picture
that remain unsolved.

Unfortunately, sample size was not the only factor limiting our ability to constrain
the stellar metallicity profiles of nearby galaxies. Stellar population parameters measured
from optical spectra are plagued by inaccuracies and biases. The spectral response to
changes in the stellar parameters is highly non-linear, and the spectral imprints left by

stellar age, metallicity, element abundances, and IMF are quite degenerate (e.g.
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et al.2018]). As a result, estimates of stellar population parameters from galaxy spectra
are strongly sensitive to the approach to stellar population synthesis and template fitting.
This is highlighted in Figure where the scatter in the stellar metallicities derived by
different stellar population fitting codes can exceed 0.2 dex for early-type galaxies and 1
dex for late-type galaxies.

In this Thesis, I will address the issue of stellar population characterization accu-
racy in three different ways. First, I will employ several stellar population fitting codes to
control for systematics in the stellar population synthesis and fitting approach. Second, I
will employ direct spectral comparison as a completely-model free method to detect stellar
population variations. Finally, I will also turn to the stellar population fitting program
alf (Conroy & van Dokkum|2012; Conroy et al. 2018) that is designed to measure the
stellar population parameters of old stellar systems (=1 Gyr) with high precision while also
accounting for uncertainties in stellar evolution.

As I will show in Chapter [2| of this Thesis, signatures of minor mergers are appar-
ent in the stellar metallicity profiles of nearby galaxies once some of these difficulties are
circumvented. After comparing the outputs from the stellar population fitting codes FIRE-
FLY, pPXF, and Prospector to control for systematic errors, I will show that the average
metallicity profiles of early-type galaxies in various stellar mass bins are not linear. As a
result, these profiles are poorly characterized by a single gradient value, explaining why
weak trends reported in previous work can be difficult to interpret. Instead, I examined the
full radial extent of stellar metallicity profiles and found them to flatten in the outskirts of

M, > 10" M, early-types. This is a signature of stellar accretion. Based on a toy model
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for stellar metallicity profiles, I inferred the ez-situ stellar mass fraction in early-type as
a function of stellar mass and galactocentric radius. I found that ex-situ stars at R~2R,
make up 20% of the projected stellar mass of M, < 10'05M, early-type galaxies, rising up
to 80% for M, > 10'M,, counterparts, in consistency with predictions from hierarchical
formation (e.g. Rodriguez-Gomez et al.[2016]).

Based on this result, it is natural to expect the assembly histories of galaxies
to be determined not only by the physical conditions of their formation at high redshift
(i.e. “nature”), but also by their local environment (i.e. “nurture”). This prediction is
particularly well defined for central galaxies, as they are believed to form their cores in-
situ before building-up stellar mass through the accretion of stellar envelopes from satellite
galaxies. However, studies of nearby galaxies have found little evidence that galaxy stellar
populations depend on the local environment, instead concluding that the in-situ formation
histories of galaxies are by far the dominant factor. For instance, Peng et al. (2012) found
that the fraction of red centrals in SDSS does not depend on local environment but only
on stellar mass (see Figure [L.6). Even more puzzling is that [La Barbera et al| (2014) and
Greene et al.|(2015) find conflicting results on how the stellar metallicities of centrals depend
on environment at fixed central velocity dispersion.

Alternatively, the role of local environment in galaxy formation can be constrained
through structural arguments. Early-type galaxies are dominated by random motions,
meaning that their central stellar velocity dispersions (o) can be used to estimate their
total stellar masses with the Virial Theorem. Indeed, masses derived via this method

show consistency with masses inferred from the luminosity or surface brightness (I.) of
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the galaxy (Faber & Jackson|[1976a). It would later be discovered that early-type galaxies

actually occupy a two-dimensional surface in the space composed by o4, I., and galaxy

size (parameterized by the effective radius R.). This two-dimensional surface is known as

the fundamental plane of early-type galaxies (FP; Dressler et al.|1987; [Djorgovski & Davis

1987)) shown in Figure

As galaxies residing in different local environments are expected to experience

unique variations to their stellar masses and sizes, there is the expectation that galaxies

in different environments would deviate or “tilt” the FP (e.g. [D’Onofrio & Chiosi 2021)).

However, linking hierarchical formation with variations of the FP has proven to be chal-

lenging. While some work argue that minor mergers “tilt” the FP (e.g. [Taranu et al.[2015),
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Figure 1.6: Figure from [Peng et al.|(2012) that shows the fraction of red central galaxies

from SDSS in narrow stellar mass bins as a function of overdensity (within the 5th closest

neighbor). Note how the the fraction of red centrals depends almost solely on stellar mass.

other studies indicate that their effect is limited to the addition of scatter (e.g.
. Using the FP to search for evidence of merger-driven growth is further hampered
by how other structural perturbations can also affect the coefficients and scatter of the FP
(e.g. variations in the stellar initial mass function or dynamical non-homology;
& Chiosi 2021).

In the current scenario of subtle trends and conflicting results, data-driven meth-
ods can be very powerful. In Chapter [3|of this Thesis, I will show that the strength of several

stellar absorption features in central galaxies from MaNGA vary systematically with local
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environment at fixed stellar mass. Completely model-free, this is one of the first indications
that the stellar populations of centrals with identical stellar mass are affected by the prop-
erties of their host halos. To interpret these variations, I applied full spectral fitting with
the code alf. At fixed stellar mass, centrals in more massive halos are older, show lower
[Fe/H], and have higher [Mg/Fe| with 3.50 confidence. Halos not only dictate how much
M, galaxies assemble, but also modulate their chemical enrichment histories.

From a theoretical perspective, halo mass (M) is a more fundamental property
than stellar mass. Massive dark-matter halos provide the gravitational potential required
for gas accretion and retention, therefore facilitating star-formation and stellar mass build
up in galaxies (e.g. Moster et al.[2013). For this reason, in Chapter I will also turn to a
stellar population analysis at fixed halo mass. I found that in halos of the same mass today,
centrals with higher stellar mass are older, show lower [Fe/H], and have higher [Mg/Fe]
for My, > 10'M, with confidence > 40. While massive early-type galaxies are thought to
form early and rapidly, my results are among the first to distinguish these trends at fixed
halo mass. They suggest that centrals with high M,-to-M;, ratios experienced unique early
formation histories, possibly through enhanced collapse and gas fueling at high-redshift.

Alternatively, it is possible that these stellar population variations at fixed halo
mass are driven by secondary halo properties. Halo formation time and halo concentration
are also believed to play roles, albeit secondary, in how efficiently galaxies assemble their
stellar components, an effect known as galary assembly bias (Matthee et al. [2017; |Xu &
Zheng| [2020)). It is possible that centrals with high M,-to-M}, ratios are old, have high

[Mg/Fe], and show low [Fe/H] because they assembled in old, highly concentrated dark-
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matter halos.

Though tentative detections of galaxy assembly bias have been reported in obser-
vations, their reliability has been questioned due to the biases that plague group finding
algorithms and catalogs (e.g. |Campbell et al.|2015). In Chapter I will search for evidence
of galaxy assembly bias in the population of red central galaxies of SDSS with the new SDSS
group catalog by [Tinker (2020alb). This catalog is designed to mitigate many of the biases
affecting previous group catalogs and exploits deep imaging data from the DESI Legacy
Imaging Survey (Dey et al|2019). I will report that centrals with high M,-to-M}, ratios
have higher environmental densities within 10h~! Mpc, indicating that they assembled in
older dark-matter halos. This result is perhaps the most significant evidence of galaxy as-
sembly bias to date, suggesting that early halo formation leads to fast stellar mass build-up,
rapid quenching, and efficient metal retention.

One of the successes of the hierarchical formation scenario is that it can success-
fully explain some of the differences between the central and satellite galaxy populations.
Satellites are older and more often quenched than centrals of the same stellar mass, sug-
gesting that host halos facilitate satellite quenching (see Figure . In fact, the outskirts
of satellites show some suppression of star-formation (Schaefer et al.2017) and deficit of M,
(Spindler & Wake|2017al), in consistency with halo-driven quenching. That said, studies
have found no difference in how the stellar populations of centrals and satellites are spatially
distributed within the galaxy. For instance, |Santucci et al.| (2020)) found little difference
between the stellar age, metallicity, and [a/Fe] gradients of central and satellite galaxies

in the SAMI survey (Allen et al,|2015). |Goddard et al.| (2017b)) and Zheng et al. (2017)
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reached the same conclusion in MaNGA.

In Chapter |5, I will show evidence for subtle, yet systematic differences in the
radial profiles of stellar population parameters within satellites compared to centrals after
exploiting the full MaNGA sample and the new SDSS group catalog by Tinker| (2020ab).
Except for the most massive galaxies (M, < 10'2Mg), the stellar populations within 1.5
effective radii (R.) of passive satellites are older and metal-enriched compared to those of
passive centrals with the same stellar mass, a result in agreement with a similar signal
previously reported (e.g. Pasquali et al.[2010). These differences are more pronounced
in higher My, halos, suggesting an important role for the host halo in driving satellite
formation histories. I also find a residual halo-mass dependent signal even in more distant
satellites that are expected to have more recently joined the halo, perhaps a signature of
“pre-processing” prior to infall. For the first time, I find subtle but systematic differences
in the radial profiles of stellar population parameters within satellites compared to centrals.
Among M, ~ 10'°M, satellites, the stars beyond 1.5 R, appear to be older and alpha-
enhanced compared to their counterparts in the outer regions of centrals. Although satellites
may quench as a result of internal processes, their detailed evolution appears subject to

unique environment-driven effects.
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Figure 1.7: Figure from [Wetzel et al.| (2012) showing the fraction of quenched galaxies in

SDSS as a function of stellar mass. The results of this figure can be reproduced if galaxy
quenching has an internal, stellar mass-driven component and an environmental,

halo-mass driven component.
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Chapter 2

Signatures of stellar accretion in

MaNGA early-type galaxies
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2.1 Introduction

The effective radii (Re) of z ~ 0 early-type galaxies (ETGs) are observed to be

a factor of three to six larger than those of their z ~ 2 counterparts (Toft et al.|2007}

|Cimatti et al|2008}; Buitrago et al.[2008; van Dokkum et al|2010). On the other hand,

the stellar masses (M,) of local ETGs have only increased by a factor of two since z ~ 2

(Daddi et al|[2005} [Trujillo et al|[2006a]bl 2007; Zirm et al|2007}; [van der Wel et al|2008}

wvan Dokkum et al.2008; Damjanov et al.|2009; Cassata et al.|2010, [2011). While galaxies

quenched at later times tend to be larger, driving the average R upward (progenitor bias;

e.g. [Valentinuzzi et al.[2010; |Carollo et al. 2013), this alone is not sufficient to explain

size growth (e.g. [Furlong et al.2017). Late stellar accretion in spheroidal, or even disk

configurations (Graham et al.2015), appears to be required, especially at the high M, end

(M, >101%5Mg, e.g. (Genel et al.2018)). Minor mergers have been shown to be particularly

efficient at increasing the R, of ETGs while keeping their M, roughly constant (e.g.

lson et al.[2009; [Hopkins et al.[2010a} [Barro et al.|[2013; [Cappellari et al.|2013; Wellons et al.|

2016).

These ideas are at the basis of the current cosmological picture for structure evo-

lution at z < 2, in which massive systems accrete stellar envelopes from satellite galaxies

(Oser et al. 2010} 2012} |Johansson et al. 2012b; [Moster et al. 2010} [Furlong et al. 2017).

In this framework, stars that formed within their host galaxies tend to dominate at the

center, whereas accreted stars begin to do so in the outskirts (R~2Re; Rodriguez-Gomez|

2016)) and in the lower surface brightness regions beyond 2R, known as stellar halos

(Zolotov et al. 2009; Tissera et al.|[2013, 2014; Cooper et al.|2015). These stellar popula-
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tions of different origin are usually referred to as in-situ and ex-situ, respectively. Several

simulations have made predictions about observational signatures of the predicted radial

transition from in-situ to ez-situ (e.g. [Pillepich et al|2014). Among stellar population

tracers, stellar metallicity is expected to be one of the most sensitive to this transition (e.g.

|Cook et al.[2016).

In the absence of late-time minor mergers, the radial stellar metallicity profiles are

predicted to be negative (Kobayashi|[2004; Pipino et al.[2010; Taylor & Kobayashi 2017)).

This implies that the outer parts of ETGs tend to be more metal-poor than the inner parts.

Albeit with significant variance (Lackner et al.[2012; Hirschmann et al.[2015)), the deposition

of accreted stars in the outskirts of galaxies induces flattening of the in-situ profile (Cook

let al.|2016; [Taylor & Kobayashi [2017)). Since mergers are expected to have a larger effect

on more massive systems, the resulting prediction is that the stellar metallicity profiles of

ETGs are flatter toward higher M,, especially in the stellar halos (Cook et al.[2016)).

These theoretical predictions have motivated the search for observational signa-

tures of stellar accretion. Using long-slit spectroscopy, |Carollo et al.|[1993| estimated the

strength of metallicity-sensitive stellar absorption features as a function of galactocentric

radius in 42 nearby galaxies. Though larger samples can be studied using photometric sur-

veys (e.g. La Barbera et al.|[2005, [2011}; Tortora et al.|2010; [Tortora & Napolitano|2012),

spectroscopy is critical for breaking the age-metallicity degeneracy. More recently, studies

of stellar populations in nearby galaxies have benefited from integral field unit (IFU) sur-

veys like MASSIVE (Greene et al.[[2013, 2015]), CALIFA (Sanchez et al.[2012), SAMI (Allen|

2015)), and MaNGA (Mapping Nearby Galaxies at Apache Point Observatory;
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2015)). In particular, MaNGA observations extend to the outskirts of galaxies (beyond

2 Re), starting to probe the radii at which the signatures of minor mergers are predicted to

appear (e.g. |Cook et al.2016].

Stellar metallicity profiles are typically characterized by radial gradients, estimated

by fitting a linear form to the profile between the center and 1-2R. (e.g. |[Zheng et al.

2017; |Goddard et al.|[2017b; Li et al|2018). In agreement with simulations, the metallicity

gradients of ETGs tend to be negative (e.g. Rawle et al.|2010; Gonzalez Delgado et al.|2015;

Roig et al.|2015)). However, the dependence of the gradient slope on M, remains unclear.

Based on a sample of ~ 10% galaxies from the MaNGA survey, Zheng et al. (2017) find

weak or no correlation between the gradients and M,. Using data from the same survey,

|Goddard et al. (2017a) find that gradients are steeper with increasing M., although with

low significance. Though also based on MaNGA, find shallower gradients at
higher central velocity dispersions (o, > 100km/s). There are several possible sources for
these discrepancies, from stellar population synthesis approach (see to fitting
method. Another important factor, as we show in this paper, is that the stellar metallicity
profiles of ETGs are not well described by a linear fit.

In this work, we examine the full radial extent of metallicity profiles from spa-
tially resolved spectroscopy of 1010 ETGs from MaNGA. We inform our interpretation of

the stellar metallicity profiles by using results from hydrodynamical simulations (e.g. |Cook

et al.[2016; Rodriguez-Gomez et al.||2016; D’Souza & Bell |2018). This paper is structured

as follows. In Section we define our sample. In Section we describe the stellar pop-

ulation fitting process with the codes FIREFLY (Wilkinson et al.|[2017)), pPXF (Cappellari
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Figure 2.1: Illustration of our analysis on MaNGA galaxy 1-22298, one of 1010 ETGs in
our sample. Left: SDSS r-band image. The MaNGA IFU footprint is overlaid in magenta.
We also show in white the five annuli defined for this galaxy. Right: Co-added spectra for

every annulus from the center to the outskirts.

& Emsellem!2004; |Cappellari2017)), and Prospector (Leja et al.|2017). We show our results
in Section and discuss the implications in Section We summarize in Section
This work adopts Hy = 70 km s~ 'Mpc~! and all magnitudes are reported in the AB system

(Oke & Gunn|/1983).

2.2 Dataset

The MaNGA survey (Bundy et al.2015; |[Yan et al. 2016a) is part of the fourth
generation of SDSS (York et al.2000; |Gunn et al. [2006; Blanton et al.[2017), and is on
track to provide spatially resolved spectra for ten thousand nearby galaxies (z < 0.15) by
the end of 2020. By means of integral field unit spectroscopy (IFS;|Smee et al.2013; Drory

et al. 2015; Law et al.|2015)), every galaxy is observed with 19-to-127 fiber bundles with
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diameters varying between 12”5 and 32”5. The resulting radial coverage reaches between
1.5Re and 2.5R, for most targets (Wake et al|2017}; see Figure . The spectra cover the
wavelength range 3600-10300 A at a resolution of R~2000.

All MaNGA data used in this work were reduced by the Data Reduction Pipeline
(DRP; Law et al. [2016; Yan et al.2016b]). The reduced spectra have a median spectral
resolution of =72 km s~'. The data cubes typically reach a 100 continuum surface bright-
ness of 4=23.5 mag arcsec 2, and their astrometry is measured to be accurate to (0’1 (Law
et al. 2016]). De-projected distances and stellar kinematic maps have been calculated by
the MaNGA Data Analysis Pipeline (DAP; [Westfall et al. [2019). This work also makes
use of Marvin (Cherinka et al.|2019)), the specially designed tool for access and handling of
MaNGA datal]

This paper is based on the SDSS Data Release 15 (DR15), which consists of the
observations of the first 4675 MaNGA targets. We extracted the stellar masses (M,.), Sersic
indices (nsersic), and effective radii (Re) of these galaxies from the publicly available NASA-
Sloan Atla&ﬂ(NSA). In particular, the M, estimates were derived using a k-correction fit to
the Sersic fluxes (Blanton & Roweis |2007)), adopting the Bruzual & Charlot| (2003)) stellar
population models and a |Chabrier| (2003)) initial mass function (IMF). They also assumed
Hyp = 100 km s~ 'Mpc~!, but we scaled them for an Hy = 70 km s~ 'Mpc~! cosmology.
The ngersic estimates were obtained from one-component, two-dimensional fits to r-band
images. The R, are determined using an elliptical Petrosian analysis of the r-band image

from the NSA. All NSA measurements use the detection and deblending technique described

"https://api.sdss.org/doc/manga/marvin
Zhttp://nsatlas.org
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in Blanton et al.| (2011).

To select ETGs, we first applied the morphological cut ngepsic > 2.5 (e.g. Blanton
et al[[2003, 2005a; Peng et al.|2010a)). In addition, we selected passive ETGs by using the
average Ha equivalent width across the galaxy -EW (Ha)- as proxy for specific star-formation
rate (sSFR). The cut was EW(Ha) < 3 A, which is commonly used to distinguish between
ionization due to smooth background of hot evolved stars and due to star formation and
AGN (Cid Fernandes et al.|[2011} see also |Belfiore et al.|2016). This yielded a sample with
1101 galaxies. We also limited the central velocity dispersions and stellar masses of our
sample to the ranges 0. < 400 km s~! and 10 <logM /M, < 12, respectively. We performed
these cuts to provide a relatively uniform distribution of ETGs over M,. The final outcome
was a sample of 1010 ETGs. We did not remove quiescent galaxies with significant stellar
disks from the sample. From visual inspection, we estimate the fraction of lenticulars (SOs)
to be < 20 %. However, we acknowledge the challenge of achieving precise SO classification
of SDSS galaxies (see |[Nair & Abraham [2010). Our selection may also miss blue ellipticals,
but their number fraction is < 5% for our M, range (Kannappan et al.|[2009). Our goal
here is to study a generally passive sample of spheroidal galaxies. We delay to future work

a characterization of stellar populations in more finely discriminated morphological types.

2.3 Methodology

2.3.1 Radial binning

Using the R, value of every galaxy, we associated elliptical polar radii to all spaxels

in units of Re. These account for the axis ratio of every object, which were measured on
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the r-band photometry. We then binned them into the five annuli R/Re= [0,0.5], [0.5, 1],
[1,1.5], [1.5,2], and [2,2.5]. This is shown for a sample galaxy on the left panel of Figure
2.1

After binning, we shifted every spectrum back to the rest-frame using the stellar
systemic velocity (v,) maps calculated by the DAP. We used the maps computed with a
Voronoi binning scheme that aims for a minimum signal-to-noise ratio of 10 per bin. For
each galaxy, we co-added the spectra in every annular bin. We did not convolve the spectra
to a common o, prior to stacking. After co-addition, we ran pPXF (Cappellari & Emsellem
2004; (Cappellari [2017) with the MILES Single Stellar Population (SSP) library (Vazdekis
et al[[2010) on the stacked spectra to measure the co-added v, and o,. The right panel of

Figure shows the five co-added spectra for a sample galaxy.

2.3.2 Stellar population fitting

Estimates of stellar population parameters like stellar metallicity can be obtained
by full spectral fitting, but depend sensitively on the adopted priors, assumptions used to
generate template spectra (Conroy |2013)), and fitting method. To mitigate the effect of
systematic biases from any one approach, we applied three independent codes to the same
data and examine the differences that arise.

The first code we ran was the public version of FIREFLYm(Comparat et al.|[2017;
Wilkinson et al|2017; |Goddard et al.[2017a). This x? minimization code decouples stellar

populations from dust by removing the low-order continuum shape before performing the

3SFIREFLY - A full spectral fitting code
http://www.icg.port.ac.uk/FIREFLY/
“https://github.com/FireflySpectra/firefly release
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model fitting. Hence, it focuses on high frequency modes in the spectra to infer stellar ages
and metallicities. SSPs of different ages and metallicities are added iteratively until the
improvement in x? is negligible.

We ran the code with the stellar population models of Maraston & Stromback
(2011)), MILES stellar library (Sanchez-Blazquez et al.[2006)), and Chabrier IMF (Chabrier
2003)). We used a set of SSPs covering an age grid between 6.5 Myr and 15 Gyr, while
the sampled stellar metallicities were logZ/Zs=-2.3, -1.3, -0.3, 0.0, and 0.3. The library
spans the wavelength range 4000A to 7400A. As shown in Wilkinson et al/[2017, FIRE-
FLY effectively recovers stellar population parameters for spectra with S/N> 10 (see also
Goddard et al.[[2017b). To limit the systematics in the measurements from Firefly, we ex-
cluded any co-added spectra with S/N< 10. We also masked emission lines. Fitting with
FIREFLY took, on average, a minute per spectrum on a single core. Throughout this pa-
per, we show light-weighted measurements, although we find similar results when using the
mass-weighted counterparts.

We also ran pPXFﬂ(Cappellari & Emsellem|[2004}; (Cappellari|[2017) on our spec-
tra. This code applies a penalized maximum likelihood approach to fit libraries of stellar
population templates to observed data. Since this code penalizes pixels that are not well
characterized by the templates, it minimizes template mismatch. We ran it with the in-
cluded library of SSPs based on the MILES stellar library (Sanchez-Blazquez et al. 2006}
Vazdekis et al.[2010]).

We simultaneously fitted for the gas and the stars, allowing for two moments in

"pPXF
https://www-astro.physics.ox.ac.uk/ mxc/software/#ppx{
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gas kinematics and four in stellar kinematics. We chose not to smooth the distribution of
template weights (i.e., no regularization). After the best linear combination of templates
was found, we added several realizations of the noise in the spectra to the best fit. This
allowed us to characterize the uncertainties in the reported stellar population parameters.
On average, our runs of pPXF took about a minute per spectrum on a single core.

The third stellar population fitting code we ran was Prospectorﬁ(Leja et al.[2017).
This code is based on the stellar population synthesis code FSPqu(Conroy et al.|[2009; |Con-
roy & Gunn|2010|), which generates composite stellar spectra for a variety of prescriptions for
stellar population synthesis and evolution. This allows Prospector to sample the posterior
distribution of a user-defined parameter space, while formally characterizing uncertainties
and degeneracies. We chose the MILES stellar library (Sanchez-Blazquez et al.|2006)), MIST
isochrones (Dotter |2016; |Choi et al.|[2016), and Kroupa IMF (Kroupal 2001)) as inputs. We
also masked emission lines prior to fitting.

Since we fitted old stellar populations, we modeled the spectra with exponentially
decaying (7) star-formation histories to speed up the fitting process. In addition to T,
our parameter space included the optical depth of dust in the V-band, and stellar ages,
metallicities, masses, and velocity dispersions. Our priors are shown in Table To derive
the posterior distributions, we used the Dynamic Nested Sampling package dynestyﬂ(Speagle

2019). On average, convergence of Prospector was achieved after an hour per spectrum.

SProspector
https://github.com/bd-j/prospector /blob/master/doc/index.rst

FSPS: Flexible Stellar Population Synthesis
https://github.com/cconroy20/fsps

®dynesty
https://github.com/joshspeagle/dynesty/blob/master/docs
/source/index.rst
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Table 2.1: Priors used in the Prospector runs

’ Parameter ‘ Prior ‘
T LogUniform (102, 10)
dust2 TopHat(0,1)
Stellar age [Gyr] TopHat(5, 14)
Stellar metallicity [logZ/Ze)] TopHat(—2,0.3)
Stellar mass [Mg] LogUniform(103, 1012)
os [km/s] TopHat(10,400)

Table 2.2: Total number of spectra used to derive the stellar metallicity profiles

M,[Mg] |R<O0.5Rc [0.5< R[Re] <1|1< R[Re] <1.5|1.5< R[R.] <2[2< R[R.] <2.5
1019 — 10192 [ 174 (174)| 174 (174) 174 (174) 170 (170) 167 (160)
10105 — 1011 | 267 (267)| 267 (267) 266 (265) 264 (264) 252 (246)
10M — 10115 | 420 (420) | 420 (420) 417 (417) 393 (392) 347 (319)
1015 — 1012 | 148 (148) | 147 (147) 142 (142) 114 (111) 88 (67)

Numbers apply to pPXF and Prospector; Firefly numbers are in parenthesis (cut of
S/N> 10). The decrease in number of spectra with radius is a consequence of IFU

coverage and quality cuts on the fits to stellar kinematics.
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2.4 Results

Using the three codes described above, we derived stellar population parameters
in each radial bin for all galaxies in the sample. After binning in M, (with numbers in Table
, we computed the average stellar metallicity profiles as a function of M, and show them
in Figure The three panels show the results from the three fitting codes. While the
metallicity profiles differ in normalization and in their detailed shapes, qualitative trends
are similar across the codes.

We start by discussing the two notable discrepancies among the outputs. First,
pPXF systematically measures metallicities ~ 0.1 dex lower than Firefly and Prospector.
This overall offset does not correlate with S/N or M, and will not affect our primary
conclusions, which are based on the shape of derived metallicity profiles. Second, Firefly
outputs tend to avoid metallicities in the range logZ/Zs = [—1.3,—0.3], preferring higher
values. This is presumably due to sampling in the stellar metallicity grid (see [Wilkinson
et al. 2017). As we show in Figure flattening of the Firefly metallicity profiles occurs
at higher metallicities as a result.

In nearly all radial bins, more massive galaxies exhibit more metal-rich stars. The
logZ/Z profiles of ETGs fall linearly with galactocentric radius out to 1.5Re. Remarkably,
the profiles flatten at the largest radii for M, > 10"'Mg. The flattening is present in the
output of all three codes. Comparing a given set of profiles as a function of M,, we see that
the radius at which this flattening occurs moves inward as M, increases. These results are
also apparent in the behavior of Lick indices Fe4531, Mgh(5178), and Fe5270 (Appendix

2.7). The observed flattening is consistent with the signatures of stellar accretion predicted
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by hydrodynamical simulations (e.g. |Cook et al.2016) and motivates the interpretative
framework we discuss in Section 2.5

We note that even though the M, dependence of the stellar metallicity profiles is
consistent across codes, the same cannot be said about the stellar age profiles (not shown).
This is not surprising, since it is extremely difficult to determine the ages of stellar pop-
ulations older than 9 Gyr because of the slow isochrone evolution at late times (Conroy
2013)). Since radial gradients in stellar age are not predicted to capture much information
about the accretion history of ETGs (Cook et al.|[2016), we leave a more detailed analysis
of stellar ages for future work.

Some galaxies only satisfied our quality criteria (see Section at some annuli.
Hence, some galaxies contributed only to some regions in the profiles of Figure[2.2] To ensure
our results are not biased, as a result we constructed a subset of 822 ETGs composed only
of high quality spectra (S/N> 10 for all radii). Our results were also recovered with this
subset.

We have also attempted to reproduce our results using the publicly available Fire-
flyP] (Goddard et al|[2017alb) and Pipe3D[Y| (Sanchez et al|[2016] [2018) Value Added Cat-
alogs, which provide spatially-resolved maps of stellar population properties for MaNGA
galaxies. Unfortunately, Voronoi bins with S/N<10 dominate in the outermost low-surface
brightness regions. Various tests have shown that stellar population codes are biased at
S/N<10 (e.g. Wilkinson et al.[2017)). As a result of these complications, we refrained from

incorporating these catalogs in our analysis.

MaNGA FIREFLY Value Added Catalog http://www.sdss.org/dr14/manga/manga-data/manga-
FIREFLY-value-added-catalog/
*YPipe3D Value Added Catalog https://www.sdss.org/drl4/manga/manga-data/manga-pipe3d-value-
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Figure 2.2: Median radial metallicity profiles of ETGs for different M, bins. The three
panels show the profiles derived by the codes Firefly, pPXF, and Prospector. The profiles
of lower mass ETGs fall linearly with galactocentric radius. As galaxy mass increases, the

profiles flatten at R>1.5R,.

2.5 Discussion

2.5.1 On the radial metallicity profiles of ETGs

In the R<R, region, Martin-Navarro et al.| (2018) found that the stellar metallicity

profiles of ETGs fall more steeply at higher o, and M,. Similarly, |Goddard et al| (2017a)

reported weak evidence for a steepening of their radial gradients with M,. On the other

hand, [Kuntschner et al. (2010); [Tortora et al.| (2010); Kuntschner (2015); [Li et al.| (2018)

found gradients to flatten at higher o,. |Gonzalez Delgado et al|(2015); |Zheng et al.| (2017)

claimed no clear correlation between their stellar metallicity gradients and M,. Similarly,

|Greene et al.| (2013} 2015|) found no strong correlations between the shape of element abun-

dance profiles and o,. In this work, we found the profiles to flatten in the outskirts for

logM,. /Mg 2 11. Here, we demonstrate how some of the apparent disagreement among

added-catalog/
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Figure 2.3: Radial metallicity gradients for our ETGs as a function of M,. These
gradients were computed by fitting a straight line to the radial profiles. From left to right,
we fit the radial ranges R<2R,, 0.5R. <R<1.5R¢, and R<1R,. The arrows indicate
gradients beyond the scale of the figure. Note how gradients fail to capture most of the
high M, flattening seen in Figure This figure was made with the outputs from

Prospector, but results stand for Firefly and pPXF.

observations may owe to the definition of metallicity gradients.

A quick look at our Figure reveals that the average metallicity profiles of
ETGs are not straight lines. It stands to reason that fitting lines to these radial profiles
could “wash-out” the flattening in the outskirts of high M, ETGs. Figure [2.3| shows the
outcome of fitting lines to our metallicity profiles over different radial ranges motivated by

the literature. Some ranges trace the inner regions (R<Re; 2018)), while others

have more extended coverage (R<2R.; |Goddard et al.[2017al). The scatter is considerable

in all cases, and recovering any correlations with M, is difficult. We conclude that gradients

are sensitive to radial coverage (see also |Greene et al|2019) and can also miss important

behavior in the stellar metallicity profiles. Gradients should be avoided when possible.
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Figure 2.4: Top: Decomposition of the observed metallicity profile (red data points) in the
highest M, bin (1015 — 10'2M,). We ascribe the in-situ component in this mass bin the
same shape as the observed metallicity profile in the lowest M, bin (101 — 10°°M), but
scaled upward to match the observed, central metallicity at higher M,. The ex-situ
component (grey) is ascribed a single metallicity € ~ —0.24 lower than the observed
central metallicity. The mix of components lowers the observed metallicity at all radii.
Bottom: The amount of suppression determines the required fraction of ex-situ stars at
each radius. This figure was made with the outputs from Prospector, but also applies to

Firefly and pPXF.
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2.5.2 Comparison with hydrodynamical simulations

Hydrodynamical simulations predict stellar accretion to induce gradient flattening
(e.g. |Cook et al.|2016). In general, stars accreted via dry, minor mergers tend to settle
around and beyond the outskirts of ETGs (R=2-4R,), which results in a flatter stellar metal-
licity profile than the inherently steeper form it originally had. Since mergers are expected
to have a larger effect on more massive systems, this prediction is in broad agreement with
our results from Figure [2.2

A relevant point involves the radii at which accretion signatures are expected to
appear. [Rodriguez-Gomez et al.| (2016) derived the accreted mass fraction of galaxies as a
function of galactocentric radius in the Illustris simulation (Vogelsberger et al.[2014aib). On
average, this fraction increases with radius. It goes from zero at the center to unity at radii
RZ 5Re. This motivates the definition of the transition radius (Rt). It is defined as the
galactocentric radius at which the M, fraction of the ez-situ stellar component overtakes
its in-situ counterpart (D’Souza et al.|[2014). Rodriguez-Gomez et al. (2016]) found Ry to
decrease with M,, going from Rt ~ 5R. at M, ~ 10101\/[@ to Ry <Re at M, ~ 10121\/[@.
Our results are qualitatively consistent with this prediction.

However, there are some quantitative tensions. For logM, /Mg ~ 11 galaxies,
Rodriguez-Gomez et al| (2016) reported Ry ~ 4 Re. Within 2.5R., we should only be
probing accreted stellar mass fractions of <0.3 at this mass range. |Cook et al.| (2016), also
based on the Illustris simulation, reported that the flattening of metallicity gradients with
M. only becomes noticeable in the stellar halo (R= 2 — 4R,). Therefore, the signatures we

see in Figure are apparent at smaller radii than some simulations have predicted. There

34



1R.<R<1.5R, 1.5R.<R<2R, 2R.<R<2.5R,

1 |/. ﬁ
@) Prospector

g 08
2
Q
]
& 0.6
*
= 0.4
é .
P
0.2

0.0

10 105 11 115 12 10 10.5 11 115 12 10 12
logM/M,

Figure 2.5: Observational estimate of the ex-situ stellar mass fraction in ETGs as a
function of M, for three different radial bins. Shown are the 1o contours derived with
Firefly (grey), pPXF (red), and Prospector (yellow). The estimates come from expressing
the metallicity profiles of ETGs as a linear combination of in-situ and ex-situ profiles

(Figure . Note how ez-situ signatures increase with M,.

are a few possible explanations for this tension. The works of Rodriguez-Gomez et al.| (2016);

|Cook et al.| (2016) were based on Illustris. Galaxies at z ~ 0 from the first generation of this

simulation were found to be larger by a factor of ~ 2 than observed galaxies. IllustrisTNG

solved this problem, among others, by improving the treatment of galactic winds, magnetic

fields, and black hole feedback (Pillepich et al. 2018; Weinberger et al.|[2017, 2018). The

treatment of these, among with other secular processes, can strongly impact the stellar

population gradients measured in simulations (e.g. |Taylor & Kobayashi2017). On the

observational side, estimates of the ages and metallicities of stellar populations can strongly
depend on the choice of stellar library, isochrones, and approach to fitting. These systematic
uncertainties also affect the conversion between stellar mass and stellar light, impacting the

comparison between simulations and observations.
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2.5.3 Estimating the ex-situ stellar mass fraction

Observationally, global stellar metallicity correlates with M, or the central velocity
dispersion o, of galaxies (Faber & Jackson||1976a}; |Cid Fernandes et al. [2005; |Gallazzi et al.
2005; 'Thomas et al. 2005, [2010; |Gonzéalez Delgado et al.|2014), as would be expected
if the deeper potential wells of more massive systems limit the impact of galactic winds
(Matteucci [1994). In the Illustris simulation, D’Souza & Bell| (2018) found an accreted
Mace-Zace relation, where My and Z,.. refer to the stellar mass and stellar metallicity of
the accreted components, respectively. This relationship lies ~ 0.3 dex below the global
counterpart. We can make informed assumptions for the in-situ stellar metallicity profile
and the Mycc-Zace relation to build a toy model capable of inferring the ex-situ M, fraction
as a function of mass and galactocentric radius from our observations.

We assume the intrinsic in-situ metallicity profiles of ETGs to be well described
by the profiles observed in the low mass end of our sample. This is supported by hy-
drodynamical simulations that find M, ~ 10'°Mg galaxies to be dominated by in-situ
stars within the radial coverage of our data (Rodriguez-Gomez et al.|2016]). We take the

M, = 101 — 1019°M,, profiles from Figure for each code and refer to them as
logZ.,s(R, low M,) (2.1)

In our model, the in-situ profiles of all galaxies follow the shape of logZ, (R, low M,) with

a normalization applied to match the metallicity at the center (i.e. within 0.5 Re). This
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can be written as

logZ R, M,) =logZ.s(R, low M,) (2.2)

in-situ(

+1ogZ 1,5 (0.25Re, M, ) — logZ1,5(0.25R., low M,)

with a schematic representation in Figure [2.4]

The Macc-Zace relation is offset 0.3 dex from the global counterpart in the Illustris
simulation. The existence of this relation originates from single massive progenitors con-
tributing to the bulk of the mass to the accreted stellar component (D’Souza & Bell [2018).
If we assume the accreted envelopes of ETGs to be comparable in stellar mass to their host

ETG (e.g. Rodriguez-Gomez et al.[|2016), ex-situ metallicities can be approximated by

logZ (M,) = logZ,p,s(0.25Re, M) — € (2.3)

ex-situ

i.e., stellar metallicity of ex-situ stars will be ¢ = 0.3 dex lower than the metallicity at
the center of the galaxy. Note that there is no dependence on galactocentric radius in the
definition of logZ,,.

For measured metallicities, the offset will be dependent on the stellar population
synthesis approach. To account for differences between codes, we set € equal to the differ-
ence in metallicity between the centers and outskirts of M, = 10115 — 1012M@ ETGs (see
Figure . The corresponding values are € ~ —0.14 (Firefly), —0.29 (pPXF), and —0.24
(Prospector).

We can now write observed metallicities as a linear combination between in-situ
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and ex-situ metallicities:

logZObS(R, M*) — fin-situ(Rv M*) logzin-situ(R’ M*)

+fcx—situ(R7 M*) logZex—situ(M*) (24)

where finsitu and fexsitu = 1 — finsitu are the in-situ and ex-situ fractions. Figure @
describes our toy model and how we derive ex-situ fractions from it.

The results as a function of M,, galactocentric radius, and code are shown in
Figure 2.5 Faz-situ fractions increasingly dominate at larger radii and higher M,. FEx-situ
stars at R~2R, make up <20% of the projected stellar mass of M, < 10!°°Mg ETGs, rising
up to >80% for M, > 10'1°M, ETGs.

Stellar accretion and minor mergers provide an explanation for the size growth of
spheroids from z ~ 2 to the present. Keeping in mind the simple nature of our comparison,
we showed that the logZ profiles of nearby ETGs are consistent with this framework. How-
ever, this picture might not apply to SOs, which we visually estimate to compose < 20%
of our sample. The growth and accretion histories of SOs can differ from those of ellipti-
cal galaxies (ngesic > 2.5; Blanton et al||2003, 2005a; Peng et al.[[2010a), as suggested by
Johnston et al.| (2012, 2014); Fraser-McKelvie et al. (2018); Saha & Cortesi (2018) (see also
Diaz et al.|2018). Moreover, galaxy assembly history is not only expected to depend on the
total M, or morphology of galaxies, but also on their environment (e.g. |Greene et al.|2015|
2019). We will study second order trends in the metallicity profiles of ETGs in follow-up

work.
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2.6 Summary

We characterized the radial stellar metallicity profiles of MaNGA ETGs and com-
pared them with predictions from hierarchical formation. Through stellar population fitting
with Firefly, pPXF, and Prospector, we found the following:

1. The three codes are built around different stellar population synthesis codes
and are unique in their approach to fitting. Nonetheless, we found the main conclusions
from this paper not to be dependent on the fitting code.

2. The profiles of logM,/Mg = 11 ETGs fall with galactocentric radius and

flatten beyond R~1.5R,. Based on hydrodynamical simulations, a possible explanation for
this flattening is stellar accretion through minor mergers.

3. The average radial metallicity profiles of ET'Gs are not linear. Therefore, linear
fits can miss important behavior in the stellar metallicity profiles. When possible, fitting
stellar population gradients should be avoided.

4. Using informed assumptions for the in-situ metallicity profile and the metallicity
of accreted stars, we built a toy model to infer the ex-situ stellar mass fraction of ETGs.

We found ez-situ signatures to grow in significance toward large galactocentric radii and

higher M,.

2.7 Appendix: Lick index profiles

Lick indices (Worthey et al.[|1994; Thomas et al.|[2003; Parikh et al. 2019) are a
useful method to empirically estimate the chemical abundance patterns of galaxies. Here,

we compute the radial profiles of Mgh(5178), Fe5270, and Fe5335 to test the high M,
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Figure 2.6: Median radial profiles of Mgh, Fe5270, Fe5335, [MgFe]’, and <Fe> for
MaNGA ETGs as a function of M,. These profiles are based on measurements made by

the MaNGA Data Analysis Pipeline. The profiles flatten at the highest M,, in consistency

with Figure @

flattening we find through stellar population fitting. We retrieved the indices measured by

the MaNGA Data Analysis Pipeline and used them to compute:

[MgFe]’ = v/Mgh(0.72 x Fe5270 + 0.28 x Fe5335) (2.5)

<Fe> = 0.5 x Fed270 + 0.5 x Feb335 (2.6)

Here [MgFe]’ and <Fe> are tracers of the global and Iron abundances (Johnston et al.

2018). We binned the measurements into the five annuli R/R.= [0,0.5], [0.5,1], [1,1.5],
[1.5,2], and [2,2.5] to derive the median profiles shown in Figure Note how the profiles

flatten for the highest M, bin.
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Chapter 3

How the stellar populations of
passive central galaxies depend on

stellar and halo mass
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3.1 Introduction

The historical debate over spheroidal galaxy formation pitted an in-situ process

(so-called “monolithic collapse,” e.g. [Eggen et al|[1962; Larson| (1974} |Arimoto & Yoshii

[1987; Bressan et al.||[1994) against an ex-situ one (so-called “hierarchical assembly,” e.g.

Toomre| [1977; White & Rees |1978). More recently, this debate has been recast in the

form of a proposed “two-phase” scenario that incorporates elements from both formation

pathways (Oser et al|2010, 2012; Johansson et al|2012b). The question now is what

physical processes, both in-situ and ez-situ, dominate and at what redshifts?
The two-phase formation scenario found particular motivation and success in ex-

plaining why, since z ~ 2, the M, of passive spheroidal galaxies has apparently increased

by only a factor of two (Toft et al|2007; Cimatti et al. 2008; Buitrago et al.| 2008} |van|

Dokkum et al|2010), while their effective radii (R.) have increased by a factor of three to

six (Daddi et al|[2005; [Trujillo et al.|[2006albl 2007} [Zirm et al|[2007; [van der Wel et al.

2008; van Dokkum et al|2008; Damjanov et al.[2009} [Cassata et al.[2010, 2011; [van der]

Wel et al|2014). After an initial phase that forms the “red nuggets” observed at z ~ 2

(van Dokkum et al|2009; Newman et al.||2010; Damjanov et al.|2011; Whitaker et al.|2012;

Dekel & Burkert| 2014), the second evolutionary phase involves stellar accretion through

minor mergers which preferentially adds ez-situ stars to the outskirts (e.g. Zolotov et al.

2009} [Hopkins et al.|[2010a}; [Tissera et al.|[2013, 2014} [Cooper et al.|2015; [Rodriguez-Gomez|

2016)). It has been shown that such accretion efficiently increases R, while keeping

M. roughly constant (e.g. Bezanson et al.|[2009; Barro et al.|2013} |Cappellari et al. 2013}

[Wellons et al.|2016)).
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Direct support of this picture comes from studies of the surface brightness profiles
of massive nearby galaxies that almost always feature multiple components (e.g. [Huang
et al. 2013b). Their inner parts (R < 1 kpc) are very compact and populate the same
region of the mass-size plane as massive z > 1 galaxies (Huang et al.|2013a). In con-
trast, their outer envelopes can be quite extended (R > 10 kpc) and are consistent with
being built through minor mergers (Huang et al.2013a)). These outer envelopes can also
show greater ellipticity than the inner parts, potentially reflecting the orbital properties of
accreted satellites (Huang et al.|[2018)).

In Oyarziun et al. (2019), we applied a different test of the two phase forma-
tion scenario by searching for the predicted flattening of the stellar metallicity profile that
is expected from the accretion of lower mass galaxies (e.g. |Cook et al. 2016; Taylor &
Kobayashi||2017). Using a sample of early-type galaxies (ETGs) from the MaNGA survey
(Bundy et al.|2015), we detected a flattening beyond R, in the otherwise declining metallic-
ity profiles. This flattening grows more prominent with increasing M., especially for ETGs
with M, > 10" M. This observation not only suggests that massive ETGs assembled their
outskirts through minor mergers, but also that their ez-situ stellar mass fraction is higher,
in agreement with theoretical predictions (Rodriguez-Gomez et al.|2016)).

With mergers and stellar accretion driving the second phase of spheroidal galaxy
evolution, it is natural to search for a link between passive centrals and their host halo
environments, given that those environments determine the central galaxy’s merger history
(e.g. Hopkins et al.|[2010b). Unfortunately, searches for signatures of environment-driven

growth in spatially resolved surveys have been so far inconclusive. [Santucci et al. (2020)
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compared the stellar population gradients of central and satellite galaxies in the SAMI

survey (Allen et al[2015) at fixed M, and found no significant differences. In initial efforts

with MaNGA data, [Zheng et al] (2017); |Goddard et al| (2017alb) studied the stellar age

and metallicity gradients of massive galaxies and found no significant correlation with the
local environment or different proxies for the large scale structure. The consensus of recent
work is that at fixed My, the stellar populations of massive galaxies within ~1 R, are largely

determined by their in-situ formation histories rather than their environment (Peng et al.

[2012]; |Greene et al.|2015; [Goddard et al.|2017b} [Scott et al|[2017; [Contini et al]2019; [Bluck|

2020)).

In this paper, we return to the important question of in-situ versus ex-situ evo-

lution in passive galaxies. By adopting the perspective of the stellar-to-halo mass relation,

as defined for central galaxies (SHMR; Moster et al.|2013), we re-frame the question as a

search for secondary correlations in the stellar populations of passive centrals as a function
of halo mass (M},) at fixed stellar mass (M,), as well as correlations with M, at fixed My,.
The first characterization allows us to revisit the role of environment, as expressed by My,
in modulating galaxy formation at fixed M,. The second lets us ask, to what extent does
M, determine the fate of a central galaxy?

This latter question is significant because theoretical models ultimately tie galaxy
properties to their dark matter halos. Deviations, especially in the intrinsic scatter of the
SHMR, have garnered a lot of interest and motivated work on “galaxy assembly bias,” the

possible existence of correlations between galaxy and secondary halo properties at fixed My,

(e.g. |Zentner et al.2014; |Wechsler & Tinker||2018; Xu & Zheng| |2020). According to the
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theory, galaxy luminosity correlates with halo formation time and concentration at fixed

M, (Croton et al.[2007; Matthee et al. 2017, Kulier et al.[2019; Xu & Zheng2020). More

concentrated halos, for example, facilitate the formation of deeper potential wells that

may promote a more rapid assembly of M, (Booth & Schaye 2010; Matthee et al. 2017}

Kulier et al|2019). Gas accretion and star formation should commence earlier in halos

that formed early for their M;, (Kulier et al.2019). Yet, it remains unclear whether these

predicted differences in halo and galaxy assembly history have an impact on the nature of
the stellar populations across the SHMR as observed today.

To make progress on these questions and begin to delineate subtle secondary cor-
relations between M, and My, we construct an updated catalog of 2200 passive centrals
drawn from the MaNGA survey. Previous work has emphasized the importance of ~1%
level or better precision in measuring stellar age and abundances in ETG spectra (e.g.
. Galaxy-integrated spectra in our sample can exceed signal-to-noise (S/N)
~ 100 per galaxy, making MaNGA the premiere data set for co-added spectral analyses of

nearby galaxies at this level of precision. The S/N from stacking all single-fiber ETG spec-

tra in the SDSS MAIN Galaxy Survey (York et al.|2000; |Gunn et al.|[2006; |Alam et al2015)

would be a factor 0.6 times lower than the equivalent from the MaNGA stack. Equally
important, the MaNGA data allow for simultaneous spatially-resolved measurements, al-
lowing for consistency checks across radial bins. Our high S/N sample allows us to first

detect subtle spectral differences in a model-free manner and then employ sophisticated

full spectral fitting codes like Prospector and alf for the interpretation (Leja et al.2017;

lJohnson et al.|[2020; |Conroy & van Dokkum|2012; |Conroy et al.|[2018). These codes model
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the non-linear response of spectral features (Conroy|2013)) to infer the age, abundance of
various elements, and initial mass function (IMF) of old stellar systems (=1 Gyr), while
also accounting for uncertainties in stellar evolution.

We also pay close attention to the impact of systematic errors on our results
from potential biases in the M}, estimates. We are unfortunately limited in this study to
halo estimates from group finding algorithms, which must first distinguish centrals from
satellites and then require total M, measurements of all group members (e.g. Yang et al.
2005, [2007). Group catalogs often fail to reproduce the fractions of red and blue satellites,
the dependence of the stellar-to-halo mass relation for centrals (SHMR) on galaxy color, and
correlations between My, and secondary galaxy properties (Tinker 2020a)). We address these
concerns by utilizing the new SDSS halo catalog in Tinker| (2020ab), which exploits deep
photometry from the DESI Legacy Imaging Survey (Dey et al.[2019). Tinker| (2020a) also
implement a group finding algorithm that is calibrated on observations of color-dependent
galaxy clustering and estimates of the total satellite luminosity. As a result, their catalog
better reproduces the color-dependent satellite fraction of galaxies and improves on the
purity and completeness of central galaxy samples. In this work, we use the M, estimates
by [Tinker| (2020a.b) and compare them against those by [Yang et al.| (2005, 2007), allowing
us to assess how sensitive our results are to systematics in halo catalogs.

This paper is structured as follows. In Section we introduce our dataset and
sample of passive central galaxies. In Section we describe our treatment of the spectra
and the stellar population fitting process. In Section [3.4] we show the results from direct

spectral comparison and stellar population fitting. We interpret our findings in Section [3.5
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and summarize in Section[3.6] Stellar masses throughout were obtained assuming a

(2001) IMF. This work adopts Hg = 70 km s~ 'Mpc~! and all magnitudes are reported in

the AB system (Oke & Gunn!|[1983)).

3.2 Dataset

3.2.1 The MaNGA survey

The MaNGA survey (Bundy et al.2015; Yan et al.||[2016a) is part of the now

complete fourth generation of SDSS (York et al.|2000; Gunn et al|2006; Blanton et al.|

2017;/Aguado et al[2019)) and obtained spatially resolved spectra for more than ten thousand

nearby galaxies (z < 0.15). By means of integral field unit spectroscopy (IFS; Drory et al.

2015; [Law et al.[|2015)), every galaxy was observed with fiber bundles with diameters varying

between 1275 and 3275 and composed of 19 to 127 fibers. The resulting radial coverage

reaches between 1.5R, and 2.5R, for most targets (Wake et al,2017)). The spectra cover

the wavelength range 3600-10300 A at a resolution of R~2000 (Smee et al|[2013). The

reduced spectra have a median spectral resolution of =72 km s!.

All MaNGA data used in this work was reduced by the Data Reduction Pipeline

(DRP; [Law et al.| 2016, 2021; [Yan et al,2016b). The data cubes typically reach a 100

continuum surface brightness of 23.5 mag arcsec ™2, and their astrometry is measured to be

accurate to 0”1 (Law et al.2016). De-projected distances, stellar kinematics, and spectral

index maps were calculated by the MaNGA Data Analysis Pipeline (DAP; Belfiore et al.

2019; Westfall et al|2019). This work also used Marvin (Cherinka et al.[|2019), the tool
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specially designed for access and handling of MaNGA dataﬂ

Effective radii (R.) for all MaNGA galaxies are publicly available as part of the
NASA-Sloan Atlaﬂ(NSA). These R, were determined using an elliptical Petrosian analysis
of the r-band image from the NSA, using the detection and deblending technique described

in Blanton et al.| (2011).

3.2.2 Selection of passive galaxies

This paper is based on the MaNGA Product Launch 11 (MPL-11) dataset, which
consists of observations for over 10,000 MaNGA targets (see Table 1 in Law et al.|2021| for
reference on the various release versions). To select passive galaxies, we used estimates of
the spatially integrated specific star-formation rate (sSFR) of MaNGA galaxies derived as

part of the pipeline for the pipe3D Value Added Catalog for DRl?ﬂ We defined our sample

of passive galaxies by setting the criterion log (sSFR) < —11.5 Mgyr L.

Our approach yielded a subset with 3957 passive galaxies, of which 2217 are iden-
tified as centrals in the catalog by |Tinker| (2020a.b) and 952 in the |Yang et al.| (2007)); Wang
et al. (2016) catalog. Details on the environmental classification are presented in Section

B.2.4

"https: / /www.sdss.org/dr15/manga/marvin/

Zhttp://nsatlas.org

3https://www.sdss.org/dr17/manga/manga-data/manga-pipe3d-value-added-catalog/. These sSFRs are
based on measurements of the Ha equivalent width that were corrected by dust attenuation using the Balmer
decrement (Sdnchez et al.|[2016)
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Figure 3.1: Comparison between the M measured by |Wang et al.| (2016

and

Tinker

(2020b) for our passive centrals. The M;"™"® =M™ line is shown in red. Right:

Stellar-to-halo mass relation for passive centrals in the two catalogs. We define our

subsamples based on the independent property and stellar-to-halo mass ratio. At fixed M,

(upper panels), high-M;, centrals are shown in blue and low-Mj, centrals in orange. At

fixed My, (lower panels), high-M, centrals are shown in red and low-M, in green. Galaxies

in regions of the SHMR with narrow dynamic range were not included in the analysis

(gray). We also excluded galaxies between the 33rd and 66th percentiles in M,-to-My,

ratio.
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Table 3.1: Number of passive centrals in MaNGA as a function of stellar and halo mass

| M, [Mg]=[10" —10"5]10%5 — 10" [10!T — 10" [ 105 — 10"?| Out | Total |
Wang 7 267 523 153 2 | 952
Wang low-My, 0 0 174 48 - 222
Wang high-Mj, 0 0 172 51 - | 223
Tinker 211 514 948 412 132 | 2217
Tinker low-My, 70 188 317 128 - 703
Tinker high-M, 70 143 353 1438 - | 714
| My [Mg/hl= |10 —10 10" — 10" [10™ — 10™ | 10™ — 10" | Out [ Total |
Wang 27 517 358 49 1 | 952
Wang high-M, 0 172 113 15 - | 300
Wang low-M., 0 170 120 19 - | 309
Tinker 329 888 860 139 1 [ 2217
Tinker high-M., 112 310 301 50 - | 773
Tinker low-M, 109 297 265 45 - | 716
12 1

o
11 A
2
%
3 10 A
—
| —
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l0g(1 + Nsat)
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Figure 3.2: Number of satellite galaxies per halo as a function of M, and M, in the |Tinker
(2020alb) catalog. At fixed M, centrals in high-M,, halos tend to have more satellites

than centrals in low-Mj, halos.
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3.2.3 Stellar masses

To estimate the M, of our galaxies, we first co-added the MaNGA spectra within
the R, of every galaxy (measured on r-band imaging from SDSS). Before co-addition, we
shifted every spectrum back to the rest-frame using the stellar systemic velocity (v.) maps
calculated by the DAP. Then, we estimated the mass within 1R, by running the stellar
population fitting code Prospector (Leja et al.[2017} |Johnson et al.|2020) on the co-added
spectrum. Our runs adopted the MILES stellar library (Sanchez-Blazquez et al.||2006)),
MIST isochrones (Dotter| 2016} Choi et al|2016), and Kroupa, (2001) IMF. Further details
on our Prospector runs are presented in Section [3.3.4]

We then assumed the total spectroscopic stellar mass of every galaxy to be
Mlotal — oN[Re 5 107015, (3.1)

where MZe is the spectroscopic stellar mass within the effective radius measured with
Prospector. Since it has been found that half-mass radii are smaller than half-light radii
(Garcia-Benito et al.2017), our M‘** may be overestimated. Yet, we do not expect any
biases to arise from this definition, since differences between half-mass and half-light radii
have not been found to correlate with stellar mass (Szomoru et al. 2013). Any overesti-
mation of our stellar masses was corrected by implementing an offset of 0.15 dex (see the
multiplicative term in the equation). This value was obtained by measuring the offset be-
tween our 2MP%e and the stellar masses measured through k-correction fits to the Sersic
fluxes in the NSA (Blanton & Roweis||2007). For the rest of the paper, we will simply refer

to Mioml as M,.
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3.2.4 Yang+Wang halo masses

For our first characterization of environment, we used the MPL-9 version of the
Galaxy Environment for MaNGA Value Added Catalogﬁ (GEMA-VAC; |Argudo-Fernéndez
et al.[2015). We used this catalog to identify central galaxies and retrieve estimates of
their halo masses. The environmental classification and halo mass entries were computed
by cross-matching MaNGA MPL-9 with the [Yang et al. 2007 group catalog for SDSS (see
also [Yang et al.|2005). The halo masses computed by [Yang et al.|[2007 assumed a WMAP3
cosmology (Spergel et al. 2007)). In this work, we use the values in the GEMA-VAC that
were updated to a WMAPS cosmology (Dunkley et al.[2009) as part of the work by Wang
et al.| (2009, |2012, |2016)).

The group catalog by Yang et al.| (2007) was computed on the SDSS New York
University Value-Added Galaxy Catalog (NYU-VAGC; |Blanton et al.[2005b) based on SDSS
DRA4 (Adelman-McCarthy et al.|2006). To compute the Yang et al. (2007) catalog, a series
of steps were iterated until convergence was achieved. First, clustering analysis in redshift
space was used to find potential cluster centers and groups. In the second step, group
luminosities (L1g5) were computed as the combined luminosity of all group members with
M, — 5logh < —19.5 (hence the subscript in Ljgjs). Dark matter halo masses, sizes,
and velocity dispersions were then estimated. In particular, tentative M; were assigned
according to the Lig 5-My, relation measured in the previous iteration, which assumes a one-
to-one correspondence between Lig 5 and My,. Finally, membership probabilities in redshift

space around group centers were estimated. This allowed for group memberships to update.

“https: //www.sdss.org/drl5/data_access/value-added-catalogs/?vac_id=gema-vac-galaxy-environment-
for-manga-value-added-catalog
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The process from the second to the final step was repeated until no further changes in group
memberships were observed. After convergence, final Mj, were derived through abundance
matching using the van den Bosch et al. (2007) halo mass function.

Of the 3957 passive galaxies in our sample, 952 are centrals with halo mass mea-
surements in the GEMA-VAC (see Figure . The SHMR using the stellar masses from
Section [3.2.3] and the halo masses from the Yang+Wang catalog is plotted in Figure

Details on the number of galaxies as a function of M, and M}, are shown in Table [3.1]

3.2.5 Tinker halo masses

Group finding algorithms, like the one described in Section are affected
by several issues. By not breaking down galaxy samples into star-forming and quiescent
subsamples, they can fail to reproduce the fraction of quenched satellite galaxies and mis-
estimate by an order of magnitude M;, (Campbell et al|2015)). Some of these shortcomings
can be tackled by calibrating the free parameters of the group finder with real data instead
of mock catalogs. In this paper, we work with the group finder by [Tinker| (2020a), which
uses observations of color-dependent galaxy clustering and total satellite luminosity for
calibration.

In the self-calibrating halo-based galaxy group finder by Tinker| (2020a)), the prob-
ability of a galaxy being a satellite depends on galaxy type and luminosity. This dependence
is quantified by 14 different parameters that are calibrated until the best-fitting model is
found. First, a starting value for the parameters is adopted and the group finder is run
until the fraction of red and blue satellites match the input dataset. The assigned groups

and halo masses are then used to populate the Bolshoi-Planck simulation (Klypin et al.
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2016|) and predict galaxy clustering and the total satellite luminosity. These predictions
are compared to observational measurements to quantify the adequacy of the model. The
process is then repeated until the best-fitting model is found.

This algorithm was applied to SDSS galaxies in Tinker| (2020b)). Compared to
the dataset available to [Yang et al. (2005 [2007)), |Tinker| (2020b) had access to deeper
photometry from the DESI Legacy Imaging Survey (DLIS; Dey et al.[2019). This is quite
important, since good accounting of group and galaxy M, is key to properly constraining
M;, (Bernardi et al.||2013; Wechsler & Tinker 2018). As a result, the SDSS group catalog
by [Tinker (2020b) is an improvement in both dataset and algorithm.

Despite improvements, the approach by Tinker| (2020a)) still has limitations. Like
all group finding algorithms, it is susceptible to central galaxy mis-identification. It also
assumes that the amount of light in satellite galaxies is a function of halo mass only and
its implementation on SDSS data fails to match the clustering of faint quiescent galaxies
(Tinker|2020b). There is also room for further freedom in how the algorithm fits the data, in
particular for taking into account secondary correlations between galaxy and halo properties
(Tinker|2020Db)).

The self-calibrating halo-based galaxy group finder applied to SDSS is publicly
availableﬂ We downloaded the catalog and cross-matched with our sample of quenched
systems. We selected all galaxies with satellite probabilities lower than 0.1 and obtained a
sample with 2217 passive central galaxies (see Table ?7). The M, measured by Tinker and
Yang+Wang are compared in the left panel of Figure The right panel shows the SHMR

using our M, and M}, which extends down to M, ~ 101%Mg (Mf" ~ 1011A~IMg).

®https://galaxygroupfinder.net
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Figure [3.2] shows that the average number of satellites per halo monotonically increases with

Tinker
Minker

3.3 Methodology

3.3.1 Sample definitions

The correlation between the M, and M, of central galaxies has significant scatter,
some of which is thought to be intrinsic (e.g. Xu & Zheng|[2020)). This would imply that the
stellar masses of central galaxies are not uniquely determined by the mass of their halos,
but also by secondary properties (e.g. Zentner et al|2014). In consequence, the SHMR
is a very useful tool for testing the mechanisms driving the galaxy-halo connection (e.g.
Leauthaud et al.|[2017)). The purpose of this work is to probe these mechanisms through
the analysis of galaxy stellar populations.

Figure shows the SHMR for our sample of centrals according to both envi-
ronmental catalogs. We computed the 33rd and 66th percentiles in M,-to-My, ratio as a
function of M, to define two subsamples. High-M;, centrals are those that reside in high
M,;, for their M, and are shown in blue. Low-M;, centrals, on the other hand, reside in low

Mj, halos for their M, and are shown in orange. In equation form,

M. M,
High-M;, sample: (M,) < [ (M*)] (3.2)
My, My, 33
M, M,
Low-M le: M M . 3.3
ow-M}, sample Mh( %) > [Mh( *)]66 (3.3)

To quantify correlations at fixed My, we also computed the 33rd and 66th per-
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centiles in M,-to-Mj, ratio as a function of M. High-M, centrals have high M,-to-M}, ratios,

whereas low-M, centrals have low M,-to-My, ratios. Put in an equation,

M

M., *
High-M, le: — (M —(M 4
ig sample Mh( n) > [Mh( h)] y (3.4)
M, M,
Low-M.,, le: — (M —(M . .
oW sample Mh( n) < [Mh( h)] o (3.5)

Galaxies between the 33rd and 66th percentiles in M,-to-Mj, ratio were not used
and are shown as gray points in Figure Since the distribution of centrals in M,-to-
M;, ratio as a function of M, or My is rather flat, no subsample is biased as a result of
uncertainties in M, or M;. Note that the sample membership of a given galaxy depends
on the environmental catalog, since our classification scheme is based on My. The number
of galaxies in every M, and M, bin for the two environmental catalogs is presented in
Table [3.1] Due to the narrow dynamic range in M with the Yang+Wang catalog for
M, < 101Mg, the corresponding bins were not included in the analysis (see Table ?7?).

The average number of satellites per halo (N4 ) for every subsample is plotted in Figure

At fixed M, Ny, correlates with Mjy,.

3.3.2 Co-addition and stacking of spectra

The spectral precision needed by our stellar population analysis requires high
signal-to-noise (S/NZ 50) spectra (e.g. |Conroy et al.2014)). Thus, we first co-added the
MaNGA spectra within every galaxy following a radial binning scheme. We then computed
the median of these co-additions to generate galaxy stacks for every subsample. The co-

addition and stacking steps are described below.
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For every galaxy, we associated galactocentric distances to all spaxels by retrieving
elliptical polar radii (R) from the DAP that account for the axis ratio of every object. We
binned all the spaxels within every galaxy into the three annuli R = [0,0.5], [0.5,1], and
[1,1.5] Re. After masking sky line residuals and spectra outside the wavelength range
(3700A, 9200A) in the observed frame, the co-added spectra in every bin were co-added. To
do this, we shifted every spectrum back to the rest-frame using the stellar systemic velocity
(v«) maps computed by the DAP with a Voronoi binning scheme that aims for a minimum
signal-to-noise ratio of 10 per bin. We did not convolve the spectra to a common o, prior to
stacking. We also masked all spaxels that were flagged as unusable by the DRP and DAP.

After co-addition, we ran pPXF (Cappellari & Emsellem!2004; Cappellari|[2017))
with the MILES Single Stellar Population (SSP) library (Vazdekis et al. 2010) on the
resulting spectra to measure the co-added v, and o.. Co-added v, showed values v, < 1
km/s, indicating that spectra were properly shifted back to the rest-frame. We also ran
Prospector (details in Section [3.3.4)) to measure stellar mass surface density profiles for
every galaxy.

After binning in M, and M}, (see Table , we stacked the spectra across every
subsample in each of the four radial annuli. For stacking, all co-added spectra were con-
volved to o, = 350 kms—! and median normalized. This value is motivated by the maximum
observed dispersion, and it mitigates line-strength variations caused by different Doppler
broadening. Stacks were obtained by computing the median at each wavelength after remov-
ing the continuum. Errors on the stacks were quantified through Monte Carlo simulations

of the stacking process that took into account the propagated errors. Two stacked spectra
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are shown in Figure after all emission lines were masked. The dependence of the stacks
on whether masking is performed before or after stacking is minimal.

Appendix shows stacked spectra at multiple radii and Mj. We typically reach
S/N > 200 at the centers and S/N > 100 in the outskirts. We find the spectral S/N of the
stacks to show dependence on both the individual S/N and the total number of spectra. As
a result, the highest M, and My, stacks show the lowest spectral S/N of all bins by factors

of ~ 2.

3.3.3 Evidence for environmental differences

The top panel of Figure compares the stacked spectra at the centers of high-
and low-M}, centrals with M, = 1019 — 1010'51\/[@. With M, held constant (see Section,
any differences between the spectra in this comparison can be interpreted as environmental
signatures. In this subsection, we describe our method to finding and highlighting these
signatures.

We started by subtracting high-M}, stacks from low-M}, counterparts of the same
M.. An example of the resulting spectral difference is shown in the middle panel of Figure
Then, to highlight variations in spectral features, we subtracted fits from the spectral
differences. The result is shown in the bottom panel of Figure Note how the spectral
difference captures variations in both spectral shape and features. As we will show in Section
we find some significant environmental signatures at different M, and radii. This is
evidence that Mj, has an impact on the stellar populations of passive central galaxies at
fixed M,.

For context, some abundance sensitive features are labeled in this figure. Difference
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at these locations highlight the fact that environmental signatures can manifest because of
differences in stellar age, metallicity, element abundances, and the IMF of central galaxies
(Conroy et al.|2018). To inform our interpretation of these differences, we turned to stellar

population fitting codes Prospector and alf.

3.3.4 Stellar mass surface density profiles with Prospector

We used the stellar population fitting code Prospectoxﬁ (Leja et al.[2017; |Johnson
et al.[[2020) on the co-added spectra to estimate stellar masses (Section and stellar
mass surface density (X,) profiles for all galaxies.

Prospector samples the posterior distribution for a variety of stellar population
parameters and star formation history (SFH) prescriptions defined by the user. In this
code, stellar population synthesis is handled by the code FSPSEI(Conroy et al.|[2009; Conroy
& Gunn 2010). Our runs used the MILES stellar library (Sanchez-Blazquez et al.2006)),
MIST isochrones (Dotter|2016; Choi et al.|2016), and Kroupa IMF (Kroupa|2001) as inputs.

We adopted a non-parametric SFH with a continuity prior, which emphasizes smooth SFHs

Shttps: //github.com/bd-j/prospector/blob/master/doc/index.rst
"https://github.com/cconroy20/fsps
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Figure 3.3: Top: Stacked spectra of central galaxies at fixed M, that reside in low-My,
halos (orange) and high-My, halos (blue). The data represent stacks within the central
0.5R, for M, = 1005 — 10'M, centrals. Middle: The high-M,, stack subtracted from
the low-My, stack with a fit plotted in black. Gray shades show the error on this
difference. Bottom: Result of subtracting the fit from the spectral difference. This
highlights variations in several absorption features, some of which help to break
degeneracies between various stellar population parameters. The two subsets reveal
significant differences in both spectral shape and absorption features. Requiring no model
assumptions, this figure demonstrates that Mj, has an impact on the stellar populations of

passive central galaxies with same M,.
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Figure 3.4: Differences in spectral features between low- and high-M;, centrals of the same

M.. Positive difference indicates stronger absorption in high-M;, galaxies, with the 1o

error plotted in gray. Different panels show different spectral features for which we detect

significant differences that are systematic with M, and radius. Stellar mass increases from

left to right, galactocentric distance from top to bottom. Annotated are the stellar

population parameters that dominate the strength of each feature. The red shading

represents the 1o posterior distribution of the best-fitting model spectra produced by alf.

The alf posteriors reproduce the observed spectral differences well, although some model

mismatch at the 1% level is apparent.
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over time (Leja et al.|2019). As in Leja et al.| (2019)), we used the following time bins:

0 <t <30 Myr
30 Myr < t < 100 Myr
100 Myr < t < 330 Myr
330 Myr < t < 1.1 Gyr
1.1 Gyr < t < 3.6 Gyr
3.6 Gyr < t < 11.7 Gyr

11.7 Gyr < t < 13.7 Gyr (3.6)

Our parameter space also included the optical depth of dust in the V-band (Kriek
& Conroy|2013)), stellar mass, stellar velocity dispersion, and mass-weighted stellar ages and
metallicities. To derive the posterior distributions, we used the Dynamic Nested Sampling

package dynestyﬁ (Speagle |2019)).

3.3.5 Stellar ages and element abundances with alf

We used the program alf to characterize the stellar populations in more detail.
This code fits the absorption line optical-near infrared spectrum of old (=1 Gyr) stellar
systems (Conroy & van Dokkum|2012; Conroy et al.[|2018). Unlike Prospector, alf allows
us to fit for the abundances of multiple elements and the IMF. This comes at the cost of
computation times that are longer by a factor of 100. alf is based on the MIST isochrones

(Dotter|2016; |Choi et al.|2016]) and the empirical stellar libraries by [Sanchez-Blazquez et al.

8https://github.com/joshspeagle/dynesty /blob/master/docs
/source/index.rst
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(2006)) and Villaume et al. (2017). Full spectral variations induced by deviations from the
solar abundance pattern are quantified in the theoretical response functions (Conroy et al.
2018; |Kurucz 2018]). These allow alf to sample a multivariate posterior that includes the
abundances of 19 elements (including C, N, O, Mg, and Fe).

We ran alf in “full” mode, which fits for a two-component SFH, stellar velocity
dispersion, IMF, and the abundances of 19 elements. We adopted a triple power law IMF
with two free parameters. Power laws were fit in the ranges 0.08 — 0.5Mg and 0.5 — 1Mg.
The IMF slope was set to -2.35 in the range 1-100 M, (Salpeter||1955). Posterior sampling
was performed with emcee (Foreman-Mackey et al[2013). We found our runs to fully
converge under the default configuration, which is 1024 walkers, 10* burn-in steps, and
100-step chains. For this setup, alf took ~100 CPU hours per spectrum to run.

With alf, we recover stellar velocity dispersions within 1% of the input value
(0. = 350 km s~!). We derived mass-weighted stellar ages by mass-weighting the posteriors
of the two-component SFHs. The stellar ages measured by Prospector and alf show
agreements within 2 Gyr. The most significant age differences between high- and low-M,,
centrals are found by both codes. More subtle differences are only detected by alf (more
details in Section .

Following the approach of Lick indices, we use [Mg/Fe| as a proxy for [o/Fe]
throughout(Johansson et al. |[2012a, see Kirby et al. [2008| for other elements that can be
used as tracers for [a/Fe]). Conversions from [X/H] to [X/Fe| assumed the correction
factors in Schiavon| (2007). The abundances measured by alf cannot be directly compared

to the stellar metallicity reported by Prospector, since the latter only fits a scaled solar
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abundance pattern.

For estimating uncertainties on the fitted parameters, we adopted a three-step
method that was iterated over 5 times. First, we bootstrapped the galaxies selected in the
sample assignment step from Section [3.3.1] Then, we computed the stacked spectra for
the corresponding bootstrapped galaxies as in Section Lastly, we fit each stacked
spectrum with alf. This resulted in 5 posterior distributions for every subsample in each
stellar and halo mass bin. The 5 distributions were then folded in, such that the final
posteriors account for uncertainties in both methodology and modeling. Some of the model

fits and posterior distributions are shown in Appendix [3.7

3.4 Results

3.4.1 Empirical spectral differences with environment

Using the methods in Section we quantified differences between the spectra
of centrals in high- and low-My, halos. Our findings are plotted in Figure The M, of
the compared galaxies increases from left to right, with the top row displaying results for
an inner bin of galactocentric radius and the bottom row for an outer bin. Shaded contours
show 1o errors, which fully account for uncertainties in sample assignment and stacking.
Absorption features that are deeper in low-M;, galaxies are negative whereas features that
are stronger in high-M;, galaxies are positive. We listed the stellar parameters that drive
feature changes as quantified in the response functions by |Conroy et al.| (2018)).

At all M, and radii, high-M, centrals show stronger Mgb 5172A absorption (Faber

& Jackson! [1976b; [Faber et al|/1985). Apart from being dominated by magnesium abun-

64



0.3

| @ High-M, (Tinker) 141

15 0.0
p—
So w12 0.2
s S = T
=] < = =
=13 = 10 T 021 5
= ® / = <
)] — 0.1
o < 8 1 iy Fo || =0 1 et
=] ]
- 4
114 © Low-M, (Tinker) 61 Tinker i Wang —0.41 Tinker Wang Tinker Wang
T T T T — : T T — — 0.0 3 — —
10 11 12 10 11 12 10 11 12 10 11 12
log M« [Mol
0.3
© High-M- (Tinker) 144 0.04
124
~ O
s E 124 _ ) <02
= <) =] o =
E 11 — 10 4 B -0.2 E
o =
5 ] 2
g < s » S || Zo1
— ¥ ¥
10 1
@ Low-M. (Tinker) 61 Tinker 4 Wang —0.41 Tinker Wang Tinker Wang
- : T T T : : T 0.0 : T T

11 13 15 11 13 15 11 13 15 11 13 15
log My[Mo/h]

Figure 3.5: Stellar population parameters of passive central galaxies within 1.5R, as a
function of M, (top) and My, (bottom). Measurements that used the Tinker catalog for
sample assignment are plotted in circles. Measurements that used the Yang+Wang
catalog are shown in triangles. The stellar populations of passive centrals better correlate
with M, than with M. Top: High-M;, centrals are older (3.60), have lower [Fe/H] (3.60),
and show higher [Mg/Fe] (3.40) than low-My, centrals. Bottom: For M, > 1012h~ 1M,
the stellar populations of high-M, centrals are older (4.40), have lower [Fe/H] (50), and

have greater [Mg/Fe| (4.40) than those of low-M, counterparts.
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Figure 3.6: Top: The SHMR of passive centrals colored by stellar age, [Fe/H], and

[Mg/Fe]. Values were derived by fitting two-dimension polynomials in M,-M,, space to the

measurements from Figure that adopted M}™ (red datapoints). All parameters

depend on both M, and M;,. Bottom: Residuals relative to the median value of the

parameter in the SHMR.
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dance, this spectral feature is also sensitive to iron enrichment. Another significant set of
spectral differences are found around 4000A, which tend to be stronger in high-M}, centrals.
These features are in a Ca-sensitive spectral region, as evidenced by the widely used CaHK,
Cad227, and Cad455 spectral indices (e.g. Worthey et al|[1994; Tripicco & Bell |1995).
Apart from being sensitive to the Calcium abundance, features at these wavelengths are
also sensitive to stellar age and overall metallicity.

The detection of these differences demonstrates that halos have an impact on the
stellar populations of passive central galaxies that is secondary to the correlation between
My, and M,. We now turn to our results from stellar population fitting to attempt to

interpret these results.

3.4.2 Integrated measurements

To derive the mean stellar population properties within the galaxy, we averaged
the radial profiles derived with alf (Section . The results are shown with M, and
My, as the controlling variable in the top and bottom panels of Figure [3.5] respectively.
Measurements that used the Tinker catalog are plotted in circles, whereas those that used
the Yang+Wang catalog are shown in the insets as triangles.

To first order, it is well known that stellar age and metallicity increase with the M,
or central velocity dispersion of galaxies (Faber & Jackson|1976a; |Cid Fernandes et al.|[2005;
Gallazzi et al.|2005; Thomas et al.[2005, 2010} |Gonzalez Delgado et al.||2014; McDermid
et al.[2015). While the top row of Figure confirms this trend with age for the passive
central galaxies in our study, we see that [Fe/H] decreases with M,. In the literature, the

word metallicity refers to a weighted average of the abundance of various elements (i.e., a
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rescaling of the solar abundance pattern), whereas the [Fe/H] measurements that we derived
with alf map the abundance of iron only. The decrease in [Fe/H] with M, for M, > 10" M,
is likely the result of how the formation timescales of galaxies become more rapid as M,
increases.

The plot in the top row, second column compares the stellar ages of centrals in
low- and high-M;, at fixed M,. With the Tinker catalog, we find low-M;, centrals to be
younger than high-M,, counterparts by ~ 1 — 2 Gyr. Differences between the [Fe/H] of
low- and high-M}, centrals are also present, with high-M}, centrals showing lower [Fe/H]
by < 0.05 dex at all M,. High-M,, centrals also show slightly greater [Mg/Fe|, especially
for M, > 10'Mg. Figure shows that the deeper absorption seen in high Mj, centrals
(Figure is primary a result of their older ages and higher magnesium-enhancement.

We can assign confidence levels to these results by computing the Bayes factor. As
an example, we can consider the following two hypotheses: either high-Mj;, centrals are older
or low-Mj;, centrals are older. The Bayes factor is just the ratio between the marginalized
likelihoods of the models since we are interested in adopting flat, uninformative priors. In

equation form, the Bayes factor is equal to

IP(agepigh-m, — a8€low-m, > 0)
B:HBZ»:H]P( e =0 (3.7)
M. M, - \A8Chigh-M,, T~ 88Clow-M),

Figure [3.5]indicates that for the first M, bin, the stellar ages of the two subsamples
are quite similar, and therefore B; ~ 1. On the other hand, high-M}, are significantly older
in the highest M, bin, and hence the associated Bayes factor is By ~ 100. If we assume
that the two hypotheses cover all possible model options (i.e. that at least one of the

subsamples is older), we can impose that the sum of the model probabilities is equal to one
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(e.g. |Oyarzun et al.2017). With this method, we conclude that high M, are older, have
lower [Fe/H], and feature higher [Mg/Fe| than low-M,, centrals with 3.60, 3.60, and 3.40
confidence levels, respectively.

We can now invert this analysis and use My, as the controlling variable. The results
are shown in the bottom row of Figure and indicate clear secondary behavior in the
stellar population of galaxies with different values of M, at fixed M. We see that high-M,
centrals are nearly always older. For M, > 1022~ 'M, this difference can exceed 2 Gyr,
has a significance of 4.4, and is clear in both halo catalogs. Differences in [Fe/H] show more
complicated behavior that is dependent on Mj,. For M;, < 10'2A~!M), high-M, centrals
show higher [Fe/H] by as much as 0.2 dex (8¢). For M;, > 10122~ 'M,, the difference reverses
and [Fe/H] decreases with Mj, (50). Significant differences are also observed in [Mg/Fe],
with high-M, centrals showing greater [Mg/Fe] at all My, (5.60) and for M;, > 102~ M,
(4.40) with both catalogs.

To help visualize the results across this multi-dimensional space, Figure |3.6| shows
the SHMR colored by each of the stellar population properties we considered. This figure
was made by fitting a two-dimensional, second-degree polynomial in M,-M;, space to the
results from Figure Note how stellar age and [Mg/Fe| not only vary with M,, but also

with Mj,. On the other hand, [Fe/H] depends almost exclusively on M,.

3.4.3 The stellar population profiles of central galaxies

We now look at the radial dependence of our derived measurements. The stellar
population profiles at fixed M, are shown in Figure[3.7] with M, increasing from left to right.

High-M,, profiles are shown in blue and low-M}, profiles in orange. The comparison at fixed
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My, is shown in Figure |3.8], with high-M, centrals in magenta and low-M, centrals in green.
The findings reported in this section apply to both catalogs, albeit only measurements using
the Tinker catalog are shown to keep the figures simple.

In general, the stellar population profiles confirm the differences in normalization
that we reported in Figure and Section We find stellar population differences to
be rather constant with radius, indicating that no significant differences in profile shape are
apparent between the subsamples. The stellar age and [Mg/Fe] profiles all tend to be flat,
while the [Fe/H] profiles all fall with radius, as reported in previous work (e.g. |Greene et al.
2015]; van Dokkum et al.|2017}; [Alton et al.|2018} [Parikh et al.|2018], 2019, 2021}, [Zheng et al.
2019; Lacerna et al.|[2020).

The fact that parameter differences are mostly constant with radius indicates that
the results in the integrated properties are not driven by outlier radial bins. This could
have been more problematic in the outskirts, where the spectral S/N is a factor of two
lower than at the centers (see Appendix . The profiles would also reveal if any trends
in the integrated measurements are driven by standout physical behavior. For example,
recent central star formation could also lower the mass-weighted stellar ages at the center,
but we see no evidence for this either.

We therefore conclude that any variations in the shape of the stellar population
profiles within 1.5R, must be very subtle. Processes like radial migration could contribute

“wash-out” any subtle differences that might have been imparted by past events in the

to
assembly history (Minchev et al.|2012; El-Badry et al.[2016). Moreover, the galactocentric

distances probed in this paper are just inward of the radii at which the stellar metallicity
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profiles of nearby galaxies start to show flattening due to minor mergers and stellar accretion

from satellite galaxies (Oyarzun et al.[2019).
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Figure 3.7: Stellar population profiles of low-M;, (orange) and high-M}, (blue) centrals at
fixed M, with the Tinker catalog. From top to bottom, shown are stellar mass surface
density, stellar age, [Fe/H]|, and [Mg/Fe]. Stellar mass increases from left to right. Low-M
centrals have younger stellar populations at all radii for M, > 101!M, and higher [Fe/H]

at all radii and all M, than high-M;, centrals.
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Figure 3.8: Stellar population profiles of high-M, (red) and low-M, (green) centrals at
fixed My, with the Tinker catalog. From top to bottom, shown are stellar mass surface
density, stellar age, [Fe/H], and [Mg/Fe]. Stellar mass increases from left to right. Despite
their lower X, high-M,. are more massive due to their much larger R.. For
My, > 10'2A~ M, high-M, centrals have stellar populations that are older, have lower

[Fe/H], and show greater [Mg/Fe] than low-M, centrals at most radii.
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3.5 Discussion

3.5.1 How halo mass modulates the stellar populations of passive centrals

at fixed stellar mass

In the two phase scenario for galaxy evolution, the in-situ formation of central
galaxies is followed by a phase of ex-situ growth through stellar accretion (Oser et al.|[2010),
2012; Johansson et al.|2012b; Moster et al.|[2013; Furlong et al.|2017)). Recent observations
of nearby massive galaxies provide support for this secondary phase. The stellar density
profiles of massive galaxies at low redshift have faint, extended stellar envelopes that could
have originated from late time stellar accretion (Huang et al.|2013blal 2018)), as also identi-
fied locally in the Milky Way (e.g. [Fernandez-Trincado et al.[2019, [2020]). Massive nearby
galaxies also show flat stellar metallicity profiles beyond the R., as it would be expected if
their outskirts assembled through minor mergers (Oyarzun et al.[2019)).

In|Oyarzun et al. (2019), we showed that this transition in the shape of the stellar
metallicity profiles becomes prominent in galaxies with stellar mass greater than M, =
10" M. Our estimates of the ez-situ stellar mass fraction at R, are consistent with zero
for M, < 10'Mg and unity for M, > 10''Mg. In this work, results from Figure also
indicate a phase transition at M, = 10111\/[@. Below this M,, differences in the host halo
M;, seem to modulate the level of Iron enrichment at fixed M,, while above M, = 10111\/[@,
differences in stellar age and [Mg/Fe| also become apparent.

A phase transition around M, = 10''M, also emerges in theoretical predictions.
The baryon-to-star conversion efficiency is believed to peak around M, = 10'%°Mg (e.g.

Behroozi et al.[[2013} |Girelli et al.[|2020)), thus creating an inflection point in the SHMR (e.g.
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Moster et al.|2010; [Posti & Fall|2021). As M, increases, the conversion efficiency decreases

and mergers grow in importance (Rodriguez-Gomez et al.[2016; Rodriguez-Puebla et al.|

. To first order, stellar mass that would have formed in the central galaxy at lower
masses becomes increasingly locked up in satellites and the “intra-group” medium of host
halos at larger masses. We can use these insights to inform our interpretation of Figures
B.5 and 3.7

Focusing on lower mass galaxies with M, < 101'M,, we see that centrals in low-

M}, halos have higher [Fe/H] within 1.5R, than centrals with the same M, in larger halos.

The same trend was recovered by |Greene et al| (2015)) in the MASSIVE survey

2013) (though we should note that the opposite result was found by La Barbera et al.|

(2014) and Rosani et al| (2018); more in Section [3.5.2]). This result can be interpreted

two ways. First, it might imply that central galaxies in high-M; halos more efficiently
retained their gas throughout their star formation episodes. This could have led to rapid

star formation, therefore enhancing their [Mg/Fe|, which is precisely what we observe in [3.5]

This Mg-enhancement in high-M;, centrals was also detected by |Scholz-Diaz et al| (2022),

who also characterized the stellar populations of central galaxies, but with single-fiber SDSS
spectroscopy.

Alternatively, we know by definition that at fixed M., low-M}, centrals also have
higher M,.-to-M}, ratios and lower numbers of satellites (see Figure. Perhaps our results
are simply a sign of more extended central star formation histories at lower halo masses

where lower virial temperatures and fewer satellites allow for longer periods of cold flow

accretion (e.g. |Dekel & Birnboim|2006; Zu & Mandelbaum [2016).
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Before turning to the interpretation of our results toward M, > 10''Mg), we should
emphasize that our sample binning and spectral S/N requirements in this work prevent us
from studying the flattening of metallicity profiles in the low surface brightness outskirts of
massive galaxies that were the subject of |Oyarzin et al.| (2019). The profiles in Figure
are mostly limited to the inner regions of galaxies, within ~ 1.5R.. That said, we see in
this work that Mj, has an impact on the formation of passive galaxies, even at the centers
of M, > 10"M,, centrals. Though subtle, these signatures of halo-modulated evolution are
significantly detected, as evidenced in Figures and

For M, > 10111\/[@, the stars in high-M;, halo centrals are older than their coun-
terparts in low-My, halos. At these large M., high-M,, centrals also have lower [Fe/H] and
higher [Mg/Fe] at all radii. The fact that these differences are present at the centers and
show little radial variation points to differences in in-situ formation, as opposed to minor
merger accretion at larger radii. In line with our interpretation at lower M., a possible
explanation is that low-M;, centrals continued forming stars over longer timescales. A later
onset of quenching would yield younger stellar ages, higher [Fe/H], and lower [Mg/Fe] as
measured today.

Given the more active merger history of high-M, galaxies, it is worth exploring the
possibility that a fraction of the stars at the centers of M, > 10" Mg, centrals was accreted.
To lower the [Fe/H] abundance and increase the stellar age in high-M,, centrals, accreted
stars would have to be metal poor and old. |Oyarzun et al. (2019)) argued that signatures
of minor mergers are produced by the accretion of stellar envelopes that are more metal

poor than the inner regions of the central, giving credibility to this explanation. However,
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explaining why accreted stellar populations would be old is more challenging. The stellar
ages of satellite galaxies rarely exceed 10 Gyr, even in halos as massive as My, > 1014A~1M,
(Pasquali et al.[2010). Yet, the stellar ages of high-M;, centrals can be as old as 12 Gyr for
M, = 10'°M.

Recently, Huang et al.||2020 exploited deep, wide-field imaging to measure individ-
ual early-type galaxy surface brightness profiles to R ~ 150 kpc for a sample large enough
that precise My, estimates could be derived through galaxy-galaxy weak lensing. They
found that, as a function of their host halo My, central galaxies not only contain more M,
in their centers, but in their distant outskirts as well. If dry minor mergers are required
to build those outskirts, does this mean that larger halos must be effective in suppressing
star-formation in both their central galaxies and the within-the-satellite population that
will later merger onto those centrals? Further exploration of this question requires a direct
comparison between the stellar population profiles of central and satellite galaxies, a subject

we will return to in future work.

3.5.2 How stellar mass drives evolution within dark matter halos of iden-

tical mass

So far, we have discussed the influence of the host dark matter halo mass (M) as
a secondary, modulating variable in the formation and evolution of passive central galaxies
at fixed M,. This approach follows a long line of literature seeking to understand the
role of “environment” after controlling for luminosity or stellar mass (e.g. [Dressler [1980;
Kauffmann et al.|[2004; Peng et al. 2010b)).

Our theoretical understanding of galaxy formation, however, begins by assuming
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an underlying distribution of evolving dark matter halos and then seeks to build physi-
cal models on top (see [Benson et al.|2000; Moster et al.|2013; Somerville & Davé 2015)).
Acknowledging our imperfect ability in this paper to measure dark matter halos observa-
tionally (see Section , we nonetheless turn to a theory-minded perspective, in which
halo mass is the primary variable. By studying trends with M, in bins of fixed My, we gain
insight into the range of evolution that occurs within halos of fixed mass today.

Considering stellar age, [Fe/H]|, and [Mg/Fe] in nearly every mass bin, the bottom
row of Figure shows that the stellar populations of central galaxies at fixed M;, depend
strongly on stellar mass. On the one hand, this result seems to be a familiar expression of
how stellar populations depend on the luminosity of early-type galaxies (see |Renzini| 2006
for a review). But when we remember that our trends are seen at fixed My, they are perhaps
more surprising. In two halos of identical mass today, central galaxies with different M,
have markedly different formation histories.

We discuss two physical interpretations of this result before concluding the discus-

sion with an examination of potential observational biases.

Varying conditions of early formation

Our first interpretation follows in the spirit of “monolithic collapse,” namely that
the early conditions (z ~ 4) for gas accretion and mergers determine how the vast majority
of stars in early type galaxies form. Rapid, intense formation leads to a greater stellar mass
content (van Dokkum et al.|2009; Newman et al|2010; |[Damjanov et al. [2011; |Whitaker
et al.| 2012} Dekel & Burkert| 2014; |Zolotov et al.[|2015). The number of stars formed in

this early phase may be therefore largely independent of the progenitor halo properties, let
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alone the halo’s final mass at z = 0.

In this picture, certain halos would happen to host the conditions needed for gas-
rich mergers which promote the early formation of massive central galaxies. These events
would have to rapidly exhaust gas supplies to produce old and chemically enriched stellar
populations today. Unfortunately, testing this scenario with stellar population profiles is
challenging because the imprint of gas-rich mergers is hard to predict and sensitive to the
initial conditions of the encounter (Kobayashi|2004)).

We note, however, that at all My, high-M;, centrals are larger in size and show
higher ¥, [Mg/kpc] within ~1 R, compared to their low-M, counterparts (see Figure .
Their initial “collapse” may have driven up such large central gas densities that the resulting
deep potential wells limited the impact of feedback, driving runaway growth in M, (e.g.
Matteucci |1994; Wellons et al.|2015). Such a period of collapse might leave kinematic and
morphological signatures. Gas-rich major mergers might preserve the spin of the merger
remnant, for example, giving rise to compact disks at z ~ 2 (e.g. |van der Wel et al.[[2011)
and so-called fast rotators (e.g. |Graham et al.|2018). On the other hand, a more extended
formation period followed by dry mergers might produce slow rotator galaxies (Naab et al.
2014]).

In a sense, this general picture aligns with Section in that stellar mass,
and not the dark matter halo, emerges as the dominant variable that controls how the
bulk of stars in passive centrals form. This would seem antithetical to current theoretical
models, however, and inconsistent with a variety of observational studies emphasizing the

importance of My, or at least proxies thereof (e.g. ¥jkpc and o) in driving galaxy properties
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(Figures of this paper and e.g. [Franx et al.2008; Wake et al.2012; Chen et al.|

20205 |[Estrada-Carpenter et al.[2020).

Galaxy Assembly Bias

If a galaxy’s growth history is ultimately tied to its dark matter halo, then Figure

tells us that other halo parameters, beyond M, must play a role. These might include

halo formation time and halo clustering (e.g. |Gao et al.2005; Wechsler et al.[[2006), sec-

ondary properties which invoke the idea of “halo assembly bias.” By definition, this term

encapsulates all correlations between halo clustering and the assembly histories of halos at

fixed My, (Mao et al|[2017; Mansfield & Kravtsov|2020). For example, dark matter halos

that assembled early tend to be more strongly clustered than counterparts that assembled

at lower redshift (Gao et al.|[2005; |Contreras et al.|[2019), especially for M;, < 1013h7 1M

(Li et al.[2008).

The strong statistical relationship between halos and the galaxies they host (e.g.

Leauthaud et al[2017)) has motivated predictions for how halo assembly bias might impact

galaxy formation. Croton et al| (2007) used semi-analytic models to predict that halo for-

mation time should correlate with galaxy luminosity at fixed My. In a halo mass bin of
Mj, = 10" — 10'52h 1M, they found that bright centrals formed in those halos that had

mostly assembled by z ~ 1, whereas fainter centrals were associated with halos that assem-

bled later (z ~ 0.5). |Zehavi et al| (2018) expanded on this result, predicting a dependence

of central M, on halo formation time at fixed My,.

An implied secondary dependence of stellar mass growth on halo age has also been

studied with semi-empirical models. [Bradshaw et al.|[2020], for example, report factor of ~3
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differences in “central” M, between the 20% youngest and oldest halos at fixed halo mass

above My, > 103Mg, as modeled in the UniverseMachine (UM; Behroozi et al.2019). This

difference in M, and age (of approximately 1-2 Gyr) is similar to our results in the two
bottom-left panels of Figure [3.5

A galaxy assembly bias signal is also predicted in cosmological hydrodynamic

simulations like EAGLE (Crain et al.|2015; [Schaye et al.|2015; Matthee et al.|2017; Kulier|

2019) and Illustris (Vogelsberger et al.|2014a; Nelson et al.|2015; Xu & Zheng|[2020),

where it is driven by the fact that halos in dense regions not only collapse earlier but do so

with higher halo concentrations (e.g. Wechsler et al.|2002; Zhao et al|[2009; |Correa et al.|

12015; Hearin et al.[2016]). That yields deeper potential wells (Matthee et al. [2017)) and

more efficient central star formation (e.g. |[Booth & Schaye 2010). For example,

find an order-of-magnitude variation in central M, at fixed halo mass below
My, < 10'2Mg,. This variation correlates strongly with halo assembly time, which spans
z =0.6-3 (see their Figure 7).

In HlustrisTNG, galaxy assembly bias is strongly imprinted in galaxy observables.

At fixed My, central galaxies that are dispersion dominated, redder, larger, and have higher

M, are more strongly clustered, especially for M, < 1013h~'My (Montero-Dorta et al.|

2020)). In addition, centrals in IllustrisTNG with high M,-to-My, ratios exhausted their gas

reservoirs earlier, thus quenching at higher redshifts (Montero-Dorta et al.|[2021)).

It is tempting to map these predictions to our observational results. At fixed My,
high-M, centrals have stellar populations that are older, have higher [Mg/Fe], and show

lower [Fe/H], revealing that they formed earlier and more rapidly. In the galaxy assembly
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bias scenario, this is a consequence of galaxy formation in older, highly concentrated halos.
This explanation was also proposed by Scholz-Diaz et al.| (2022) to explain why the same
trends for stellar age and [Mg/Fe] are present in single-fiber spectra from SDSS.

Before we consider observational biases on this conclusion (Section [3.5.2), it is
worth noting that there is disagreement among theoretical predictions for the detailed be-
havior of galaxy assembly bias. In the UM analysis, the secondary correlation with halo
formation time is strongest for My, > 10'*Mg, (Bradshaw et al.2020; see also (Croton et al.
2007)). But [Matthee et al.| (2017) find that halo formation time in EAGLE has no effect
above My, > 1012M,. Instead, it strengthens at lower masses (see also Kulier et al.2019).
Meanwhile, Zehavi et al. (2018) and Xu & Zheng (2020) find a correlation between halo age
and M, that peaks around M, ~ 102h~'M and mildly decreases in significance toward
My, > 1035~ 'Mg. Uncertainties in late-time growth explain some of the discrepancy. In
hydrodynamical simulations, the stochasticity of late mergers can wash out formation-time
bias at high-M;, (Matthee et al.|2017). The opposite happens in the UM because the bias
here is driven by accreted stellar populations (Bradshaw et al.2020)). Halo age primarily
influences the stellar mass that was accreted through mergers rather than the populations
formed in-situ.

Finally, we note that the more rapid formation of high-M, centrals, as inferred
from the [Mg/Fe| and [Fe/H| measurements, is in agreement with the analysis by Montero-
Dorta et al.| (2021) in IllustrisTNG. However, it is in contrast with how high-M, centrals
assemble in EAGLE, where they grow by forming stars over long timescales (Kulier et al.

2019)). As|Contreras et al.| (2021)) concluded in their comparison of different galaxy assembly
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bias models, the amplitude and behavior of the signal is strongly model-dependent.

Systematic errors and assembly bias signal

Many studies have searched for signatures of galaxy assembly bias and tentative

detections have been reported, including correlations between halo concentration and the

occupation fraction of centrals (Zentner et al.2019; Lehmann et al.[2017), spatial clustering

of galaxies (e.g. [Berlind et al.|2006; Lacerna et al.|2014; Montero-Dorta et al. 2017),

and galactic “conformity” (i.e., similarity in the physical properties of galaxies within a

halo; [Weinmann et al.|[2006; Kauffmann et al.[2013; |Calderon et al.2018)). Unfortunately,

systematic errors in the distinction between centrals and satellites, halo mass estimates, and

other problems have called into question many of these results (see Campbell et al.[[2015;

LLin et al.||2016; Tinker et al.|2018; |Wechsler & Tinker|2018).

Much of the concern in our work centers on the group catalogs we use to infer the
host dark matter halo properties. Indeed, we show explicitly that the choice of group catalog
can affect our results. For example, the Yang+Wang and Tinker catalogs disagree as to

whether low-M,, centrals have higher or lower [Fe/H] than their high-M;, counterparts (see

Figure [3.5). These discrepancies are also present in other work. [La Barbera et al| (2014)

and Rosani et al. (2018) used the [Yang et al.| (2007) catalog to find that high-Mj, centrals

have younger and more Iron enriched populations than low-My, centrals. The opposite was

found by |Greene et al| (2015) with the catalog by |Crook et al.| (2007)).

While we favor the new group catalogs from (2020ayb)), which are more

sophisticated, self-consistent, and robust thanks to deeper imaging, systematic errors in My,

may significantly impact our conclusions. This is in large part because the My, estimates
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depend, at least in part, on the M, of the central galaxy. In addition to counting satellite
luminosity, the Tinker catalog also employs color and r-band light concentration when
assigning M;, to an associated central galaxy. Our results indicate that high-M, centrals
have higher central X, the opposite of the expected bias with concentration. But they do
have fewer satellites (apparent in Figure . This is expected because the central and
satellite M, values must roughly add to a constant at fixed My. It is possible that the
history of satellite accretion drives the stellar population trends we see, independently of
the halo assembly history.

Finally, the identified sample of “central” galaxies (which is roughly identical in the
Tinker and Yang+Wang catalogs) is both incomplete and contaminated (by actual satellite
galaxies) in ways that likely depend on M, and inferred M. Disentangling these effects
requires substantial mock observations that are beyond the scope of this paper.

Instead, in future work we can make progress by measuring observables associated
with our subsamples that are independent of galaxy luminosity (i.e., independent of M,).
For example, the asssembly bias interpretation would be strengthened by a detection of
different large-scale density signals on 10 Mpc scales for high- versus low-M, galaxies at
fixed My,. Likewise, we can exploit new, more accurate proxies for My, (e.g. Bradshaw et al.)

2020)), eventually aiming to derive M estimates from stacked weak lensing.

3.6 Summary

We constructed a sample of over 2200 passive central galaxies from the MaNGA

survey to study how their assembly histories depend on M, and M;. We constrained the
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stellar populations of our galaxies to high precision through spectral stacking and char-
acterization with the codes Prospector and alf. We also control for systematics in My,
estimation by comparing the outputs from the group catalogs by Yang et al.| (2007); Wang
et al. (2016) and [Tinker| (2020alb). Our findings can be summarized as follows:

1. At fixed M,, there are significant differences in the spectra of passive centrals
as a function of Mj,. These differences are present at all M, and we detect them at all radii
(R < 1.5R.). With no modeling involved, this shows that host halos have an impact on the
formation of central galaxies.

2. To associate these spectral differences to stellar population variations, we turned
to fitting with Prospector and alf. At fixed M,, centrals in less massive halos show higher
[Fe/H] and younger stellar ages. Our preferred explanation for this result is that the fewer
satellites in low-My, centrals allow for longer periods of cold flow accretion onto the central
galaxy. As a result, low-M}, centrals undergo more extended star formation histories.

3. At fixed My, centrals with high-M, have older stellar populations and formed
in shorter timescales (low [Fe/H] and high [Mg/Fe|) than centrals with low-M,. At first
glance, this result might be expected given how the stellar populations of early-type galaxies
depend on M,. However, our results are the first to distinguish these evolutionary trends
at fixed My. We propose two different scenarios to explain these results:

Varying conditions of early formation: at fixed My, centrals that undergo gas-
rich mergers can fuel rapid, intense star-formation episodes followed by runaway growth in
M,. This process of "enhanced collapse” leads to the formation of old, c-enhanced stellar

populations.
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Galazy assembly bias: according to theory, central galaxies with high M,-to-Mp
ratios assembled in early-forming, highly concentrated halos. Their gravitational potentials
lead to early star-formation, efficient metal retention, and rapid exhaustion of their gas
reservoirs.

4. Though we use two group catalogs in our analysis, we are still sensitive to
sample contamination and systematic errors in M, estimation. Future work can improve
on these difficulties by measuring observables that are independent of galaxy luminosity or

by exploiting more accurate proxies for My,.

3.7 Appendix: Model fits and posterior distributions

Figures and show some of the fits and composite posterior

distributions for high-M, (red) and low-M, (green) centrals. Halo mass increases with
figure number. Top panels show the continuum-subtracted stacks and best fits. Residuals
are plotted underneath. The errors shown in gray include the jitter and inflated error terms
implemented by alf. Black vertical lines delimit the wavelength ranges used for continuum
subtraction.

The bottom panels show the posterior distributions of mass-weighted ages, [Fe/H],
and [Mg/Fe] derived with alf for the two corresponding spectra. The assumptions used to
derive these quantities from raw alf outputs are described in Section We fitted for a
two-component SFH, stellar velocity dispersion, IMF, and the abundances of 19 elements.

Posterior sampling was performed with emcee (Foreman-Mackey et al./[2013).
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Figure 3.9: Top: Best fits and residuals for the 11 <logM;[Mg/h]< 12 bin (R < 0.5R.).
Bottom: Posterior distributions. Details in Appendix
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Chapter 4

Evidence of galaxy assembly bias
in the population of passive central

galaxies in SDSS
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4.1 Introduction

In the current cosmological picture, the formation of galaxies is closely connected

to the growth of dark-matter halos (e.g. [Wechsler & Tinker|2018)). As halo mass (M)

increases, so does the gravitational pull of the halo, facilitating the accretion of gas, fueling
star-formation, and promoting the build-up of stellar mass (M,). The resulting correlation

between My, and M, is known as the stellar-to-halo mass relation of central galaxies (SHMR;

e.g. Moster et al.[2013).

Halo properties other than My, are also thought to impact the formation of central

galaxies. Older and more highly concentrated halos feature deeper potential wells that

promote a more rapid and earlier assembly of M, at a given M; (Matthee et al.|[2017;

& Zheng||2020)). The correlation between galaxy properties and secondary halo properties

at fixed My, is known as galazy assembly bias (e.g. [Mao et al[2017).

The ubiquitous nature of galaxy assembly bias in theoretical work (Montero-Dorta

let al.[2020; Xu & Zheng|2020) has motivated a search for observational proof of its existence.

Tentative detections have been reported in the clustering of central (Lehmann et al.|[2017}

|Zentner et al.|2019) and red and blue galaxies (Montero-Dorta et al.|2017)). Signals have also

been reported as part of galactic “conformity” (i.e., similarity in the physical properties of

galaxies within a halo; Kauffmann et al.[2013; (Calderon et al.[2018). However, the reliability

of these results has been questioned, as biases of group catalogs can lead to spurious signals

(Campbell et al.|2015; |Lin et al.|[2016; [Wechsler & Tinker|2018).

In this work, we exploit the SDSS group catalog by (2020a)b) to miti-

gate these biases. The algorithm is calibrated on observations of color-dependent galaxy
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clustering and estimates of the total satellite luminosity, which allows for a more accurate
reproduction of the central galaxy quenched fraction. In addition, Tinker| (2020b]) used deep
photometry from the DESI Legacy Imaging Survey (DLIS; [Dey et al. 2019)), allowing for
precise accounting of galaxy M, and group L.

We first used the [Tinker| (2020a,b)) catalog in Oyarzin et al. (submitted) to char-
acterize how the assembly histories of red central galaxies in the MaNGA survey (Bundy
et al.[2015) depend on M, and M. We found that centrals with high M,-to-M;, ratios
formed their stars early and rapidly, suggesting that they assembled in old dark-matter ha-
los. In this paper, we test this hypothesis by studying how the number density of galaxies
within 10A~! Mpc, a proxy for halo formation time, depends on M, and M}, in the SDSS
MAIN Galaxy Survey (MGS; [York et al.|[2000; Gunn et al.|2006; |Alam et al.|2015). As we
will show, central galaxies with high M,-to-M;, ratios assembled in old dark-matter halos,
which is evidence of galaxy assembly bias.

This work is based on a sample of ~ 150,000 red centrals from the SDSS MGS. We
retrieved the spectroscopic M, measured by |Chen et al.| (2012) and the M, estimated by
Tinker| (2020b). We present our dataset in Section [4.2] results in Section[4.3] and discussion
in Section Our M, adopted a Kroupal (2001) IMF and h = 0.7. All magnitudes are

reported in the AB system (Oke & Gunn|/1983).

4.2 Dataset

This paper uses the dr72bright34 subsample of the MGS, which was defined

in the construction of the NYU Value-Added Galaxy Catalog (NYU-VAC; Blanton et al.
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Figure 4.1: Left: Stellar to halo mass relation of red centrals in SDSS. The M, were

measured in SDSS spectra by (Chen et al| (2012) and the M;, were estimated with deep

photometry from the DLIS (Tinker|[2020a]b). Centrals are divided into high M, centrals

(magenta) and low M, centrals (green). Right: Normalized galaxy number density within
10 Mpc (top), halo formation time (middle), and difference in halo formation time

(bottom) as a function of My. At fixed My, centrals with higher M, reside in denser, older

regions of the large scale structure, which is evidence of galaxy assembly bias.
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2005a). Spectroscopy and data outputs were available as part of SDSS DRS8 (Brinchmann
et al. 2004). We restricted our galaxies to the redshifts 0.04 < z < 0.16 to limit biases in
the survey selection function, yielding 434,811 galaxies.

Group catalogs can bias the M, distributions of red and blue galaxies differently
(Lin et al.|2016). Therefore, we used a Gaussian-mixture model to quantify how the sepa-
ration between red and blue galaxies in D,,4000 depends on Lg,. The outputs of the model

were fit, yielding the threshold

: log Lot — 9.
Derit (Lgal) = 1.42 + g [1 + erf ((%%1899” ,

where erf (x) is the error function. All blue galaxies were removed, yielding 225,200 red
galaxies. Further details can be found in Tinker (2020b).

The M, were retrieved from the SDSS DRS8 outputs. They were measured by |Chen
et al.| (2012) as part of a PCA-based approach to constrain the star-formation histories
(SFHs) and stellar populations of galaxies in SDSS DR7 and BOSS (Aihara et al.[2011)).
The small scatter at fixed halo mass shown by these stellar masses (~ 0.18 dex) make them
ideal for this work (Tinker et al[2017)). To measure their M,, Chen et al.| (2012) described
the optical wavelength range between 3700A and 5500A of every spectrum as the linear
combination of seven model eigenspectra. The model space was constructed by generating
a spectral library spanning a wide variety of SFHs. In this work, we retrieved the M, that
used the Maraston & Stromback| (2011) stellar population synthesis models and Kroupa,
(2001) IMF for the construction of the library. The M, for our final sample of central
galaxies are shown in Figure

Environment was quantified with the self-calibrating halo-based galaxy group
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finder by Tinker| (2020a). Here, the probability of a galaxy being a central depends on
both galaxy type and luminosity, which allows for a more accurate reproduction of the cen-
tral galaxy quenched fraction than with other algorithms. After central galaxies and their
corresponding groups were determined, halo masses were assigned through the Bolshoi-
Planck simulation (Klypin et al.|2016). At this point, color-dependent galaxy clustering
and total satellite luminosity were used as observational constraints until the best fitting
model was found.

Here, we work with the implementation of the Tinker| (2020a)) algorithm on SDSS
(Tinker| 2020b). To construct the catalog, Tinker|2020b| used deep photometry from the
DESI Legacy Imaging Survey (DLIS; |Dey et al.[2019)), allowing for more accurate accounting
of galaxy M, and group L, than in other group catalogs (Yang et al.|2007). Our central
galaxy sample was constructed by selecting all galaxies with satellite probabilities Psq; < 0.1.
Of the 225,200 passive galaxies, 142,292 classified as passive centrals. Their Mj, are shown
in Figure We adopted a standard error of log(My, /M) = 0.3 for all galaxies. The
catalog is publicly available and can be found at https://galaxygroupfinder.net.

In this work, we use the normalized number density of galaxies (d19) as proxy for

halo formation time. We computed d1¢ for every central as

S10 = (4.1)

where p, is the number density of galaxies around a top-hat sphere of radius 10h~! Mpc
and (p,) is the average p, at the redshift of the central. These two quantities were estimated
in simulations that randomized the spatial distribution of galaxies, and they account for

completeness and edge effects. Errors in d19 were obtained by propagating the Poisson error
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in p,. Further details on how 43¢ is computed can be found in |Alpaslan & Tinker| (2020).
To assign halo formation times to our galaxies, we used the MultiDark Planck 2
Simulation (MDPL2; |Prada et al. [2012). We first measured My, d19, t. for every central
in the simulation, where ¢. is the time when the halo assembled half of its mass at z = 0.
The characterization of t. = t.(My, d10) in the MDPL2 was then used to assign values for
the average and error on the t. of every central in the MGS. This step was performed via
Monte Carlo simulations that took full account of the scatter in My, d19, and ¢. of both
the MDPL2 and MGS. In the computation of d1¢ in the MDPL2, we counted only subhalos

with Ve > 80 kms™!, as this yielded a distribution in (My, d10) that matched the MGS.

96



Red centrals in SDSS

11.04 0.5 8
‘3 041 /
') V 4
+ 03 f
=) o/
/
j=)} rd
10.5 S 0.2 ° °©_—o
Qo o
= 014 ©
<
~
] T T T T
= 8.5 9.0 9.5 10.0  10.5
T 10.0 A longroup [Lo/h?]
5
| 2.1
=
o
2
o 0
9.5 1 ] )
o 19 o
o
o
<
S
=)
1.7 4
9.0 1
. . . . . . . 1.5 . . . .
7.5 8.0 8.5 9.0 95 100 105 11.0 115 8.5 9.0 95 100 105
l")g]—'group [Lo/hZ] longroup [Lo/hzl

Figure 4.2: Left: Galaxy luminosity as a function of group luminosity for centrals in
SDSS. Here, high M, centrals (magenta) and low M, centrals (green) are defined at fixed
Lgroup- Right: Normalized galaxy number density within 10 Mpc (top) and D,,4000
(bottom) as a function of Lgyoyp for the two subsamples. At fixed Lgyoup, centrals with
higher M, assembled in denser regions (i.e., older halos) and have higher D,,4000
(older /more metal-rich stellar populations). This figure highlights that the galaxy

assembly bias signal from Figure is also detected in observable quantities.

97




4.3 Results

Figure shows the M, and My, of our sample. Two subsamples at fixed M;, were
defined: high M, centrals (magenta) and low M, centrals (green). The right column of
Figure shows the d19 and t. of the two subsamples after binning in redshift space and
then stacking (bins of width Az = 1072). For M;, = 10! — 103A~!M, high M, centrals
have higher §;9 and older halo formation times than low M, centrals.

Figure [£.2] shows that these trends are also present when using quantities that are
more truthful to the data. At fixed group luminosity (Lg;oup), high M, centrals show higher
910 (i-e., older halo ages) and higher D,4000 (older/more metal-rich stellar populations)
than low M, centrals. Taken together, Figures and indicate that galaxy assembly

bias is present in the population of passive central galaxies of SDSS.

4.4 Discussion

At fixed My, red central galaxies of higher M, formed in older dark-matter halos.
We also found higher M, centrals to show systematically older stellar ages, higher [Fe/H],
and greater [Mg/Fe| (Oyarzin et al. submitted). Taken together, these results indicate
that early-forming halos lead to early star-formation, fast stellar mass build-up, and rapid
quenching at fixed Mj, (Booth & Schaye|2010; Matthee et al.[2017)).

The greater metal-enrichment of high M, centrals could also be associated with
differences in halo concentration. At fixed My, older halos tend to show higher concen-
trations and therefore more strongly bind the stellar and gaseous contents of centrals (e.g.

Wechsler et al.|2002; Hearin et al.2016]). In fact, Montero-Dorta et al.| (2020, 2021]) showed
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that in the IlustrisTNG simulation (Vogelsberger et al.[[2014a; Nelson et al.2015)), older,
highly concentrated halos are responsible for the formation of high M,, red, and old centrals.

This interrelation between galaxy and halo assembly is the strongest when the for-
mation times of halos and galaxies go hand in hand. The galaxy assembly bias signal peaks
in magnitude for My, ~ 10'2°h =M, (see Figure , which corresponds to halo and galaxy
formation times of ~ 8 —9 Gyr (Figureand Oyarzun et al. submitted). As My, increases,
the deeper gravitational potentials of massive halos facilitate earlier and more rapid galaxy
formation (> 10 Gyr; Oyarzin et al. submitted). However, massive halos assemble most
of their mass through mergers at later times (e.g. Figure , possibly indicating that the
decoupling between the formation times of halos and galaxies is responsible for the decrease
in magnitude of assembly bias toward M > 103°h~!M. In addition, the stochasticity

[4

of merger growth can also “wash-out” any residual assembly bias trends in the stellar ages
and stellar masses of massive centrals, an idea proposed in Matthee et al.| (2017)).

The range over which we find the assembly bias signal to peak is well reproduced by
some theoretical work. In IllustrisTNG, the correlation between halo age and M, also peaks
around My, ~ 10'2A~'M, and mildly decreases in significance toward M; > 103551 Mg
(Zehavi et al|2018; Xu & Zheng [2020). Though this agreement is interesting, we must
exercise caution, as it may stem from similarities in how the IllustrisTNG and MDPL2
simulations populate the My, M,, and t. space. More telling is that galaxy assembly bias

in IustrisTNG is also present when using the number density of particles within 5A~ Mpc

instead of t. (Zehavi et al.|2018), in strong agreement with the top right panel of our Figure

41l
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Not all theoretical work predicts the signal to weaken for M, > 103-5h~1Mg.

In the UniverseMachine (UM; Behroozi et al.|2019), the magnitude of galaxy assembly

bias remains strong even for M;, > 10'*h~!Mg. Bradshaw et al. (2020) showed that the

20% youngest and oldest halos in the UM above My, > 10"h~'M, show differences of a

factor of ~ 2 — 5 in M,. The EAGLE simulation (Crain et al.| 2015} |Schaye et al.||2015])

is at the other end of the spectrum, predicting that halo formation time has little impact

above My, > 10115h~1My, (Matthee et al|[2017). Some of the discrepancies between these

simulations may originate in how mergers are handled by the different algorithms, especially

given that mergers become increasingly important as M, increases (Matthee et al. 2017

Bradshaw et al.|[2020).

Our result also has important implications for the construction of galaxy formation

models, as it can constrain how halo occupation distributions (HODs) are constructed

(Tinker et al.|2008;|Wechsler & Tinker|2018). For instance, Zentner et al.| (2019)) showed that

accounting for assembly bias in the HOD can better reproduce the clustering of M, < —19
galaxies in SDSS. The amplitude of the signal is particularly constraining, as incorrect

galaxy assembly bias prescriptions can lead to systematic errors in the recovered clustering

measurement (Zentner et al.|2014)).

It is also important to address how biases in our approach could fabricate the

galaxy assembly bias signal. For instance, passive central galaxies in the [Yang et al. (2007)

group catalog show older stellar ages and are more strongly clustered than star-forming

counterparts of the same My, (e.g. Wang et al|[2008). Yet, weak lensing analyses revealed

differences between their underlying My, distributions, indicating that the scatter of the
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SHMR in the Yang et al.| (2007) catalog correlates with the physical properties of galaxies
in an unaccounted for manner (Lin et al. 2016]).

Our approach accounts for these difficulties in multiple ways. First, our detection
is not reliant on the differences between passive and star-forming centrals, since our sample
is limited to the former. Second, the impact of the color-dependent spatial distribution
of galaxies on halo mass estimation is accounted for, as the Tinker| (2020al) algorithm is
designed to fit for the clustering of passive and star-forming galaxies separately. It is also
reassuring that the SDSS implementation of the algorithm can reproduce the weak-lensing
derived SHMR (Mandelbaum et al.|2016), especially for passive centrals in our M regime
(Tinker|[2020b). Finally, the fact that we also recover the result when using total group
luminosity is indication that the signal is not a byproduct of the complexity of the algorithm
(Figure [4.2)).

Another systematic error in group finding algorithms can be central and satellite
galaxy mis-classification. Lin et al. (2016)) showed that satellite contamination can affect
the correlation functions and the dark matter profiles of central galaxy samples. Yet, as
also pointed out by [Lin et al. (2016)), satellites that are mis-classified as centrals reflect
the large-scale bias of their higher M;, hosts. As the normalized densities converge at high
M;, (Figures and , central and satellite galaxy mis-classification would weaken the
assembly bias signal. Also, adopting a central selection criterion of P,y < 0.01 instead of
Psar < 0.1 does not affect the results of this work.

Any biases arising from our M, are unlikely. At fixed My, the measurement error

of our stellar masses is AM, < 0.18 dex (Tinker et al. [2017)), much smaller than the
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~ 0.4 dex separating our two M, subsamples (left panel of Figure . The normalized
number densities are also robust, as the flux limit of the DLIS reaches 22.8 mag at 50 (Dey
et al.|[2019), 5 — 6 magnitudes deeper than the m, of the galaxy luminosity function at
z = 0.1 (Blanton et al.|2005a)). The densities are also a measurement largely independent
of halo mass, as they probe vastly different physical scales (10h~* Mpc and < 1A~ Mpc,
respectively).

Still, quantifying the magnitude and significance of galaxy assembly bias with
other probes for My, is still a priority. Weak lensing can be used to search for systematic
differences between the total mass surface density profiles of high and low M, centrals (e.g.
Lin et al|[2016)). In addition, host M}, can also be estimated through the tight correlation
between central M, My, and M7"** where M*** is the the stellar mass of the central out
to 100 kpc (Huang et al.|2020). In future work, we will exploit these techniques to further
constrain the role of halo assembly on galaxy formation.

This result opens up a new set of questions. Is there a signal for M;, > 1013h~ 1M,
and is it driven by differences in halo angular momentum (Wechsler & Tinker||2018)? Does
the signal propagate to the satellite galaxy population (Tinker [2020a; Alpaslan & Tinker
2020)7 To answer some of these questions, the statistical power of upcoming surveys like

The DESI Experiment (DESI Collaboration et al.[2016|) will be key.
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Chapter 5

The stellar population profiles of
passive central and satellite

galaxies
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5.1 Introduction

Evolution of structure in the ACDM model is hierarchical (White & Rees||1978;

Davis et al.|[1985)). Massive central galaxies are thought to grow in stellar mass (M,) and

size through the accretion of stellar envelopes from satellite galaxies (Oser et al[2010,

2012} \Johansson et al2012b)). Several observations have found supporting evidence for this

picture. Cluster galaxies show an excess in surface brightness that can extend out to 100

kpc and beyond (intra-cluster light; Zibetti et al.[[2005). Similarly, the surface brightness

profiles of massive elliptical galaxies (M, > 10''Mg) contain faint, extended components at

large radii (r > 10 kpc; [Huang et al|[2013bJa) presumably accreted from satellite galaxies

(Huang et al.|2018)). Furthermore, in |Oyarzin et al.| (2019) we showed that the stellar

metallicity profiles of M, > 101'Mg, early-type galaxies (ETGs) flatten beyond the effective

radius (Re), which is another signature of stellar accretion (Cook et al.2016; Taylor &|

Kobayashi [2017]).

The hierarchical formation scenario can also successfully explain some of the dif-
ferences between the central and satellite galaxy populations. At fixed M,, satellite galaxies

show higher stellar concentrations, older stellar populations, higher stellar metallicities, and

a higher quenched fraction than central galaxies (van den Bosch et al.|2008a; Pasquali et al.|

2010} Wetzel et al.|[2012} [La Barbera et al|[2014}; [Davies et al|[2019; Pasquali et al. 2019}

\Gallazzi et al.|2020; Trussler et al|2021)). These observations suggest that parent halos fa-

cilitate satellite quenching through mechanisms that can, for example, remove the subhalo

ISM (i.e. ram-pressure stripping; |Gunn & Gott|[1972; Einasto et al.|[1974} Nulsen|/1982)) or

inhibit further star formation through the shutdown of cold gas accretion (e.g. starvation;
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Kawata & Mulchaey|2008)).

At the low M, end (M, < 10®M,), ram-pressure stripping is thought to dominate

satellite quenching (Weisz et al.|2015; Davies et al.[2016). Low M, satellites interact with the

intra-cluster medium (ICM) of the parent halo, stripping their gas reservoirs and truncating

their star-formation (e.g. Balogh & Morris|2000; Mayer et al.|[2001}, 2006} van den Bosch|

et al.|[2008b; [Spindler & Wake 2017b)). As a result, satellite galaxies show older stellar

populations than centrals of the same M, (Pasquali et al.[2010). At the same time, low M,

satellites can lose some of their M, through tidal stripping (Kang & van den Bosch|2008).

As this process leaves stellar metallicity roughly unaltered (Pasquali[2015)), low M, satellites

deviate from the average stellar mass-metallicity relation followed by central galaxies (Faber|

[& Jackson|[1976a; [Cid Fernandes et al|2005; |Gallazzi et al.[2005; [Thomas et al.|2005| [2010;

|Gonzalez Delgado et al.|[2014; |Pasquali [2015).

The impact of ram-pressure stripping is believed to decrease toward higher stellar

masses (M, = 10® — 10''M,), as deeper potentials can more effectively sustain drag from

the ICM (Fillingham et al.[2015]). At these masses, mechanisms that inhibit future star for-

mation through environmental pre-processing more likely dominate. In starvation, satellite

galaxies can lose their cold gas reservoirs through tidal interactions with the parent halo,

suppressing future star-formation (Kawata & Mulchaey |2008). This process can also apply

to hot subhalo gas in a process known as strangulation (e.g. |[Larson et al.|1980). These

two mechanisms are thought to act in timescales of 2-6 Gyr, after which the satellite galaxy

quenches within 1 Gyr (“delayed-then-rapid”; Wetzel et al. 2012, 2013).

All of these mechanisms point at a strong connection between the satellite infall
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time (Ty,s) and the satellite quenching time (Ty). To test this connection, Pasquali et al.

(2019) and [Smith et al. (2019) parameterized Ty, in projected phase space (distance and

velocity of the satellite within the parent halo). Using this parameterization, w
found ancient infallers (T;,f > 5 Gyr) to host older stellar populations and show
higher stellar metallicities than recent infallers (Tj, ¢ < 2 Gyr). This result led Gallazzi et al|
to conclude that ancient infallers likely quench through starvation and strangula-
tion (Ty >Ty,f). On the other hand, recent infallers probably quenched through internal
processes, long before they entered the virial radius of the parent halo (Ty <Ty,f).

So far, this picture for how central and satellite galaxies form and quench has

been built almost uniquely on spatially integrated observations with SDSS (Pasquali et al.

2010; Wetzel et al.|2012; Pasquali et al.|2019; Gallazzi et al.[2020). To further develop this

picture, we can take advantage of spatially resolved spectroscopy. For instance, major and

minor mergers can change the shape of the stellar metallicity profiles of galaxies (Di Matteo

et al.[2009; |Cook et al|[2016; Oyarzin et al|[2019) and tidal stripping primarily removes

stars beyond the tidal radius of satellite galaxies (Read et al.2006). However, so far no

conclusive evidence of any environmental dependence in the stellar population gradients of

central and satellite galaxies has been found. For example, Santucci et al.| (2020)) reported

no significant differences between the stellar age, metallicity, and [« /Fe| gradients of central

and satellite galaxies in the SAMI survey (Allen et al|2015)). |Goddard et al. (2017b)) and

[Zheng et al. (2017) searched for differences between the stellar population gradients of

centrals and satellites in the MaNGA survey (Bundy et al.2015), and found no significant

differences either.
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Some of the difficulty in detecting these signatures originates in the sample sizes

of spatially resolved surveys. (Greene et al. (2015) were unable to compare the stellar popu-

lation profiles of central and satellite galaxies at fixed M, due to the size of the MASSIVE

sample. Less than thousand galaxies had been observed by MaNGA at the time that

dard et al|(2017b)) and |Zheng et al. (2017) performed their work on the stellar population

gradients. This number is in strong contrast to the SDSS samples used by

(2010)); |Gallazzi et al.|(2020)); Trussler et al. (2021), which exceeded 500,000 galaxies. How-

ever, now that the MaNGA survey is complete, in this paper we take advantage of the full
sample that exceeds 10,000 galaxies. Taking into account signal-to-noise and the number of

spectra per galaxy, the constraining power of MaNGA is almost a factor of two larger than

that of the SDSS MAIN Galaxy Survey sample (York et al.2000; |Gunn et al. 2006} |Alam|

2015; Oyarzin et al. submitted).

Another possible source of uncertainty comes from stellar population characteriza-
tion. Most fitting codes do not fit for individual element abundances, adding uncertainties
to reported ages and metallicities . This is particularly relevant in light of
variations in the abundance pattern of passive galaxies with local environment (e.g.

2019 and Oyarzin et al. submitted). To account for these variations, in this work

we use the stellar population fitting code alf (Conroy & van Dokkum|2012; (Conroy et al.|

2018)). This program is designed to capture uncertainties in stellar evolution, allowing us
to fit for the age, abundance of various elements, and initial mass function (IMF) of stellar
systems older than 1 Gyr.

The use of stellar population gradients in spatially resolved surveys adds to the
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difficulties. Linear fits to the stellar population profiles of early-type galaxies (ETGs) can
“wash-out” underlying trends in the data (Oyarzin et al.|2019)). For example, Greene et al.
(2015) were only able to conclude that the ages of ETGs correlate with group richness by
directly analyzing the stellar age profiles and their dependence on galaxy number density.
In this paper, we overcome the limitations posed by the use of gradients by comparing the
full extent of the stellar population profiles of central and satellite galaxies.

Cross-contamination of central and satellite galaxy samples also present a chal-
lenge. Group catalogs can sometimes struggle to reproduce the fractions of red and blue
satellites, biasing the samples (Tinker|2020a)). To mitigate this effect, we employ the SDSS
group catalog by Tinker| (2020b), which is calibrated on observations of color-dependent
galaxy clustering and estimates of the total satellite luminosity to accurately reproduce the
fraction of red and blue satellites for M, > 10'*M. Furthermore, the Tinker| (2020b) group
catalog exploits deep photometry from the DESI Legacy Imaging Survey (Dey et al.|2019),
allowing for the precise measurements of group luminosity required to estimate Mj,.

This paper is structured as follows. In Section [5.2] we define our sample of passive
central and satellite galaxies from SDSS-IV MaNGA. In Section [5.3] we describe our han-
dling of the spectra and fitting with alf. We show our results in Section and discuss
the implications in Section We summarize in Section This work adopts a Kroupa
IMF (Kroupa/|2001) for estimating stellar masses. We assume Hg = 70 km s~ 'Mpc~!, and

all magnitudes are reported in the AB system (Oke & Gunn/|[1983).
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5.2 Dataset

5.2.1 The MaNGA survey

The MaNGA survey (Bundy et al|2015; Yan et al.|2016a) was part of SDSS-IV

(York et al|2000; Gunn et al.||2006; Blanton et al.[2017; Aguado et al|2019) and provided

spatially resolved spectroscopy for over ten thousand nearby (z < 0.15) galaxies (Drory|

et al.||2015; Law et al.2015)). The spectra have a median spectral resolution of 0=72 km

s71 (R~2000) and cover the wavelength range 3600-10300A (Smee et al|2013). The data

cubes typically reach a 100 continuum surface brightness of 23.5 mag arcsec™2, and their

astrometry is measured to be accurate to 01 (Law et al.2016). Radial coverage reaches

between 1.5R. and 2.5R. for most targets (Wake et al|2017)).

The data was reduced by the MaNGA Data Reduction Pipeline (DRP;

2016; [Yan et al.|[2016b]). De-projected distances, stellar kinematic maps, and emission line

fluxes were computed by the MaNGA Data Analysis Pipeline (DAP; Belfiore et al.[2019;

Westfall et al.||2019). Effective radii (R.) for all MaNGA galaxies were retrieved from the

NASA-Sloan AtlasEkNSA). These R, were determined using an elliptical Petrosian analysis

of the r-band image from the NSA, implementing the detection and deblending technique

described in Blanton et al.| (2011)). For data access and handling, we used the tool Marvirﬂ

5.2.2 Sample

This work uses the final internal release of MaNGA data, known as MaNGA Prod-

uct Launch 11 (MPL-11). The total number of galaxies in MPL-11 is 10,086. The approach

"http://nsatlas.org
2https://api.sdss.org/doc/manga/marvin
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Figure 5.1: Distribution of passive MaNGA galaxies in stellar, halo mass, and normalized
cluster-centric distance. Stellar masses were measured with Prospector. Central/satellite
classification and halo mass estimates come from the catalog. Shown are
satellite galaxies only (black circles). We define two satellite subsamples according to host
halo mass and normalized cluster-centric distance: close-orbit satellites (red) and far-orbit

satellites (green). Shown are the mean and scatter of their distributions.
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Figure 5.2: Treatment of MaNGA data. Top left: Stellar-to-halo mass relation of all
passive central galaxies in MaNGA (gray triangles). Black circles show centrals in the
M, = 10'' — 1015 bin. Top right: Spectra (within 0.5R. of the galaxy center) of all
centrals in the aforementioned bin (black). Resulting stack and errors are plotted in red.
Bottom: Stacked spectra at all galactocentric distances for centrals in the

M, = 10 — 1015 bin.
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Table 5.1: Number of passive central and satellite galaxies in MaNGA as a function of

stellar mass

M* [MQ]: 109.5 _ 1010 1010 _ 1010.5 1010.5 _ 1011 1011 _ 1011.5 1011.5 _ 1012
Centrals 111 211 514 948 412
Low My, satellites 85 101 43 10 7
High M, satellites 117 107 24 17 12
Low My, close-orbit sats 43 50 37 10 7
High M}, close-orbit sats 45 56 19 17 12
Low My, far-orbit sats 33 26 3 0 0
High My, far-orbit sats 37 28 1 0 0

Note that not all satellite galaxies are classified as either close-orbit or far-orbit (see

Figure .

to stellar population characterization that we implement in this paper is designed for old
stellar systems only. Therefore, we removed star-forming systems by setting the criterion
log (sSFR) < —11.5 Mgyr—!, where sSFR stands for spatially integrated specific star-
formation rates measured in MaNGA as part of the pipeline for the pipe3D Value Added
Catalog for DR17| Since these sSFRs were corrected for dust attenuation using the Balmer
decrement (Sanchez et al.|2016), this method to estimating the intrinsic sSSFR of galaxies is
among the most reliable at low-redshift (e.g. Moustakas et al.|2006]). This selection resulted
in a sample of 3957 passive galaxies, of which 2217 have more than a 90% probability of
being a central and 902 have more than a 90% probability of being a satellite according to

the [Tinker| (2020b) catalog (more in Section [5.2.4)).

3https://www.sdss.org/dr17/manga/manga-data/manga-pipe3d-value-added-catalog/.
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5.2.3 Stellar masses

To estimate the stellar mass (M,) of every galaxy, we first co-added the spectra
within the R.. Then, the mass within the R, was measured by running the stellar population
fitting code Prospectorﬂ(Leja et al.[2017) on the co-added spectrum.

Prospector samples the posterior distribution for a variety of stellar population
parameters and star formation history (SFH) prescriptions. Stellar population synthesis is
handled by the code FSPSE](Conroy et al.[[2009; (Conroy & Gunn 2010)). Our runs adopted
the MILES stellar library (Sanchez-Blazquez et al. 2006]), MIST isochrones (Dotter [2016;
Choi et al.[[2016), and a Kroupal[2001 IMF. For the SFH, we implemented a non-paramteric
prescription with a continuity prior, emphasizing smooth SFHs over time (Leja et al.[[2019).

The total stellar mass of the galaxy is then
Mlotal — onife 5 107015, (5.1)

where M%e is the spectroscopic stellar mass within the effective radius. We measure
an offset of 0.15 dex between our 2M ¢ and the stellar masses measured through k-correction
fits to the Sersic fluxes in the NSA (Blanton & Roweis 2007)). This is not unexpected, since
half-mass radii are smaller than half-light radii (Garcia-Benito et al.|2017)). We correct for
this offset by multiplying our stellar masses for 107915 (see the equation). For the rest of

the paper, we will simply refer to M as M,.

4Prospector
https://github.com/bd-j/prospector /blob/master/doc/index.rst
°FSPS: Flexible Stellar Population Synthesis
https://github.com/cconroy20/fsps
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5.2.4 Local environment

This paper uses the [Tinker (2020b)) group catalog for characterization of the local
environment. This catalog is the implementation on SDSS of the self-calibrating halo-based
galaxy group finder (Tinker| 2020a)). In the finder algorithm, the probability of a galaxy
being a satellite is dependent on both galaxy color and luminosity. This allows |Tinker
(2020b) to accurately reproduce the fraction of massive quenched satellite galaxies and
estimate Mj, more accurately (Campbell et al.[2015)). The Tinker (2020b) catalog also took
advantage of deep photometry from the DESI Legacy Imaging Survey (DLIS; Dey et al.
2019)), allowing for precise group and galaxy M, measurements. These improvements are
key to accurately constraining M;, (Bernardi et al.|[2013; [Wechsler & Tinker|[2018)).

Yet, the approach in Tinker| (2020a) still has its limitations. Like most group
catalogs, it is susceptible to central galaxy mis-identification. It also assumes that the total
satellite luminosity is a function of halo mass only. The [Tinker (2020b)) catalog also fails
reproduce the clustering of faint quiescent galaxies (M, < 109°Mg).

This work used the public version of the Tinker| (2020b)) group catalogﬂ Satellite
probabilities (Ps4t) were used to define central and satellite galaxy subsamples. To select
centrals, we implemented the criterion Pg,; < 0.1. To select satellites, we set Pgy: > 0.9.
These selections yielded two subsamples with 2217 central and 902 satellite galaxies. Their

distribution in Mj, and M, space is shown in Figure [5.1

Shttps://galaxygroupfinder.net
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5.3 Methodology

5.3.1 Central and satellite subsamples

The assembly histories of satellite galaxies have been found to depend on both M,
and the My, of the parent halo (Pasquali et al.[2019]). Moreover, recent studies have shown
that no differences between the quenching properties of centrals and satellites are apparent
when both M, and My, are controlled for (Bluck et al.|2016; |Wang et al.|2018b.a, 2020). To
characterize these dependencies in the stellar population profiles, we defined three galaxy
subsamples: centrals, low My, satellites, and high My, satellites. The two aforementioned
satellite subsamples were defined to include only satellites below the 33rd and above the
66th percentiles in M,-to-Mj, ratio as a function of M,. We note that the difference in My,
between the two satellite subsamples decreases with M, (see Figure . After defining
five M, bins in the range M, = 10%° — 10'2M, for every subsample (see Table , we
computed high signal-to-noise stacked spectra.

The epoch at which the satellite first crosses the virial radius of the host halo (infall
time; T;,¢) is another property that shapes the stellar populations of satellite galaxies. For
instance, (Gallazzi et al.| (2020) showed that the old ages of high M, satellites are caused
by ancient infallers (T,r > 5 Gyr). On the other hand, the stellar populations of recent
infallers (Tj,; < 2.5 Gyr) were found to show little dependence on Mj,.

Gallazzi et al.| (2020) selected ancient and recent infallers by characterizing how
Ty, s is mapped onto the projected phase space composed of cluster-centric velocity and
radius (Pasquali et al.|2019; Smith et al.2019). Here, we implement a similar, albeit more

simplistic, analysis based on cluster-centric radius only. As in [Pasquali et al. (2019); Smith
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et al.| (2019), we define the projected, normalized cluster-centric radius as:

Dproj = Tproj/'r200 (52)

(M, /107)% x (0,/0.25)"/%
(14 z) )

ra00[kpe h™1] = 258.1 x

where 7p,; is the projected distance between the central and satellite, ragg is the
virial radius (Yang et al.|[2007; Pasquali et al.|2019), €, = 0.3, and h = 0.7.

Based on Dp,,;, we defined other two subsamples. Close-orbit satellites have
Dyroj < 0.3, and are meant to resemble the ancient infaller selection. According to Ta-
ble 1 in |Pasquali et al.| (2019), close-orbit satellites have an average Tmf ~ 5 Gyr and
standard deviation o, ~ 2.5 Gyr. Based on these numbers, we estimate a recent infaller
contamination of 15%.

On the other hand, far-orbit satellites are defined by D,,.,; > 0.5 and are similar
to recent infallers. Based on Table 1 from [Pasquali et al. (2019), far-orbit satellites have

Ting ~ 3.5 Gyr and 04,5 ~ 2.5. We estimate an ancient infaller contamination of around
20%.

Of our sample of 902 passive satellites, 473 are close-orbit and 185 are far-orbit.
Detailed numbers, including their distributions in the low and high M, classifications, are
presented in Table [5.1] and Figure Note that not all satellite galaxies are classified as

either close-orbit or far-orbit.

5.3.2 Co-addition and stacking of spectra

Within every galaxy, we co-added the spectra into the three annuli R= [0,0.5],

[0.5,1], and [1,1.5] effective radii. This step required shifting every spectrum back to the
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rest-frame using the stellar systemic velocity (v.) maps calculated by the DAP. Then, we
stacked the spectra of central and satellite galaxies in each M, and annular bin (see Table
. Stacks were obtained by computing the median and errors were quantified through
Monte Carlo simulations that accounted for the propagated errors. All spectra were con-
volved to o, = 350 kms~! and median normalized before stacking. The stacking process is

summarized in Figure

5.3.3 Stellar population fitting with alf

The stacked spectra were fitted with the code alf to characterize their stellar pop-
ulations. The program alf fits the optical absorption line spectra of old (21 Gyr) stellar
systems (Conroy & van Dokkum,2012; (Conroy et al.|[2018)) to estimate their stellar popu-
lation parameters. It is based on the MIST isochrones (Dotter||2016; Choi et al.|2016]) and
the stellar libraries by Sanchez-Blazquez et al| (2006) and Villaume et al.| (2017). Devia-
tions from the solar abundance pattern are quantified in the theoretical response functions
(Conroy et al.[2018; |Kurucz|2018)).

We fitted for a two-component SFH (i.e. two SSPs), stellar velocity dispersion,
IMF, and the abundances of 19 elements. For the IMF, power laws were fit in the ranges
0.08—0.5M¢ and 0.5—1Mg,, with the IMF slope set to -2.35 for the 1-100 Mg, range (Salpeter
1955)). We sampled this multivariate posterior with emcee (Foreman-Mackey et al. [2013])
using a setup of 1024 walkers, 10* burn-in steps, and 100-step chains.

Stellar ages reported throughout correspond to the mass-weighted age of the two
component SFH. Uncertainties on the fitted parameters account for errors in sample as-

signment, stacking and fitting. This was achieved by bootstrapping the selection of galaxies
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Figure 5.3: Stellar population parameters integrated within 1.5R. as a function of M,.

Stellar age is shown on the left, [Fe/H] in the middle, and [Mg/Fe] on the right. Different

rows compare centrals against different subsamples of satellite galaxies. In the top two

rows, satellites are divided as a function of host halo mass and custer-centric distance.

Both selection methods are combined in the bottom two rows, with far-orbit satellites

shown in the third row and close-orbit satellites at the bottom. At fixed M,, satellites

found in high My, halos are old and have high [Mg/Fe], even at fixed cluster-centric

distance. Note that the selection in the first and final rows are not equivalent at high M,,

as some satellites do not qualify as either close-orbit or far-orbit (Figure [5.1)).
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Figure 5.4: Stellar population profiles of centrals (gray), far-orbit satellites in low My, host
halos (blue circles), and far-orbit satellites in high My, host halos (purple diamonds). From
top to bottom, shown are the profiles in stellar age, [Fe/H], and [Mg/Fe|. Stellar mass
increases left to right. At all radii, far-orbit satellites in high My halos show the oldest

stellar populations.
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Figure 5.5: Comparison between the stellar population profiles of centrals (gray) and
close-orbit satellites. The latter are divided into two bins: low M, close-orbit satellites
(orange circles) and high M, close-orbit satellites (maroon diamonds). From top to
bottom, shown are the profiles in stellar age, [Fe/H], and [Mg/Fe|. Stellar mass increases
left to right. At most M, and radii, close-orbit satellites in massive host halos show the

oldest ages and the highest [Mg/Fe].
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Figure 5.6: Stellar population profiles of passive galaxies with M, = 10%® — 101°M,,.
Centrals (gray) are compared against satellites in host halos of low M, (yellow) and high
M}, (magenta). The top panel shows the stellar age profiles and the bottom panel the
[Mg/Fe] profiles. Satellites in massive halos are older and have higher [Mg/Fe] than

centrals beyond the Re.
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five times, and then by stacking and fitting in every iteration.

5.4 Results

Figure [5.3| shows the stellar population parameters integrated within 1.5R. as a
function of M,. These were derived by radially collapsing the stellar parameter distributions
measured with alf for every subsample and M, bin. The datapoints and errobars shown in
Figure therefore correspond to the median and the standard deviation of the composite
distributions. Instead of running alf on spectra stacked out to 1.5 R, collapsing the
distributions better accounts for any radial scatter in the stellar population parameters and
any scatter in the best fit models that would be lost in radial surface brightness variations
within these galaxies.

Centrals and high and low My, satellites are shown in the top row. Far- and close-
orbit satellites are compared in the second row. To perform this comparison, we first divided
close- and far-orbit satellites into two My, bins and then radially collapsed the results using
the same method outlined above. This approach allows us to decouple any impact of the
underlying My, distributions on the differences as a function of cluster-centric distance.

The bottom two rows show combinations of cluster-centric distance and host halo
mass selections for satellites. As for centrals, we separated them into different My, bins in
Oyarzin et al. (submitted) and showed that stellar populations variations at fixed M, are
small. These variations are within the errorbars in our figures throughout this paper.

The left panels of Figure |5.3|show stellar age. The ages of central galaxies increase

from 8 Gyr at M, = 10'°My to > 10 Gyr for M, > 10''My. This is in agreement with
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previous observations indicating that galaxies of increasing M, are older (e.g. Gallazzi et al.

2005; McDermid et al.|2015} Lacerna et al|2020). Satellite galaxies in high M}, halos tend

to be older than centrals of the same M, for M, < 1010'5M@. This correlation between
satellite age and host My, is roughly independent on cluster-centric distance, hinting that
host My, is more important that accretion time in determining the ages of satellite galaxies.

Iron abundance is plotted in the middle panel. As we observed in Oyarzin et
al. submitted, the magnitude of [Fe/H] increases with M, before turning over around
M, ~ 10"'Mg. This might seem to contradict the stellar mass-metallicity relation, in which
metallicity always increases with the M, or central velocity dispersion of the galaxy

[& Jackson|[1976a; [Cid Fernandes et al|2005; |Gallazzi et al.[2005; [Thomas et al.|2005| [2010;

|Gonzalez Delgado et al. 2014; [McDermid et al. |2015)). This is because stellar metallicity

is typically used to refer to a weighted average of the abundance of various elements (i.e.,
a rescaling of the solar abundance pattern), whereas the [Fe/H] that we measured with
alf map the abundance of iron only. As we pointed out in Oyarzin et al. submitted,
the decrease in [Fe/H| with M, at the massive end is likely a consequence of how the
star-formation timescales of galaxies shorten as M, increases.

With that said, we generally find satellites to show lower [Fe/H] than centrals by
~ 0.05 — 0.1 dex, especially for satellites with M, < 10'°5M, residing in massive host

halos. The right panel of Figure shows [Mg/Fe], a proxy for [a/Fe| (e.g.

Jackson![1976a; Faber et al.|[1985; Thomas et al.[2005). We observe slightly higher [Mg/Fe]

in satellites than in centrals, with the effect being more pronounced for high M, satellites

in close-orbits.
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Details of how central and satellite galaxies form are also contained in the radial
distribution of their stellar populations. Therefore, we also compared their stellar popu-
lation profiles. Centrals and far-orbit satellites are compared in Figure [5.4] whereas the
comparison between centrals and close-orbit satellites is shown in Figure [5.5] For both of
these figures, stellar mass increases from left to right. From top to bottom, shown are stellar
age, [Fe/H], and [Mg/Fe].

The stellar age profiles are rather flat for all subsamples, in agreement with work
on the stellar population gradients of massive galaxies (Goddard et al.|2017a.b; Zheng et al.
2017). On the other hand, the [Fe/H] profiles fall with radius (e.g. |Greene et al.| 2015}
Parikh et al.2018| 2019; |[Lacerna et al. |2020). As measured in Parikh et al. (2019), the
[Mg/Fe] profiles have a shape that is constant with radius.

There are notable differences in normalization between the profiles of central and
satellite galaxies. Satellites in high Mj halos are older and have greater [Mg/Fe] than
centrals at most radial bins from the centers out to 1.5R.. The consistency with radius in
these differences means that variations between the integrated properties of centrals and
satellites (Figure are not driven by single radial bins.

Given the uncertainties resulting from the required sample binning, we see little
statistically significant variation in the shape of the radial profiles between centrals and
satellites. A key exception are the age and [Mg/Fe] profiles for M, < 10'*°Mg. At these
M., the ages and [Mg/Fe] of centrals show a flat radial dependence, whereas the ages and
[Mg/Fe] of satellites in massive halos increase noticeably with radius (Figures and

5.6). These results represent the first detection of an environmental signal in the radial
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profiles of stellar population diagnostics.

5.5 Discussion

Several mechanisms have been proposed to explain how galaxies quench (De Lucial

let al|[2012; [Knobel et al.|[2015}; [Davidzon et al|2016; Jian et al.|2017; [Pintos-Castro et al.

2019). Some mechanisms can be classified as environment-driven, meaning that they are

triggered by the parent halo as satellite galaxies are accreted. Some environment-driven

mechanisms consist of subhalo ISM removal (i.e. ram-pressure stripping; Gunn & Gott

11972 [Einasto et al|[1974; Nulsen 1982) or inhibition of further star formation through

the shutdown of cold gas accretion (e.g. starvation; Kawata & Mulchaey [2008). Other

mechanisms qualify as mass-driven, meaning that some form of stellar and/or AGN feedback

maintains the subhalo gas warm, preventing further star-formation (Dekel & Burkert|[2014).

5.5.1 Environment-driven quenching

Observations have shown that satellite galaxies have higher quenched fractions and

are older than central galaxies of the same M, (e.g. [Pasquali et al.[|2010; Peng et al.|2012), a

pair of results that highlights the role that the local environment plays in galaxy quenching.
As we have emphasized in this paper, host halo mass is another key property, as satellites
in massive host halos have increasingly older ages for M, < 10'®°Mg, and higher [Mg/Fe]

at all M,. Though this result has also been found in M, < 1010'5M@ galaxies from SDSS

(Pasquali et al.|2010; |Gallazzi et al.|2020), we can now confirm that the trend of higher

[Mg/Fe] in more massive halos exists at all masses in the range M, = 10%® — 1012M.
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A possible explanation for the old ages of satellites in high My, halos can be found
in the “delayed-then-rapid” scenario. Through starvation and strangulation, massive halos

can strip satellite galaxies from their cold and hot gas reservoirs, suppressing future star-

formation (Larson et al.|1980; Kawata & Mulchaey|[2008). These mechanisms are believed

to act in timescales of 2-6 Gyr, after which the satellite galaxy rapidly quenches within 1

Gyr, keeping their stellar populations old (van den Bosch et al.[2008a; Wetzel et al.|[2012,

2013} [Fossati et al.||2017} (Cora et al.[2019).

The increase in [Mg/Fe| and log Z/Z with My, (seen here for [Mg/Fe| and first

reported in [Pasquali et al.|2010; |Gallazzi et al.|2020 for both [Mg/Fe| and log Z/Zs) can

be explained by variations in ISM enrichment. As the gas reservoirs in satellites are re-

moved through ram-pressure stripping, starvation and strangulation, the accretion of low-

metallicity gas is suppressed (Pasquali [2015; Bahé & McCarthy| 2015). As a result, the

star-forming gas in satellite galaxies is more metal-rich, enhancing the metal content of

their stellar populations (Pasquali et al.[2012; Bahé et al.[2017).

In addition, tidal forces can strip M, from satellite galaxies while leaving their

stellar metallicities unaffected (Kang & van den Bosch|2008). In this scenario, satellites in

high M}, halos would lose more M,, causing them to show higher metallicites than expected
for their M, at z = 0 (Pasquali 2015)). However, we should also note that ram-pressure and

tidal stripping are thought to be more dominant at masses lower than the mass range of

this work (M, < 108Mg; Weisz et al./[2015; Davies et al.|2016; Kawinwanichakij et al.|2017).

An implication of the “delayed-then-rapid” picture is that the time of quenching is

dependent on the time of infall. Starvation and strangulation must trigger earlier in ancient
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infallers (T, > 5; Pasquali et al.|2019) than in recent infallers (T, < 2.5; Pasquali
et al.[2019)). Ancient infallers also tend to orbit central galaxies in close-orbits, where the
suppression of gas accretion is believed to peak (van de Voort et al.|2017; |Cleland & McGee
2021)). Indication of these trends has been reported in SDSS by |Gallazzi et al.| (2020), who
found ancient infallers to have older ages, higher log Z/Z, and greater [«/Fe] than recent
infallers for M, ~ 10'°M,. However, this comparison was performed before separating
satellites into star-forming and quiescent. In the second row of Figure we showed
that differences in age, [Fe/H], and [Mg/Fe| between ancient and recent infallers hold true
after controlling for Mj, and after removing star-forming galaxies, further supporting the
“delayed-then-rapid” scenario for the quenching of M, ~ 10'°M, satellites.

These results suggest that the ancient infaller subsample is ideal for testing the
impact of host Mj, on environment-driven quenching. Figures and show that ancient
infallers in high M}, halos have older stellar ages, lower [Fe/H], and greater [Mg/Fe| than
ancient infallers in low M halos. |Gallazzi et al.| (2020) also found the stellar ages and
[a/Fe] of ancient infallers to correlate with host My, while also reporting that log Z/Z,
increases with My,. Taken together, the trends in stellar age indicate that high M, halos
quench satellite galaxies earlier. The lower [Fe/H] and higher [Mg/Fe| (or [a/Fe]) in high
M, satellites reveal that they formed in shorter timescales. Finally, the results for log Z/Z
could indicate that high Mj halos more efficiently suppress the accretion of low-metallicity
gas (Gallazzi et al.|2020).

With respect to recent infallers (Ty,; < 2), |Gallazzi et al. (2020) found their

assembly histories to show little dependence on host My. Their interpretation was that
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recent infallers quenched through internal processes, long before they entered the virial
radius of the parent halo (T; <Tj,f). In contrast with this result, we found the stellar ages
of recent infallers to also increase with host M;, (Figure . In other work, recent infallers
have been found to feature lower sSFR and older ages than field galaxies of the same M,
(Pasquali et al.|2019)). In addition, Smith et al. (2019) found evidence that clusters impact
the star-formation histories of satellite galaxies before they enter the virial radius of the
host halo.

These observations seem at odds with the “delayed-then-rapid” picture for satellite
quenching, but they fit very well with the idea of “pre-processing”. In this mechanism,
satellite cold gas reservoirs are heated up (i.e., evaporation) and/or warm subhalo gas
is stripped (i.e. strangulation) by the hot ICM gas (Fujita 2004). These processes can
suppress star-formation and limit the stellar mass build-up in satellite galaxies, sometimes
even before they enter the virial radius of the host halo (Pallero et al.|2019)). This scenario
not only can explain the differences with host My, in the populations of recent infallers, but
also subtle variations in the quenched fraction of galaxies at large cluster-centric distances
(Haines et al.|[2015; Bianconi et al. 2018} van der Burg et al.|2018} [Sarron et al.[2019; [Sarron

& Conselice|2021)).

5.5.2 Mass-driven quenching and merger-driven growth

“Pre-processing” is not the only method through which satellites can quench before
infall. Figures [5.3] and reveal that the differences between the stellar ages of passive
central and satellite galaxies decrease in magnitude at the highest M,. The same trend was

recovered by [Pasquali et al.| (2010) and |Gallazzi et al. (2020) for stellar age and log Z/Z,.
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Other work has shown that the quenched fractions of massive central and satellite galaxies

are quite similar after My, is controlled for (Bluck et al.|2016; [Wang et al. 2020). These

results are often interpreted as evidence that mass-driven quenching dominates at the high

M. end (e.g. Pasquali et al.|2010; Davies et al.|2016} |Gallazzi et al.|2020; Li et al.|2020;

2020). In this picture, galaxy formation in deep potential wells can lead to runaway

assembly that culminates in rapid quenching (Matteucci [1994; van Dokkum et al.|[2009;

Newman et al.[2010; Damjanov et al. 2011} |Wellons et al.|2016; |Zolotov et al.2015|), which

is then maintained by stellar and/or AGN feedback (Dekel & Burkert[2014).

In this work some of the differences between centrals and satellites hold true even
at the highest M. Figure[5.5|shows that satellites tend to have lower [Fe/H] than centrals at

most radii between the centers and 1.5R.. Moreover, differences with My, in the stellar ages

and [Fe/H] of satellites are still present at the highest M,, in contrast with [Pasquali et al.

(2010) and |Gallazzi et al.| (2020). The much larger samples by [Pasquali et al. (2010]) and

|Gallazzi et al. (2020) might suggest that our results are affected by sample variance at the

highest M, (N=25; see Table. Alternatively, these results could suggest that starvation

and strangulation still play a major role at the highest M,. Although no evidence supporting

a galaxy environment-dependent IMF has been found (Rosani et al.|2018)), another option

is that differences in [Mg/Fe] are driven by IMF variations (e.g. [Yan et al.[2021).

One more scenario to explain why massive satellites have lower [Fe/H] than massive
centrals could be variations in the metal enrichment efficiency. Both central and satellite
galaxies eject their metals back to the circum-galactic medium after their episodes of star-

formation. Metal-enriched gas may then re-enter galaxies to fuel further episodes (Trager
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let al. [2000; Schiavon et al. 2006; Wu et al.2018; (Chauke et al./2019). The deeper gravi-

tational potentials of centrals may enhance the efficiency of the gas “re-accretion” process,
boosting their [Fe/H] and decreasing their [Mg/Fe]. This scenario is consistent with obser-

vations that residual star-formation in passive galaxies is more common at the highest M,

(Bundy et al.2017).

Lastly, differences between the stellar populations of centrals and satellites could
also originate from differences in their accretion histories (Shi et al.[2020]). Most of the stellar

content in massive central galaxies is thought to have formed ez-situ and later accreted

let al.][2010], 2012} [Johansson et al.|[2012b}; Moster et al]2013} Rodriguez-Gomez et al.|[2015}

D’Souza & Bell2018). A reasonable approximation for the characteristic difference between

the M, of the central and accreted satellites is Alog M, ~ 0 — 0.5 (e.g. |[Rodriguez-Gomez

. Therefore, we can propose the simplistic model in which the building blocks of
central galaxies of mass log MS" are some average between satellites of log M4 = log M%™
and log M3 = log M¢" — 0.5.

In practice, this means that the stellar populations of massive centrals (fifth column
of Figure should have values somewhere between the profiles of massive satellites (fifth
column of Figure and those of slightly less massive satellites (fourth column of Figure
5.5). Upon inspection of the figure, we can see that the stellar age, [Fe/H], and [Mg/Fe]
profiles of massive centrals are consistent with this simple model. However, we must note

that observations typically do not associate the impact of mergers to the centers of centrals,

but with the outskirts instead (R>R.; [Huang et al|[2013bla} [Spindler & Wake|[2017a}

|Oyarzin et al|[2019). Further exploration of this model will require quantitative tests
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that account for the redistribution of metals in central galaxies, an analysis that we will

leave for future work.

5.5.3 Inferences from the stellar population profiles

Several work have exploited spatially resolved spectroscopy to quantify how the
stellar population gradients of nearby galaxies depend on local environment. So far, no con-
clusive evidence of an environmental dependence in the gradients has been found (Goddard
et al.[[2017b} [Zheng et al.||[2017; Santucci et al. 2020; Zhou et al. 2020)). In |Oyarzin et al.
(2019), we advocated for analysis of the full extent of the profile, showing that gradients can
“wash-out” trends in the data. For this reason, in this paper we compared the full extent of
the stellar population profiles of central and satellite galaxies, and yet we still found little
differences, at least for for M, > 10'°M, (Figures and . Collectively, all of these
results suggest that environment-driven quenching operates on radial scales larger than the
effective radii of M, > 10101\/[@ galaxies.

The picture is different for M, < 101°Mg. In contrast to the flat age and [Mg/Fe]
profiles of centrals at these M,, the ages and [Mg/Fe] of satellites increase with radius
(Figure [5.6). The trend is more prominent for satellites in close-orbits around massive
halos, hinting satellite quenching in the outskirts is driven by the host halo. This result
may be the manifestation of other patterns observed in the SAMI (Allen et al.|2015) and
MaNGA surveys, like suppression of star-formation (Schaefer et al.[2017) and deficit of M,
(Spindler & Wake 2017al) in the outskirts of satellite galaxies. At the same time, a degree of
environmental quenching also seems to occur from the “inside-out” (Lin et al.[[2019), highly

suggestive that multiple suppression mechanisms are at play. Further study of even lower
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mass galaxies have the potential to better tease out these mechanisms.

5.6 Summary

In this work, we took advantage of the sample size and radial coverage of the
MaNGA survey to compute high signal-to-noise stacked spectra for central and satellite
galaxies out to 1.5R.. By using the stellar population fitting code alf and the [Tinker
(2020b) group catalog, we were able to constrain the stellar age, [Fe/H], and [Mg/Fe] profiles
of centrals and satellite galaxies as a function of M,, My, and cluster-centric distance. We
found the following;:

1. Satellites are older (~ 1 — 2 Gyr) and show greater [Mg/Fe] (~ 0.2 dex) than
centrals at all radii within 1.5R, and at all stellar masses in the range M, = 1095 — 1010'51\/[@.
These results agree with differences reported in previous work (e.g. |[Pasquali et al.2010;
Gallazzi et al.|2020).

2. The stellar populations of close-orbit satellites strongly depend on the mass of
the host halo. Close-orbit satellites in high M}, halos have older ages, lower [Fe/H], and
greater [Mg/Fe] than counterparts in low My, halos. These results indicate that massive
halos quench satellites earlier and more rapidly.

3. The stellar populations of far-orbit satellites (recent infallers) also depend on
host My,. Far-orbit satellites in high Mj halos have older ages and lower [Fe/H] than coun-
terparts in low My, halos. These results are consistent with environmental “pre-processing”,
i.e., the idea that satellite star-formation can be suppressed before the galaxy enters the

virial radius of the current host halo.
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4. The stellar ages of centrals and satellites are comparable (> 10 Gyr) at the
highest M, (> 10'°My). As in previous work (Pasquali et al.[2010; Gallazzi et al. [2020)),
we associate this result to internal (mass-driven) satellite quenching.

5. Even at the highest M,, satellites have lower [Fe/H] and higher [Mg/Fe] than
centrals at all radii between the centers and 1.5R.. We propose various scenarios to explain
these results, including differences in metal-enrichment, IMF variations, and galaxy mergers.
Another possibility is sample variance, since our satellite sample is small at these M, (N =
25).

6. In agreement with previous work, we find no significant differences between
the shape of the stellar population profiles of central and satellite galaxies for M> 101°M,.
We conclude that the lasting impact of environment on the shape of the stellar population
profiles is very subtle at these M,.

7. Differences in the stellar population profiles are apparent for M, = 10%° —
10'°Mg. Centrals have flat age and [Mg/Fe] profiles, whereas the ages and [Mg/Fe] of
satellites increase with radius. The difference grows in magnitude as host My, increases,
suggesting that the host halo is driving the quenching of satellites in the outskirts. This
result fits well with evidence of “outside-in” quenching of satellites in dense environments

(Schaefer et al.|[2017).
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Chapter 6

Conclusion

Early-type galaxies are the most massive galaxies in the Universe, and yet their
formation history continues to be hotly debated. Did they form all at once long ago, or have
they been steadily assembling their stars over time? In this Thesis, I used new, statistically
powerful MaNGA (Bundy et al.|2015) observations coupled with state-of-the-art modeling
to trace the assembly of nearby galaxies back in time. I found observational evidence that
the assembly of early-type galaxies is closely connected with the growth of their host dark-
matter halos, a key feature of our current cosmological model (ACDM; |Blumenthal et al.
1984).

In Chapter I showed that massive (M, > 101'My) early-type galaxies in MaNGA
contain signatures of minor mergers, a key feature of late-time halo growth. The evidence
comes from flattening of the stellar metallicity profile beyond the effective radius, a fea-
ture predicted in hydrodynamical simulations (Cook et al.2016). This is one of the first

detections of merger signatures in galaxy stellar populations.
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Future work could quantify whether the flattening of the metallicity profile is de-
pendent on the local environment. Perhaps the expectation is to find an enhanced flattening
of the metallicity profile in denser environments, yet it is unclear if the local environment
of galaxies today is representative of the surroundings at the peak of merger-driven growth.
Perhaps more telling would be to test if the profile flattening shows any dependence on
effective radius at fixed stellar mass, indicating whether merger-driven growth is indeed
responsible for the large sizes of nearby early-types.

Alternatively, the evolution with redshift of the sizes of early-type galaxies could
be the result of the progenitor bias effect. Highly concentrated halos are believed to collapse
at earlier times, which results in the average effective radii of galaxies to decrease as redshift
increases (e.g. [Poggianti et al.|2013)). Discerning between merger growth and progenitor
bias requires spectroscopy of “red nuggets”, since the spectral response to age variations in
early-type galaxies is too subtle for photometry (Conroy 2013)). Such characterization will
greatly benefit from the launch of JWST, with spectroscopic observations for a dozen of
“red nuggets” set to become publicly available (Kriek et al.[2021]).

Although we might not know whether stellar accretion or progenitor bias is the
dominant mechanism, what we do know is that halos indeed shape the assembly histories of
central galaxies (Chapter . At fixed stellar mass, centrals in more massive halos are older,
show lower [Fe/H], and have higher [Mg/Fe]. In fact, it makes sense to think of halo mass
as a more fundamental property than stellar mass, at least from a theoretical perspective.
In halos of the same mass today, centrals of higher M, are older and formed their stars

more rapidly. This result is suggestive of galaxy assembly bias, the prediction that high M,
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centrals assemble in early-forming, highly concentrated halos.

I built upon this result in Chapter [l by quantifying how the M, and M, of passive
central galaxies in SDSS depend on halo formation time. To this end, I used the normalized
environmental density within 10 Mpc (d19) as a proxy for halo age (Alpaslan & Tinker
2020)). I found that high M, centrals have higher §19, implying that they formed in older
dark-matter halos. This result is perhaps the most significant evidence of galaxy assembly
bias to date. In the upcoming years, surveys like DESI (DESI Collaboration et al./[2016])
will further probe the nature and significance of galaxy assembly bias. The BGS sample
of DESI will yield spectra for 10 million galaxies in the range 0 < z < 0.4, twenty times
as many galaxies as in the MAIN SDSS sample. For example, we will be able to quantify
how the magnitude of assembly bias depends on galaxy properties like color (i.e., red or
blue) and redshift (0 < z < 0.4). These characterizations will not only reveal the details of
how galaxy formation and halo assembly are connected, but also improve our cosmological
probes (i.e. halo occupation models; e.g. Zentner et al.|[2014).

In general, studies of the galaxy-halo connection are based on using M, as a proxy
to relate to My, (e.g. Tinker||2020a)). However, variations in the stellar initial mass function
(IMF) could have serious implications on this assumption, potentially biasing our M, by
factors two to three (e.g. |(Conroy|2013)). Future work can exploit the rich MaNGA dataset
to exhaustively characterize the IMF in nearby galaxies. A key open question in this field
is whether the IMF depends on local environment. Are processes unique to satellites, like
rapid energy exchanges in a turbulent ISM, relevant to the IMF? (e.g. Hopkins 2013). Since

we know that the stellar population parameters of satellite galaxies can strongly depend
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on properties like stellar mass, host halo mass, and galactocentric distance (Chapter [5)),

analyses of this kind will require sophisticated stellar population characterization tools like

the program alf (Conroy & van Dokkum|2012; Conroy et al.2018]).
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