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Abstract

A fundamental question in galaxy and black-hole evolution remains how galaxies and their
supermassive black holes have evolved together over cosmic time. Specifically, it is still unclear
how the position of X-ray active galactic nucleus (AGN) host galaxies with respect to the star-
forming main sequence (MS) may change with the X-ray luminosity (LX) of the AGN or the stellar
mass (M⋆) of the host galaxy. We use data from XMM-SERVS to probe this issue. XMM-SERVS
is covered by the largest medium-depth X-ray survey (with superb supporting multiwavelength
data) and thus contains the largest sample to date for study. To ensure consistency, we locally derive
the MS from a large reference galaxy sample. In our analysis, we demonstrate that the turnover
of the galaxy MS does not allow reliable conclusions to be drawn for high-mass AGNs, and we
establish a robust safe regime where the results do not depend upon the choice of MS definition.
Under this framework, our results indicate that less-massive AGN host-galaxies (logM⋆ ∼ 9.5 −
10.5 M⊙) generally possess enhanced SFRs compared to their normal-galaxy counterparts while
the more-massive AGN host galaxies (logM⋆ ∼ 10.5− 11.5M⊙) lie on or below the star-forming
MS. Further, we propose an empirical model for how the placement of an AGN with respect to the
MS (SFRnorm) evolves as a function of both M⋆ and LX.
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1.1 The Role of Star Formation in SMBH/galaxy Co-Evolution
In recent years, there has been impressive progress made in tracing the co-evolution of super-

massive black holes (SMBHs) and their host galaxies across cosmic time. Much of this progress
has been made through the use of cosmic X-ray surveys, such as those from the Chandra and
XMM-Newton observatories, studying actively growing SMBHs, observable as active galactic nu-
clei (AGNs). For a recent review of what cosmic X-ray surveys have revealed about the AGN
population, see, e.g., Brandt and Yang (2022) and references therein.

It is widely accepted that AGNs with substantial SMBH growth are fueled by physical pro-
cesses that force cold gas onto the SMBH, growing the black hole and turning it into an AGN.
However, the processes behind this growth are still unclear. There have been several proposals in
the literature (e.g., Alexander and Hickox 2012) with all depending upon the redshift (z), stellar
mass (M⋆), star formation rate (SFR), and morphology of the host galaxy (e.g., Yang et al. 2017;
Ni et al. 2021b). Additionally, the luminosity of an AGN is thought to be influenced by the AGN’s
catalyst. For example, major galactic mergers have been proposed as a cause for highly luminous
AGNs (e.g., Hopkins et al. 2008) while less-luminous AGNs are believed to be triggered by disk
instabilities and smaller galactic mergers (e.g., Ciotti et al. 2010).

In AGN host galaxies, the cold gas that is forced toward the SMBH at the galactic center
both serves as fuel for the AGN and influences star formation in the host galaxy. In other words,
the same processes that cause the SMBH growth are also believed to be significantly respon-
sible for changes in the host galaxy’s SFR. Therefore, one of the most well-studied aspects of
the AGN/galaxy connection is the relationship between the X-ray luminosity (LX) and the host-
galaxy’s star formation rate (SFR) (e.g., Lutz et al. 2010; Rovilos et al. 2012; Rosario et al. 2012;
Chen et al. 2013). Initial investigations into this correlation were constrained by small sample
sizes and other systematic limitations, and the utilization of significantly larger sample sizes (e.g.,
COSMOS; Lanzuisi et al. 2017) introduced many more complexities into the relationship between
AGN activity and SFR. Additionally, the limited flux depths for surveys from which AGNs are
individually detected left past studies to rely on averaging methods such as stacking to obtain a
clearer picture of the “typical” SFRs of the AGN population. These averages can be unreliable due
to bright outliers, and thus the currently observed “typical” SFRs of AGNs are likely unrepresen-
tative of the AGN population as a whole, which further complicates the study of the AGN/galaxy
connection (Mullaney et al. 2015).

1.2 SFRnorm Investigations
Instead of using mean SFRs or the SFR-LX connection in AGNs to study the AGN/galaxy

connection, new insights have been gained by comparing the SFRs of AGNs to those of star-
forming, main-sequence (MS) galaxies (e.g., Santini et al. 2012; Rosario et al. 2013; Shimizu et al.
2015; Mullaney et al. 2015; Shimizu et al. 2017; Masoura et al. 2018, 2021; Aird et al. 2019;
Bernhard et al. 2019; Grimmett et al. 2020; Vietri et al. 2022; Mountrichas et al. 2021, 2022a,b,
2023; Birchall et al. 2023). There are many ways to define the MS, and some common methods
include, e.g., using analytical expressions from the literature (e.g., Equation 9 in Schreiber et al.
2015) to estimate the MS, creating a control galaxy sample, or utilizing a mass-matched control
sample. A more recent method to study the SFRs of AGNs compared to those of galaxies is through
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the use of the SFRnorm parameter, defined as the ratio of the SFR of an AGN to the SFR of MS
galaxies of similar M⋆ and z: SFRnorm = SFRAGN

SFRMS
(i.e., measuring the “starburstiness” of an AGN).

Many past studies aiming to make this comparison directly adopted the MS from other liter-
ature. However, as pointed out by Mountrichas et al. (2021), this approach may introduce sys-
tematic biases because SFR, M⋆, and consequently, the MS, slightly depend on the approach
used to estimate them. Such a difference does matter when estimating SFRnorm, and thus the
SFRAGN and SFRMS should be measured in a self-consistent way. To avoid these types of un-
certainties, Mountrichas et al. (2021, 2022a,b) defined their own MS by utilizing a large sample
of galaxies to calculate SFRnorm. To do so, they utilized a specific star formation rate (sSFR;
SFR
M⋆

) cut. When binned by redshift, their sSFR distributions possess a second, smaller peak at
low sSFRs (log sSFR ∼ −1.0 to −2.0 Gyr−1), and they apply a sSFR cut at this second peak in
each of their log sSFR distributions.

The initial findings using the SFRnorm parameter hinted that the placement of AGN host galax-
ies with respect to the MS is independent of redshift (Mullaney et al. 2015) but is dependent on
LX (Masoura et al. 2018, 2021; Bernhard et al. 2019; Grimmett et al. 2020). Building upon these
works and demonstrating the importance of a reference galaxy sample, Mountrichas et al. (2021)
found that the use of a MS from the literature impacts the SFR comparison between AGNs and
galaxies. Their results suggested that high-luminosity AGNs had generally enhanced SFRs (by
> 50%) compared to star-forming galaxies with similar (z, M⋆). Subsequent works (Mountrichas
et al. 2022a,b) demonstrated that low-luminosity AGNs have SFRs that are below or on the MS
and complemented the initial finding that galaxies hosting high-luminosity AGNs have enhanced
SFRs compared to the MS. Other works studying AGNs identified in the Sloan Digital Sky Sur-
vey’s MaNGA survey have also supported the claim that galaxies hosting high-luminosity AGNs
have enhanced SFRs compared to the MS (e.g., do Nascimento et al. 2019; Riffel et al. 2023).

More recently, studies have branched out even further to study the connection between the SFR
of AGNs and AGN incidence using SFRnorm (Birchall et al. 2023) and the evolution of SFRnorm

with morphology and cosmic environment (Mountrichas et al. 2023). The results of these two
studies suggest that star formation may impact AGN incidence by a factor of > 2 in star-forming
galaxies compared to their quiescent counterparts, and the morphology/environment may indeed
play a role in the evolution of SFRnorm.

1.3 Star-Forming Main Sequence Systematics
SFRnorm depends on the MS, but the MS at high M⋆ becomes increasingly subject to the

adopted MS definition because the SFR or color distributions of massive galaxies are generally not
bimodal, making it challenging to divide galaxies into two distinct subpopulations (star-forming
and quiescent galaxies). For example, Donnari et al. (2019) utilized galaxies from the IllustrisTNG
hydrodynamical simulations to demonstrate that different but reasonable MS definitions can lead
to drastically different MS at high M⋆, and the MS may or may not bend at ≳ 1010.5 − 1011 M⊙.
Using galaxies from the 3D-HST (Skelton et al. 2014) and COSMOS-2015 (Laigle et al. 2016)
catalogs, Leja et al. (2022) demonstrated this issue from an observational standpoint.

This uncertainty in the ability to define a complete MS for the whole galaxy population has
been a prevalent issue in both observations and simulations (e.g., Figure 1 in Leja et al. 2022).
While defining a galaxy MS certainly works well for less-massive galaxies, it becomes signifi-
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cantly more difficult for massive galaxies. The question of whether massive galaxies can actually
be separated into quiescent and star-forming populations has remained despite even the deepest
looks into the nearby universe (e.g., Eales et al. 2017). There have been a wide variety of works
seeking to address this issue, with some using simulations (e.g., Hahn et al. 2019), others focusing
on observations (e.g., Leja et al. 2022), and some focusing on more statistical approaches (e.g.,
Kelson 2014; Feldmann 2017, 2019). With many of these works taking varying stances on the
quiescent/star-forming separation at high masses, the question of whether this separation can or
even should be done is still a matter of debate. To avoid this potential systematic uncertainty, it
is necessary to focus on the less-massive part of the MS that is less sensitive to the adopted MS
definition. Unfortunately, previous X-ray and optical-to-NIR surveys on deg2 scales often could
not effectively sample less-massive AGNs due to limited depths.

In this work, we use X-ray AGNs observed by XMM-Newton in the 13 deg2 XMM-Spitzer
Extragalactic Representative Volume Survey (XMM-SERVS; Chen et al. 2018; Ni et al. 2021a).
We use the wealth of sensitive galaxy and AGN data available in XMM-SERVS to construct the
largest sample to-date from which to study SFRnorm and its dependencies. We ensure that our
results are not dependent on the choice of MS definition, and we also demonstrate why the MS
definition choice is especially important for massive galaxies. Our main goal is to examine the
dependencies of SFRnorm on other properties of the galaxy (i.e., LX, M⋆) in a complete manner
using a wide range of luminosities, masses, and redshifts. We acknowledge that long-term AGN
variability may largely contribute to the scatters of any potential correlation between the AGN
power and SFR, and this issue is further discussed in Section 3.3.

The outline of this work is as follows. Chapter 2 outlines the data used and the sample con-
struction. In Chapter 3, we describe how we define the star-forming MS and discuss the resulting
issues introduced by different MS-measurement choices. In Chapter 4, we present the results of
our analysis. Chapter 5 summarizes the work. When necessary, we adopt a flat ΛCDM cosmology
with H0 = 70 km s−1 Mpc−1, ΩΛ = 0.7, and ΩM = 0.3.
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Chapter 2

Observations and Data Preparation
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2.1 The XMM-SERVS Survey
The XMM-SERVS survey is a 50 ks depth X-ray survey that covers the prime parts of three out

of the five Vera C. Rubin Observatory Legacy Survey of Space and Time Deep-Drilling Fields
(LSST DDFs): W-CDF-S (Wide Chandra Deep Field-South; 4.6 deg2), ELAIS-S1 (European
Large-Area ISO Survey-S1; 3.2 deg2), and XMM-LSS (XMM-Large Scale Structure; 4.7 deg2).
For an overview of LSST and the DDFs, see, e.g., Ivezić et al. (2019) and Brandt et al. (2018).

The X-ray point-source catalogs in XMM-SERVS are presented in (Chen et al., 2018, XMM-
LSS) and (Ni et al., 2021a, W-CDF-S and ELAIS-S1). They contain 11,925 X-ray sources in total
and reaches a limiting flux in the 0.5–10 keV band of ≈ 10−14 erg cm−2 s−1. Additionally, 89%,
87%, and 93% of the X-ray sources in the W-CDF-S, ELAIS-S1, and XMM-LSS fields possess
reliable multiwavelength counterparts. X-ray source positions, fluxes, and counterparts have been
calibrated using deep Chandra ACIS surveys over smaller sky areas; e.g., the Chandra Deep Field-
South (Luo et al. 2017).

Galaxy properties of sources in these fields are measured in Zou et al. (2022) through SED
fitting using CIGALE v2022.0 (Boquien et al. 2019; Yang et al. 2020, 2022), where the AGN com-
ponent has been appropriately treated. An assessment of the reliability of these SED measurements
is performed in Section 4.7 of Zou et al. (2022). In brief, it is established that the SFR and M⋆ val-
ues returned from CIGALE are largely consistent with those measured using, e.g., Prospector
(Leja et al. 2017; Johnson et al. 2021), in small sub-fields with ultra-deep multi-wavelength data,
such as the Chandra Deep Field-South observed by Chandra ACIS (e.g., Luo et al. 2017). It is also
worth noting that, although the SED fitting for luminous Type 1 AGNs is relatively less reliable
due to stronger AGN contamination, Zou et al. (2022) showed that no systematic offsets existed in
terms of M⋆ and SFR when comparing their measurements for Type 1 AGNs to those of Guo et al.
(2020), demonstrating that their measured properties for these galaxies are not strongly affected by
AGN contamination. We will further examine the effect of Type 1 AGNs on our results in Section
4.3. For more details of the SED-fitting process, the models used, and their parameter values, we
refer interested readers to Zou et al. (2022).

2.2 Data Preparation
We limit our analyses to the overlapping region between the X-ray catalogs and Zou et al.

(2022) because quality multi-wavelength data are essential for estimating photometric redshifts
(photo-zs), M⋆, and SFRs. This leaves us 8,526 X-ray AGNs. We plot LX as a function of redshift
for all X-ray AGNs in XMM-SERVS in the top part of Figure 2.1. While we choose to only focus
on X-ray AGNs in this work, it would also be interesting to study the placement of, e.g., mid-IR or
radio-selected AGNs (e.g., Zou et al. 2022; Zhu et al. 2023) relative to the MS to constrain the SFRs
of the global AGN population and study the SFR-AGN connection further. Specifically, studying
the positions of radio AGN hosts relative to the MS may yield unique insights (e.g., Magliocchetti
2022 and references therein). We leave this prospect to future studies as our X-ray AGN sample
effectively selects those AGNs with substantial SMBH growth.

All of our X-ray detected AGNs have sensitive X-ray to far-IR photometry via a multitude of
multiwavelength surveys. A summary of the surveys/missions that have observed XMM-SERVS
is provided in Table 1 of Zou et al. (2022). This extensive, deep survey coverage allows us to
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reliably study AGN hosts down to low masses (e.g., logM⋆ ≈ 9.5 M⊙) even after removal of mass-
incomplete AGNs and galaxies. With ≈ 1,600 AGN host-galaxies with logM⋆ = 9.5–10.5 M⊙
after our sample selection process, this work is the first to probe, with good source statistics, where
less-massive X-ray AGNs lie in comparison to the MS. Additionally, our sample of massive AGNs
(M⋆ ≥ 1010.5) is roughly equivalent in size to that of previous works (e.g., Mountrichas et al. 2021,
2022a,b), and we also discuss the relevant systematic uncertainties in detail in Section 3.2.

We remove stars from our sample using the “flag star” flag provided in Zou et al. (2022).
We then select the X-ray AGNs from their catalog using the “flag Xrayagn” flag, and we
do not explicitly reject radio or mid-IR AGNs when selecting X-ray AGNs for our sample. We
select galaxies from their catalog using the same two flags by selecting all sources that are not
stars (flag star = 0) and are not X-ray AGN (flag Xrayagn ≤ 0). We do not reject IR-
and radio-selected AGNs from our galaxy sample, but these make up ≲ 2% of the total galaxy
population and thus they do not materially change our results.

While XMM-SERVS contains ∼ 10, 200 X-ray AGNs, the sample of X-ray sources used in our
analysis consists of 8,526 X-ray selected AGNs from these fields. This slight downsizing is due
to Zou et al. (2022) focusing only on the areas in each field with near-IR VIDEO coverage (4.3
deg2, 2.9 deg2, and 4.3 deg2 for W-CDF-S, ELAIS-S1, and XMM-LSS, respectively). Of these
8,526 AGNs, 2,835 (≈ 33%) have spectroscopic redshifts, while the remaining 5,691 have reliable
photometric redshifts, as detailed in Chen et al. (2018) and Ni et al. (2021a).

After selecting AGNs and galaxies from the catalog for our sample, we further only include
those AGNs and galaxies with χ2

red < 5 in our analysis to ensure we use sources with reliable SED
measurements. The inclusion of sources with χ2

red > 5 does not significantly change our results.
This criterion removes < 3% of X-ray AGNs and 0.28% of galaxies from our initial sample. Using
a stricter threshold (i.e., χ2

red < 3) removes 9.3% of AGNs and 1.2% of galaxies from our total
sample but does not impact our results. The bottom portion of Figure 2.1 shows a histogram of the
M⋆-z plane for all galaxies and AGNs that satisfy this criterion.

To then compare the SFRs of AGNs to those of normal galaxies, we create and utilize a galaxy
reference catalog using the galaxies selected above from which to estimate SFRnorm. Given its
larger sample size compared to that of the X-ray AGNs, we also use our galaxy reference catalog
to measure the mass completeness of both samples. For more information on how SFRnorm is
estimated with the galaxies in this reference sample, see Section 3.1.

2.3 Mass Completeness Cuts
We utilize our galaxy reference catalog to estimate the M⋆ completeness using the method

described in Pozzetti et al. (2010). For each galaxy, we determine the necessary mass (Mlim) it
would need to have to be observed at the limiting magnitude (Ks,lim), at its redshift. Following
Laigle et al. (2016), we choose to use the Ks band to define the mass completeness of our dataset.
Thus,

log(Mlim) = log(M⋆)− 0.4(Ks,lim −Ks) (2.1)

In each redshift bin, we then estimate the M⋆ completeness Mlim within which 90% of the galaxies
lie. To do so, we utilize a magnitude limit of Ks,lim = 23.5, giving a completeness of roughly 90%
(Jarvis et al. 2013). Using our M⋆ completeness results, we remove all sources below the M⋆

completeness limit. In the bottom panel of Figure 2.1, we plot a 2-D histogram of the M⋆–z plane
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for both the galaxies and AGNs in XMM-SERVS with the mass-completeness curve in XMM-
SERVS being shown by the black line.

The uniformity of the Ks band data across XMM-SERVS allows the mass-completeness curve
for all three XMM-SERVS fields to be virtually identical (e.g., Figure 11 in Zou et al. 2023).
Therefore, we simply combine all galaxies residing in XMM-SERVS to estimate our mass com-
pleteness curve without fear that it will change from field to field. Over 70% of the galaxies in our
reference catalog are labeled as incomplete; however, we are still left with a large galaxy sample
of > 726, 000 galaxies and 7,124 AGNs.
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Figure 2.1: Top: The observed X-ray luminosity as a function of redshift for the 8,526 X-ray
AGNs in our sample. Bottom: A 2-D histogram of the M⋆–z plane for the galaxies and AGNs in
our sample. In this plot, the darkest colors indicate where the most sources lie, and the black line
shows the mass-completeness curve of XMM-SERVS. Using the mass-completeness criteria we
have set, only 27% (726,077) of our original 2,669,925 galaxies are retained. The red triangles
represent the average M⋆ for our X-ray AGN at each redshift.
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Chapter 3

The Star-Forming Main Sequence
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3.1 Defining the Main Sequence
Following the several previous works that have compared AGN host galaxies to the MS, we

aim to identify the quiescent galaxies in our sample. While these quiescent systems are not used in
our analysis of an AGN host’s placement with respect to the MS, we briefly study their properties
in Section ??. The motivation for doing so is threefold. First, it is more difficult to measure SFRs
for quiescent galaxies due to a lack of observable indicators of star formation in such galaxies.
Second, AGNs residing in star-forming galaxies are likely physically different from those residing
in quiescent galaxies. For example, most X-ray AGNs reside in star-forming galaxies (see, e.g.,
Section 4.2), while most low-redshift radio AGNs live in quiescent galaxies with insufficient cold
gas to fuel star formation or SMBH accretion (e.g., Zhu et al. 2023). Further, it is believed that
AGNs might be one possible cause for quenching star formation (e.g., D’Eugenio et al. 2023, Belli
et al. 2023), shifting their host galaxy’s placement with respect to the MS. Third, we define the MS
by separating star-forming and quiescent galaxies, and the same should be done for AGN hosts to
maintain consistency.

There are mainly two types of methods to separate quiescent and star-forming galaxies – one is
based on the source positions in some color-color planes (e.g., the UVJ diagram), and the other is
based on the source position in the SFR–M⋆ plane. Since the latter is more appropriate for AGNs
because of possible AGN contamination to the colors, and we want to be consistent for comparison,
we select star-forming galaxies by applying a SFR threshold at a given (z, M⋆). We note that the
color- and SFR-based selections are generally effectively similar when the quiescent fraction is
small (e.g., Donnari et al. 2019). In this work, we choose to use two different MS definitions to
illustrate that SFRnorm is highly sensitive to which definition is chosen for massive galaxies.

The first method of defining the MS makes use of an iterative algorithm, borrowed from Don-
nari et al. (2019), to separate quiescent and star-forming galaxies in our sample. For each AGN
host galaxy, we select all galaxies in our reference sample that lie within ±0.1 dex in M⋆ and
±0.075×(1 + z) in redshift, measure the median SFR for these galaxies, and define quiescent
galaxies as those falling 0.6 dex below the median SFR. This process is repeated, removing quies-
cent galaxies, until the median SFR converges to within a certain threshold. The remaining galaxies
are then classified as star-forming galaxies. From this, SFRMS is adopted simply as the median
SFR of these star-forming galaxies for the given (z, M⋆). The threshold of 0.6 dex corresponds
to ∼ 3σ below the MS (e.g., Speagle et al. 2014). We have also verified that our results remain
similar if the 1 dex cut from Donnari et al. (2019) is used instead. Hereafter, this definition will be
referred to as the “MS − 0.6 dex” MS.

The second method is as follows. We again select all galaxies within ±0.1 dex in M⋆ and
±0.075×(1 + z) in redshift for each AGN host. Following Equation 2 of Tacchella et al. (2022),

D(z) = sSFR(z)× tH(z) (3.1)

where D is the mass-doubling number, defined as the number of times the stellar mass doubles
within the age of the Universe at redshift z, tH(z). In accordance with their work, we define star-
forming galaxies as those with D(z) > 1/3, and quiescent galaxies as those that do not fit this
criterion (see also Kondapally et al. 2022 for a similar procedure). We then define SFRMS as the
median SFR of these star-forming galaxies for the given (z, M⋆). It is also worth noting that using
an sSFR cut is similar to color-based selections (e.g., Leja et al. 2022). We will refer to this MS
definition as the “log sSFR” MS for the duration of this work.
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We plot our two derived main sequences in Figure 3.1, along with three others for reference.
We plot the MS given by Equation 14 in Popesso et al. (2023), the MS given by Equations 9 and
10 in Leja et al. (2022), and the MS given by applying the Lee et al. (2018) UVJ definition to our
sample.

3.2 The Main Sequence Turnover
In addition to our two methods for defining the MS, there are various others that have been used

successfully in the literature (e.g., a color-color diagram). While all of these MS definitions agree
well toward lower-mass galaxies (logM⋆ ≈ 9.5-10.5 M⊙), Figure 9 in Donnari et al. (2019) shows
that the MS for massive galaxies is sensitive to the adopted definition of star-forming galaxies.
This problem is important for AGNs because it has been well-demonstrated that AGNs typically
reside in more massive galaxies, and thus it makes the comparison between these AGNs and the
MS subject to larger systematic uncertainties.

In our analysis, we indeed find that our results for high-mass AGNs are sensitive to the MS
definition adopted. Figure 3.1 shows the star-forming MS for the two adopted MS definitions.
Toward low redshifts and high M⋆, the two definitions can yield values that differ by an order of
magnitude or more. However, as redshift increases, the offset decreases significantly. The stronger
differences in the MS toward low redshifts are due to the larger number of quiescent or transitioning
galaxies at these redshifts, with the MS − 0.6 dex MS being more sensitive to such galaxies.

To ensure a reliable comparison of AGNs to the MS, it is necessary to use only AGNs in an
area we will call the “safe” regime. This safe regime is established to minimize the MS offset (i.e.,
the MS SFRs remain similar regardless of definition) while probing the highest masses possible.
Our safe regime definition is based upon the fraction of quiescent systems at a given (z, M⋆) (i.e.,
quiescent fraction) defined through the log sSFR MS (fQ,sSFR). Two main factors in the divergence
of the MS under different definitions are the difficulty in measuring SFRs for quiescent galaxies and
the complexity needed to measure SFRs accurately for the (likely) large population of intermediate
SFR, “transitioning” galaxies. Thus, selecting the AGNs and galaxies with relatively low fQ,sSFR

allows us to select those that are likely to not be compromised in the MS divergence areas. The
top plot in Figure 3.2 demonstrates how the MS offset evolves with fQ,sSFR (top panel) for each
of the AGNs in our sample. As the quiescent fraction increases, the offset becomes rapidly worse.
Specifically, it is around fQ,sSFR ≈ 0.4 − 0.6 where the offset makes the AGN become unusable.
Thus, our “safe” criterion is defined as fQ,sSFR < 0.5. If a reasonable alternative threshold is
chosen, such as fQ,sSFR < 0.4 or fQ,sSFR < 0.6, the results do not change materially.

Using these safe criteria, we calculate the maximum safe M⋆ as a function of redshift, as
shown in the bottom plot of Figure 3.2. In doing this, we define safe AGNs as those that lie under
the upper-bound and “unsafe” AGNs as those that lie above these upper-bounds. Our proposed
redshift-dependent maximum M⋆ values are well-described by the following equation from Zou
et al. (2024):

logM⋆ = 10.65 + 0.81 log(z) + 0.83 log(1 + z) (3.2)

Under our fQ,sSFR regime, we are able to study the majority of AGNs in our sample in a safe
manner, even up to logM⋆ ≈ 11.5 M⊙ at high redshifts. We also plot the safe stellar masses if the
fQ,sSFR < 0.4 and fQ,sSFR < 0.6 criteria are used. All three criteria are identical beyond z ∼ 3,
and they differ very slightly at redshifts lower than this. Of the 7,124 AGNs that met the selection
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Figure 3.1: The MS of star-forming galaxies, as defined by both of our MS definition choices (Sec
3.1). The orange line indicates the MS as defined by the chosen log sSFR cut, while the aqua
line shows the MS as defined by the MS − 0.6 dex cut. For reference, we also plot the MS given
by Equation 14 in Popesso et al. (2023) in pink, the MS given by Equations 9 and 10 in Leja
et al. (2022) in green, and the MS given by the UVJ cut outlined in Lee et al. (2018) in red. The
increasing mass cutoff with redshift is due to the mass completeness limits at each redshift.
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Figure 3.2: Top: The MS offset as a function of the log sSFR-based quiescent fraction (fQ,sSFR).
For a given (z, M⋆), we show the quiescent fraction and the corresponding difference in MS SFR.
As the quiescent fraction at a certain (z, M⋆) increases, the difference in MS SFR also increases.
Bottom: The maximum safe M⋆, as defined by the fQ,sSFR criteria, as a function of redshift. The
safe AGNs used in our sample are plotted in red, while those that are not safe are shown in grey.
All three criteria return identical safe masses past z ∼ 3, and the safe masses only slightly differ
below this redshift.
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criteria in Section 2.2, 2,690 of them are rejected as “unsafe” and 4,434 are kept as “safe” under
the fQ,sSFR < 0.5 criterion.

The mass-completeness limits in previous studies have limited past samples to mostly AGNs
with M⋆ > 1010.5 M⊙. As we have demonstrated, studying such AGNs without proper treatment
of the MS may not lead to repeatable results if another definition is chosen.

3.3 The impact of AGN variability
The issue of AGN variability effects upon the SFR-LX relation is twofold. First, AGNs them-

selves can vary on day-to-year timescales (e.g., Huang et al. 2023). Second, the duration of a
galaxy within the active phase (≈ 105 yr; e.g., Schawinski et al. 2015; Yuan et al. 2018) is much
shorter than the typical timescale to which the SED-based SFR is sensitive (108 yr; e.g., Leja et al.
2017). The resulting scatter from the first factor cannot be fully eliminated unless we have long-
term, repetitive observations (e.g., Yang et al. 2016), which are usually unavailable. However, such
scatter can be averaged out with a sufficiently large sample, and this approach is nearly universal
for works studying the correlation between AGNs and galaxies (other than some case studies).
Therefore, the differences among these works in terms of handling the variability are mainly for
the second factor. There are at least three approaches to handling this, and they are as follows.

First, we could focus on sources that are already in their AGN phases (e.g., Zou et al. 2019).
This approach implicitly uses the SFR over a longer timescale to approximate that over a much
shorter AGN timescale. Although some galaxies may have strong SFR fluctuations (e.g., El-Badry
et al. 2016), most SFRs do not vary strongly over ≈ 108 yr (e.g., Leja et al. 2017), and this
fluctuation can also be suppressed with a sufficiently large sample.

Second, we could simultaneously analyze both AGNs and galaxies as a single population (e.g.,
Yang et al. 2017; Aird et al. 2019; Ni et al. 2021b). With a large enough sample, the probed
timescale for AGN activity could be significantly enlarged as such a timescale could be represented
as the AGN fraction among the galaxy population. It is worth noting, however, that this approach
usually requires stronger assumptions about the total population (e.g., Yang et al. 2018; Aird et al.
2019).

Third, we could adopt different AGN indicators that work on longer timescales. Although
such indicators (e.g., [O III]; Vietri et al. 2022) are observationally expensive to obtain, they may
indeed provide unique insights. All of these approaches are reasonable, though each has its own
drawbacks. This article focuses on sources that are already in their AGN phases with a large
sample, which is simple and can provide further insights for the more complex second or third
approaches in the future.
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Chapter 4

Results and Discussion
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4.1 Measuring SFRnorm for star-forming AGN hosts
We use the 726,077 galaxies from our final galaxy reference catalog to calculate SFRnorm for

the 4,434 X-ray AGNs in our final AGN sample. For each AGN, we select all star-forming galaxies
within ±0.075×(1+z) in redshift and ±0.1 dex in M⋆, measure the median SFR of these galaxies
using both MS definitions outlined in Section 3.1, and divide the SFR of the AGN by that of
the median galaxy SFR. We then reject AGNs with quiescent hosts from our sample by the same
methods used to define quiescent galaxies in Section 3.1. In doing this, we remove quiescent AGN
hosts from our sample in the same manner that we remove quiescent galaxies. Under the MS −
0.6 dex cut, 33% of our X-ray AGNs are classified as quiescent and removed. Using the log sSFR
MS, 24.7% of our X-ray AGNs are labeled as quiescent and removed.

Figure 4.1 shows the SFRnorm distributions for all of our star-forming X-ray AGNs. We cal-
culate the mean (µSF ) and its error to study whether the mean of the log SFRnorm distribution for
star-forming X-ray AGNs is above, on, or below the MS. We perform this basic analysis using both
of our MS definitions, and these results are also presented in Figure 4.1. Overall, we find that the
mean of the log SFRnorm distribution for star-forming AGNs very slightly depends on the chosen
MS definition. We measure µSF = 0.070+0.007

−0.007 under the MS − 0.6 dex definition, and we measure
µSF = 0.024+0.008

−0.008 under the log sSFR MS. In both cases, the mean is statistically above zero, but
the quantitative difference is small enough that it is practically negligible in many scientific cases.
Additionally, using the median (µ1/2) instead of the mean results in similar results. We measure
µ1/2 = 0.05+0.01

−0.008 under the MS − 0.6 dex definition, and we measure µ1/2 = 0.04+0.01
−0.009 under the

log sSFR MS. The reported errors in the medians are at the 1σ confidence level and are calculated
using bootstrap, using 1000 resamplings with replacement.

Our findings are mostly in agreement with Mullaney et al. (2015), where they used 541 AGNs
to investigate the distribution of SFRnorm. Their work suggested that, when the SFRnorm distribu-
tion is modeled as a log normal, the mean of the SFRnorm distribution is consistent with the MS,
but the mode lies slightly below the MS. This finding was attributed to the mean being affected by
bright outliers, while the mode is not. Our results, using both the mean and the median, are mostly
in agreement with theirs, as we find that star-forming X-ray AGNs generally lie slightly above
or, at least, on the MS. Our measurements provide further evidence for the idea that star-forming
X-ray AGN hosts generally tend to have SFRs similar to those of MS galaxies.

4.2 The Quiescent AGN Host Population
In addition to our analysis for the star-forming AGN host galaxies, we briefly study the prop-

erties of quiescent AGN host galaxies. Primarily, we focus on whether AGNs are preferentially
hosted by quiescent or star-forming galaxies, and how this preference may depend on stellar mass.
To do so, we utilize a simple proportion test. We establish the null hypothesis for our test as
H0: p1 = p2 (i.e., the star-forming fractions for AGNs and galaxies are not statistically different)
with the alternative hypothesis being HA: p1 ̸= p2 (i.e., the star-forming fractions for AGNs and
galaxies are statistically different).

First, we examine the global star-forming fractions for the AGN and galaxy populations. We
find that (66.96± 0.7)% of the AGN host galaxies and (73.9± 0.05)% of the normal galaxies are
star-forming in each sample. While this numerical difference is small, our test results show these
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Figure 4.1: The entire SFRnorm distributions of our star-forming X-ray AGN sample. The two
distributions are color-coded according to the MS definition used to calculate SFRnorm. The text
is also color-coded by MS definition, showing the mean (µSF ) and its error for the log SFRnorm

distribution for star-forming AGNs.

fractions are indeed different in a statistically significant sense with a p-value of 1.25× 10−25.
Performing similar testing for certain (z, M⋆) combinations, we find that the star-forming frac-

tion of AGNs is generally lower than that of normal galaxies by ∼ 5% − 10% across a wide
range of z and M⋆. This is demonstrated in Figure 4.2, where we plot the median difference in
star-forming fraction (∆fSF = fSF,AGN − fSF,gal) in several (z, M⋆) bins of widths ∆z = 0.5 and
∆ logM⋆ = 0.5 dex. Our results suggest that AGNs are slightly preferentially hosted by quiescent
galaxies in most bins.

4.3 SFRnorm as a function of X-ray luminosity
After Mullaney et al. (2015), several works further analyzed the dependence of SFRnorm upon

LX (e.g., Masoura et al. 2018; Bernhard et al. 2019; Grimmett et al. 2020; Masoura et al. 2021;
Mountrichas et al. 2021, 2022a,b). The direct usage of the MS from other works may introduce
some systematics into their results; however, Mountrichas et al. (2021, 2022a,b) were the first
to define their own MS using the sample techniques they use to measure SFRAGN. Their analysis
suggested that AGNs lie on or just below the MS for those with logLX ≤ 44.0 erg s−1; meanwhile,
those above this luminosity had enhanced SFRnorm compared to the MS.

We demonstrate the necessity of establishing a safe regime in Figure 4.3 where we plot the
change in log SFRnorm as a function of z under our two MS definitions. From the plot, it is
apparent that, at the low-z/high-M⋆ regime where the MS uncertainty dominates (see bottom panel
of Figure 3.2), the measured SFRnorm values can vary by factors of ∼ 2 − 5. On the other hand,
the measured SFRnorm values for the AGNs deemed “safe” are consistent with each other across a
wide range of redshifts.

In Figure 4.4, we plot the SFRnorm-LX relationship for the safe, star-forming X-ray AGNs
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Figure 4.3: The change in log SFRnorm plotted against z for both the “unsafe” (teal points) and
“safe” (orange points) AGNs in our sample. At the low z/high M⋆ that our “unsafe” AGN host
galaxies have, our two MS definitions generate SFRnorm values that can differ by factors of ∼ 2-5
or more. For the “safe” AGNs in our sample, the SFRnorm values generated by both of our MS
definitions are largely consistent with each other across all redshifts.
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across all z and M⋆ in our sample. The goal in doing so is to study how SFRnorm evolves with AGN
activity (LX) while ignoring the impact of other host-galaxy properties (z, M⋆). The measurements
are the median values of SFRnorm in LX bins of width 0.5 dex. We estimate the errors using
bootstrap and performing 1000 resamples with replacement for each bin. The larger errors in the
first bin are due to the relatively small number of sources in this bin (as labeled). At the lowest LX,
we observe higher SFRnorm values than at the highest LX with a slightly decreasing trend as LX

increases. However, our analysis in Section 4.4 demonstrates that this “decreasing” trend is more
an artifact of the M⋆ of the AGN host rather than the LX of the AGN. When M⋆ is considered,
SFRnorm does not appear to have a direct dependence on LX.

It is important to also consider the impact of AGN emission across the electromagnetic spec-
trum at high LX when performing such an analysis. The best-fit host-galaxy SED for the AGNs
at high LX (LX > 1044.0 erg s−1) may be susceptible to contamination from the AGN simply due
to the AGN’s large luminosity. If the AGN’s light dominates the source’s SED over the light from
the host galaxy, or if the AGN’s observed colors are well-mixed with those from its host, the host-
galaxy properties measured from the galaxy’s SED will become unreliable. To test this issue, we
identify broad-line AGNs (i.e., AGN-dominated) using the SPECZ CLASS, SED BLAGN FLAG,
and AGN FLAG flags from Ni et al. (2021a) to see if broad-line AGN emission in the overall galaxy
SED will impact our results in any significant manner. We categorize our AGNs as broad-line if
they satisfy AGN FLAG = 1, SPECZ CLASS = 1, and SED BLAGN FLAG = 1.1 While < 30%
of the AGNs in the first three bins are classified as broad-line, 41%, 51%, and 60% of AGNs in
the fourth, fifth, and sixth bins are classified as broad-line. Despite the increasing percentage of
broad-line AGNs at high LX, we find that our results remain materially unchanged if broad-line
AGNs are removed from our sample. This echos the findings of Zou et al. (2022), suggesting that
they do not impact the recovered the median M⋆ or SFR measurements used in this work.

Our results are partially in agreement with those from Mountrichas et al. (2021, 2022a,b). We
observe that the SFRs of AGNs are largely consistent with the MS across all luminosities, but only
when the mass of the host-galaxy is considered (see below). If M⋆ is not accounted for, we observe
a decrease in SFRnorm with LX. We will further examine if there is a “jump” at the high-LX regime
in Section 4.5.

4.4 The Role of M⋆

After several previous works focused on the evolution of SFRnorm with LX (e.g., Bernhard
et al. 2019), Mountrichas et al. (2021, 2022a,b) expanded upon this and studied the dependence of
SFRnorm with M⋆ and how M⋆ may affect the relationship between SFRnorm and LX. Their work
suggested that the SFRnorm-LX relation followed the same trends when binned by M⋆ as when not
binned, with the most massive AGNs possessing SFRs enhanced by a factor of > 50% compared
to their MS counterparts.

To examine the role of M⋆ in the SFRnorm-LX relation in this work, we divide our sample
into four stellar-mass bins of width 0.5 dex from logM⋆ = 9.5-11.5 M⊙. In turn, we can roughly
analyze how SFRnorm changes with M⋆ up to high masses. Figure 4.5 shows the SFRnorm-LX

relation when stellar mass is taken into account. Toward lower masses, there is a largely flat trend

1This is only performed using the W-CDF-S and ELAIS-S1 fields since there is no similar flag in XMM-LSS.
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Figure 4.4: SFRnorm vs. LX for all X-ray AGNs in our final sample. The blue dashed line indicates
where the SFR of the AGN host is equivalent to that of the MS (i.e., the AGN host galaxy resides
on the MS). The dark and light grey intervals represent the 68% and 95% confidence regions, and
these errors are estimated with bootstrap, using 1000 resamplings with replacement at each bin.
Top: The results using the MS − 0.6 dex MS. The numbers toward the bottom of the plot show the
numbers of AGNs in each bin. Bottom: The results using the log sSFR MS.
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Figure 4.5: SFRnorm vs. X-ray luminosity in four M⋆ bins using the MS − 0.6 dex MS. The same
trends are seen when the log sSFR cut MS is used, and the error bars represent the 95% confidence
intervals.

with nearly all AGNs lying above the MS. There is hardly any statistically significant increase or
decrease in SFRnorm as LX increases, with the SFRnorm values across all LX remaining similar.
Further, other than the lowest mass bin, there are no visible increasing trends in any bin. On the
other hand, the more common massive star-forming AGNs have lower SFRnorm values with most
lying close to or even below the MS. Again, the larger errors in some bins are due to lower source
counts compared to other bins. To further verify this result, we plot SFRnorm against M⋆ in Figure
4.6. From Figure 4.6, it is immediately clear that SFRnorm has a much stronger dependence on M⋆

than LX, with a clear negative trend being shown.
The plots shown in both Figures 4.5 and 4.6 broadly suggest that as an AGN host-galaxy’s M⋆

increases, SFRnorm decreases, with a potentially small (if any) dependence on the AGN’s LX. Our
results suggest that while SFRnorm does not have any clear relationship with LX, it does indeed
decrease as the M⋆ of the host galaxy increases. The difference in results between this work and
previous works may be caused by the fact that we are probing a different M⋆ regime2, and their
SFRnorm measurements may be more sensitive to the adopted MS definition.

4.5 The Evolution of SFRnorm with M⋆ and LX

The notable differences in trends for the SFRnorm-LX correlation when our sample is divided
into different M⋆ bins suggests that SFRnorm likely has an overall dependence on both LX and M⋆.
With this finding, we aim to create a model for SFRnorm that includes LX and M⋆. To do so, we
first adopt an initial baseline model, and we build upon this first model with two additional, more
complex models that are designed to test different aspects of the SFRnorm-LX relation. Our second
model builds upon the first by testing for any direct impact that M⋆ may have on the slope of the

2The majority of AGN host galaxies used in Mountrichas et al. (2021, 2022a,b) possessed logM⋆ > 10.5M⊙ with
≲ 15% of their overall sample being less-massive than this.
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Figure 4.6: SFRnorm vs. M⋆ for all X-ray AGNs in our sample. The format of this figure is
identical to that of Figure 4.4.

SFRnorm-LX relation, and our third model tests for any sudden jump in SFRnorm at high LX to test
the previously mentioned results of Mountrichas et al. (2021, 2022a,b).

Our initial baseline model is a multivariate linear model of the form

log SFRnorm = α0 + α1 logM⋆ + α2 logLX (4.1)

where α0, α1, and α2 are constants. To fit this model to the observed data and estimate α0, α1,
and α2, we use a Bayesian approach and Markov chain Monte Carlo (MCMC) sampling with the
Python MCMC package emcee (Foreman-Mackey et al. 2013). We adopt a uniform prior over
the range (−5, 5) for α0, α1, α2, and over (0, 1) for the variance of the error term in the model
(σ2). We then conduct the MCMC sampling to sample from the posterior and estimate the value
and uncertainties of each parameter. We provide an example of our sampling results for Model 1
in Figure 4.7.

Overall, the results from our fit to Model 1 immediately suggest that M⋆ negatively impacts
SFRnorm while LX has a slightly positive impact on SFRnorm, with M⋆ having the stronger influ-
ence. This finding reinforces our results from Sections 4.3 and 4.4. Upon this confirmation, we
aim to find if M⋆ has any direct impact on the SFRnorm-LX relation or whether this is a separate
effect, and we test this idea with our second model.

Our second model is similar to our baseline model but is designed to test if the constant in front
of logLX depends on logM⋆ (i.e., how does logM⋆ impact the slope of the log SFRnorm-logLX

relation?). We include an α3 factor to perform this test, and thus this model takes the form

log SFRnorm = α0 + α1 logM⋆ + (α2 + α3 logM⋆) logLX (4.2)

If α3 = 0, then Model 2 transforms back into Model 1 with M⋆ and LX only having individual
impacts on SFRnorm. We again adopt a uniform prior over (−5, 5) for α0, α1, α2, α3, and over (0,
1) for σ2. Finally, we sample from the posterior and estimate each parameter value with MCMC.

Finally, our third model is designed to test for a piecewise relation between log SFRnorm and
logLX, following the results of Mountrichas et al. (2021, 2022a,b). In order to test the idea that
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Figure 4.7: The sampling results of the parameters from the model given by Equation 4.1. The
black histograms represent the sampling distributions for each parameter, the aqua blue squares and
lines represent the median sampling values, and the grayscale pixels represent the probabilities at
each point. The contours represent the 1σ, 2σ, and 3σ confidence regions, and the points outside
of the contours are individual sampling points.

there may be a piecewise relation between SFRnorm and logLX, this final model takes the form

log SFRnorm =


α0 + α1 logM⋆+
α2(logLX − logLX,b), logLX ≤ logLX,b

α0 + α1 logM⋆+
α3(logLX − logLX,b), logLX > logLX,b

(4.3)

We then adopt a uniform prior over (−5, 5) for α0, α1, α2, and α3, σ2, and over (43.7, 44.3) for
logLX,b. We report the fitted parameters for each of our models in Table 4.1.

Our second model is in agreement with the individual, negative impact of M⋆ suggested by our
first model. Through the addition of α3, it also suggests that M⋆ does not play a direct role in the
slope of the SFRnorm-LX relation. Rather, M⋆ and LX are independent when it comes to how they
may change SFRnorm.

Our third model proposes an enhancement in SFRnorm at logLX ∼ 44.0 erg s−1, with the
slope of the SFRnorm-LX relation very slightly increasing in the high LX regime. This break-
point that this model suggests is similar to that suggested by Mountrichas et al. (2021, 2022a,b)
(logLX ≈ 44.2 erg s−1). While this is indeed an area where SFRnorm appears to increase with LX,
the slope only changes by a factor of ∼ 0.3 which is minimal at best. We also continue to observe
the same dependencies of SFRnorm with LX and M⋆. Again, it is also best to take any measure-
ments or results in this high-LX regime with caution due to possible AGN contamination of the
galaxy SED.
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MS − 0.6 dex log sSFR
Equation 4.1 Equation 4.2 Equation 4.3 Equation 4.1 Equation 4.2 Equation 4.3

α0 = 0.401+0.520
−0.518 α0 = 1.987+2.200

−3.619 α0 = 2.448+0.224
−0.225 α0 = −0.147+0.590

−0.597 α0 = 1.427+2.564
−3.727 α0 = 2.492+0.256

−0.259

α1 = −0.233+0.021
−0.021 α1 = −0.388+0.349

−0.212 α1 = −0.227+0.021
−0.021 α1 = −0.246+0.024

−0.024 α1 = −0.399+0.355
−0.249 α1 = −0.236+0.024

−0.024

α2 = 0.049+0.014
−0.014 α2 = 0.013+0.083

−0.050 α2 = 0.007+0.021
−0.021 α2 = 0.063+0.016

−0.016 α2 = 0.028+0.085
−0.059 α2 = 0.005+0.023

−0.024

α3 = 0.004+0.005
−0.008 α3 = 0.125+0.034

−0.031 α3 = 0.003+0.006
−0.008 α3 = 0.178+0.040

−0.038

logLX,b = 44.02+0.130
−0.156 logLX,b = 44.06+0.092

−0.119

AICi − AICmin = 5.8 AICi − AICmin = 8.1 AICi − AICmin = 0 AICi − AICmin = 11.6 AICi − AICmin = 12.4 AICi − AICmin = 0

Table 4.1: The best-fit parameters for each of our models and their 1σ errors. The left side of
the table lists the results if the MS − 0.6 dex MS is used, and the right side lists the results if
the log sSFR MS is used. The first column on each side lists the best-fit parameters for Model
1, and the second and third columns list the best-fit parameters for Models 2 and 3, respectively.
The bottom row lists the ∆AIC values for each model, and ∆AIC is calculated as AICi −AICmin

where AICi is the AIC value for the ith model and AICmin is the AIC value of the preferred model
(i.e., AICi − AICmin = 0 represents the best-fit model.

We compare our three models against each other using the Akaike information criterion (AIC),
defined as AIC = 2k - 2 ln(L̂), where k is the number of parameters in the model, and L̂ is the max-
imized value of the likelihood function of the model. Because AIC increases with error, variance,
and k, the preferred model is that with the lowest AIC; thus, we use ∆AIC as our model-selection
criterion with the model possessing the lowest AIC being the one most preferred by the data.

Under this framework, we determine Model 3 (Equation 4.3) to be the best-fit model to our
data. Model 3 is in agreement with our previous results, showing that SFRnorm indeed depends on
both M⋆ and LX. We observe a strong negative dependence on M⋆ and a small positive dependence
on LX, specifically above LX ∼ 44.0 erg s−1. However, our data do not provide extensive coverage
of LX above this potential breakpoint. With 62.8% of our sample having lower luminosities than
this, it would be ideal to have more high-LX AGN hosts with reliable SED measurements to test
the strength of the slope here.
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Chapter 5

Conclusions
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5.1 Summary
In this work, we used X-ray AGN host galaxies in XMM-SERVS to investigate the connections

between LX (AGN power) and the SFR of the host galaxy. After applying both selection criteria
(Section 2.2) and “safe” criteria (Section 3.2), our final X-ray sample consists of 4,434 AGNs,
all of which have either spectroscopic redshifts or high-quality photometric redshifts. We also
construct a large galaxy catalog from which we derive two of our own main sequences (Section
3.1) and calculate SFRnorm. The properties (e.g., SFR, M⋆) of both the galaxies and AGNs in our
sample are measured with CIGALE v2022.0 and compiled in Zou et al. (2022).

After deriving our own MS, we demonstrate that the MS turnover toward high stellar masses
does not allow for high-mass AGNs to be reliably compared with their normal-galaxy comparison
samples. Thus, we establish a “safe” regime where the comparison can be made regardless of how
one chooses to define the MS, and we only keep AGNs in this regime.

We make use of the SFRnorm parameter to study how the positions of star-forming AGN host
galaxies with respect to the MS change with LX. We initially find a potential negative dependence
on LX, with the most luminous AGNs living in galaxies that reside on or below the MS and the
less-luminous AGNs living in hosts that lie above the MS.

Next, we examine if M⋆ plays a role in the SFRnorm-LX relation by splitting our AGN sample
into four stellar-mass bins and examining how the SFRnorm-LX connection changes in each bin.
We find that low-mass AGNs possess enhanced SFRs compared to their MS counterparts with
SFRnorm staying largely flat as LX increases. On the other hand, our results suggest that high-
mass AGNs lie below or on the MS at best with no statistically significant increase with LX.
We demonstrate that the observed SFRnorm-LX trends are largely an artifact of the SFRnorm-M⋆

relationship, with SFRnorm strongly decreasing as M⋆ increases.
Lastly, we propose a model for the evolution of SFRnorm with both M⋆ and LX. We consider

three individual models, each designed to test a specific aspect of the relationship between the
three variables. Our analysis suggests that SFRnorm is best modeled by a multivariate piecewise
model with the strength of the SFRnorm-LX slope having no dependence on M⋆. Based on our
proposed model, we find M⋆ to have a strong negative impact on SFRnorm, SFRnorm to be mostly
flat at LX ≲ 1044.0 erg s−1, and SFRnorm to have an enhancement at LX > 1044.0 erg s−1. While
the enhancement in our proposed model is smaller than that suggested by previous works, it still
supports the idea that galaxies hosting high LX AGNs possess enhanced SFRs compared to their
MS counterparts.

The results of our work are partially in agreement with those of past works (e.g., Mountrichas
et al. 2021, 2022a,b), with our empirical model proposing enhanced SFRs in galaxies with the most
X-ray luminous AGNs. However, we find that SFRnorm depends more strongly on the stellar mass
of the host galaxy than the LX of the AGN. While the results of past works have suggested that the
SFRnorm-LX relationship retains the same trends when M⋆ is considered as when it is not, we find
that most AGN hosts with M⋆ ≲ 1010.5M⊙ reside above the MS, while those with M⋆ greater than
this tend to reside on or below the MS. This suggests that M⋆, rather than LX, may be a primary
driver in the shift of an AGN host galaxy along the MS.

Overall, our analysis highlights the importance of careful MS treatment in order to produce
robust results. Our results may provide further insights into the complex correlations between the
central SMBH, its accretion processes, and the surrounding stellar environment.
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5.2 Future Work
To gain a larger, clearer picture of the SFR-LX connection via SFRnorm, it would be beneficial

to combine the results from this work and the available data from, e.g., Boötes, eFEDS, and COS-
MOS to create an enormous sample from which to study SFRnorm as a function of LX, M⋆, and
z. It may also be useful to study the SFR-LX connection by performing similar analyses for the
mid-IR or radio AGNs selected in Zou et al. (2022) and Zhu et al. (2023), respectively. Addition-
ally, upcoming imaging and spectroscopic missions in these fields will provide substantial data to
study the dependence of SFRnorm on the morphology and environment of the host galaxy via deep-
learning-based methods (e.g., Ni et al. 2021b) or by measuring e.g., galaxy velocity dispersions,
rotation curves, clustering, and interactions.

Future cosmic X-ray surveys performed by the Athena, AXIS, Lynx, and STAR-X missions will
provide unprecedented looks into the drivers of and connections between SMBH growth and star
formation, and our work lays out some form of precedent when studying such connections. The
James Webb Space Telescope, along with other future NASA Probe IR photometric and spectro-
scopic missions, will yield detailed views of obscured AGNs at IR wavelengths and greatly aid in
measuring the SFRs of such AGN hosts (e.g., Yang et al. 2023). Further research in this direc-
tion may yield deeper insights into the mechanisms governing AGN evolution and help refine our
models of galaxy and SMBH formation and evolution on cosmic scales.
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