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ABSTRACT
The extent of black hole growth during different galaxy evolution phases and the connection between galaxy compactness
and AGN activity remain poorly understood. We use Hubble Space Telescope imaging of the CANDELS fields to identify
star-forming and quiescent galaxies at 𝑧 =0.5–3 in both compact and extended phases and use Chandra X-ray imaging to measure
the distribution of AGN accretion rates and track black hole growth within these galaxies. Accounting for the impact of AGN
light changes ∼20% of the X-ray sources from compact to extended galaxy classifications. We find that ∼10–25% of compact
star-forming galaxies host an AGN, a mild enhancement (by a factor ∼2) compared to extended star-forming galaxies or compact
quiescent galaxies of equivalent stellar mass and redshift. However, AGN are not ubiquitous in compact star-forming galaxies
and this is not the evolutionary phase, given its relatively short timescale, where the bulk of black hole mass growth takes
place. Conversely, we measure the highest AGN fractions (∼10–30%) within the relatively rare population of extended quiescent
galaxies. For massive galaxies that quench at early cosmic epochs, substantial black hole growth in this extended phase is crucial
to produce the elevated black hole mass–to–galaxy stellar mass scaling relation observed for quiescent galaxies at 𝑧∼0. We also
show that AGN fraction increases with compactness in star-forming galaxies and decreases in quiescent galaxies within both the
compact and extended sub-populations, demonstrating that AGN activity depends closely on the structural properties of galaxies.

Key words: galaxies: active – galaxies: evolution

1 INTRODUCTION

The evolution of galaxies appears closely linked with the growth of
the supermassive black holes at their centres, which is dominated
by periods of accretion that produce Active Galactic Nuclei (AGN).
Higher galaxy star formation rates (SFRs) are associated with in-
creased AGN activity throughout cosmic time (e.g. Chen et al. 2013;
Aird et al. 2019). In the local Universe, the masses of central black
holes are correlated with tracers of galaxy mass, with quiescent
galaxies with ageing stellar populations typically hosting more mas-
sive black holes than their actively star-forming counterparts (e.g.
Reines & Volonteri 2015; Terrazas et al. 2016; Greene et al. 2020).
Models of galaxy evolution require feedback from AGN to quench
star formation and regulate the growth of massive galaxies (e.g. Cro-
ton 2006; Somerville et al. 2008; Booth & Schaye 2009; Weinberger
et al. 2018; Davé et al. 2019). The purported role of AGN feedback in
quenching has motivated numerous studies to explore whether AGN
are preferentially found in certain galaxy types i.e. those that are
already quenched, are in the process of quenching, or are expected
to quench imminently (e.g. Nandra et al. 2007; Xue et al. 2010;
Georgakakis et al. 2011, 2014; Rosario et al. 2015; Kocevski et al.
2017; Yang et al. 2018). While an overall connection between AGN
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and galaxy evolution is well established, the mechanisms that trigger
AGN at different points of the galaxy lifecycle, the extent of black
hole growth during different galaxy evolution phases, and the impact
of AGN on the evolutionary pathways of their host galaxies remain
poorly understood.

Understanding how and why certain galaxies undergo quenching
and the importance of different physical quenching mechanisms (in-
cludingAGN feedback) thus remains an area of active study. Analysis
of the stellar populations and structural properties of galaxy samples
at high redshifts indicates that individual galaxies follow a variety
of pathways to build up their stellar mass and—for some fraction—
quench their star formation and transform into the quiescent galaxies
found at late cosmic times (e.g. Baldry et al. 2004; Faber et al.
2007; Moustakas et al. 2013). Of particular recent interest has been
the identification of distinct relationships between the effective size
and total stellar mass for the star-forming versus the quiescent galaxy
populations that provide insight into different quenchingmechanisms
and the evolution of galaxies during this process. Quiescent galaxies
follow a relatively tight correlation between their stellar mass and
size, whereby more massive quiescent galaxies are generally physi-
cally larger (Franx et al. 2008; Barro et al. 2013; van der Wel et al.
2014). This sequence is even more clearly defined if quantified in
terms of central stellar mass density (e.g. Σ1kpc, the stellar mass den-
sity within the central 1 kpc, see Bezanson et al. 2009; Cheung et al.
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2 Aird, Coil, Kocevski

2012; Fang et al. 2013; Barro et al. 2017). The quiescent size–mass
relation evolves such that quiescent galaxies of a given stellar mass
are generally compact at high redshifts and are more extended at
later cosmic times (e.g. Newman et al. 2012; Toft et al. 2009; Tru-
jillo et al. 2006; van der Wel et al. 2014; Williams et al. 2010). In
contrast, star-forming galaxies tend to be more extended (i.e. have
lower Σ1kpc) than quiescent galaxies of equivalent stellar mass and
redshift, although their broad distribution does include a population
of compact star-forming galaxies that lie close to the quiescent galaxy
size–mass relation (Barro et al. 2013; van Dokkum et al. 2014).
Thus, it is is possible to identify distinct galaxy populations at

a given redshift based on both their star formation and structural
properties. Barro et al. (2013) suggest that these different galaxy
populations correspond to distinct phases of galaxy evolution and
that individual galaxies follow a range of evolutionary pathways that
can move them between the different classifications over time (see
also van Dokkum et al. 2015; Barro et al. 2017, and references
therein). Specifically, at high redshifts (𝑧 & 1.4), Barro et al. (2013)
suggest a “fast-track” evolutionary pathway. In this scenario galax-
ies typically form as the ubiquitous extended star-forming galaxies,
assembling their stellar mass through star formation throughout the
galaxy. In a subset of these galaxies internal instabilities, substantial
gas inflow from the larger cosmic web, or galaxy merger events trig-
ger substantial additional star formation within the central kiloparsec
or may redistribute existing stars to the galactic centre, leading to
a galaxy “compaction” that rapidly increases Σ1kpc and transforms
them into compact star-forming galaxies. The star formation in these
compact star-forming galaxies subsequently quenches (likely due to
a combination of gas exhaustion and feedback processes: Zolotov
et al. 2015; Kocevski et al. 2017), transforming them into compact
quiescent galaxies. This compact star-forming phase is thought to
be comparatively short-lived (∼0.3–1 Gyr, Barro et al. 2013; van
Dokkum et al. 2015) given the relatively low number densities of
these compact star-forming galaxies.
Additionally, the redshift evolution of the size–mass relation for

quiescent galaxies indicates an overall size growth for the quiescent
galaxy population, with the typical central stellar density (i.e. Σ1kpc)
becoming lower at later cosmic times. Such evolution may be due to
the size growth of individual quiescent galaxies driven by mergers
that re-distribute stars (e.g. Hopkins et al. 2010; Naab et al. 2009;
Oser et al. 2010), or an adiabatic expansion as a result of mass loss
due to either stellar winds (e.g. Damjanov et al. 2009) or AGN-
driven outflows (e.g. Fan et al. 2010; Ishibashi et al. 2013, although
see also Silverman et al. 2019). Alternatively, the size evolution may
be due to star-forming galaxies quenching at lower Σ1kpc at later
times to produce new quiescent galaxies and thus shifting the overall
population rather than reflecting size growth of individual galaxies
i.e. the apparent size evolution is due to a “progenitor bias” (van
Dokkum & Franx 1996; Shankar et al. 2015). Such a scenario is
supported by studies showing that more extended galaxies tend to
have younger stellar populations and thus quenched more recently
(e.g. van der Wel et al. 2009; Fagioli et al. 2016; Williams et al.
2017; Wu et al. 2018; Hamadouche et al. 2022). The paucity of
compact star-forming galaxies at lower redshifts also suggests that
alternative, “slow-track” quenching mechanisms may become more
important at later cosmic times (e.g. Peng et al. 2012; Barro et al.
2013), which transform extended star-forming galaxies into quiescent
galaxies directly without requiring significant compaction.
A number of prior studies explore the incidence of AGN during

these putative compact and extended galaxy evolution phases. These
studies measure a high AGN fraction in compact star-forming galax-
ies (∼20-40%) that is enhanced (by a factor ∼3–30) compared to in

either extended star-forming galaxies or compact quiescent galaxies
of comparable stellar mass (e.g. Barro et al. 2013; Kocevski et al.
2017; Habouzit et al. 2019). It was proposed by Kocevski et al.
(2017) that these high AGN fractions indicate that the compaction
process that builds up substantial stellar mass in the centres of com-
pact star-forming galaxies also drives gas into the vicinity of the
central black hole and triggers periods of AGN activity. Addition-
ally, Ni et al. (2019) find that Σ1kpc may be the strongest predictor
of sample-averaged black hole accretion rate in star-forming galax-
ies, indicating a close association between galaxy compactness and
black hole growth (see also Ni et al. 2021). Expanding on these
findings, Chen et al. (2020) present a phenomenological model that
attributes the quenching of galaxies to the cumulative heating of the
host halo gas due to AGN feedback, thus tying the suppression of
star formation in galaxies to the overall assembly of central black
hole mass that is inferred to occur in the compact star-forming phase.
However, it is unclear whether such a model is consistent with the
observed enhancement of AGN in the short-lived population of com-
pact star-forming galaxies and the fact that the bulk of AGN are
found in normal star-forming galaxies (e.g. Rosario et al. 2013a;
Azadi et al. 2015; Yang et al. 2018) with only a weak enhancement
in AGN fraction for galaxies with suppressed SFRs indicating they
are undergoing quenching (e.g. Shimizu et al. 2015; Aird et al. 2019).

In this paper, we perform new measurements to determine both
the incidence of AGN and their accretion rates across compact and
extended galaxy evolution phases. Rather than measuring X-ray de-
tected fractions (as in e.g. Kocevski et al. 2017) or sample-averaged
accretion rates (as in e.g. Ni et al. 2021), we instead follow the
approach of Aird et al. (2018, 2019) to robustly measure the full
accretion rate probability distributions within the different popula-
tions. These measurements allow us to quantify both the incidence of
AGN within a given galaxy sample and their typical accretion rates,
providing insights into both the triggering of AGN and the amount
of black hole growth during different phases of galaxy evolution. We
also refine our measurements of the structural properties and stellar
populations of our galaxy samples to account for any light from a
central AGN, which has an important impact on our results.

Section 2 below describes the selection of our parent sample of
galaxies at 𝑧 = 0.5 − 3 from the deep Hubble Space Telescope
(HST) imaging of the five CANDELS survey fields and the Chandra
X-ray imaging used to identify AGN. Our measurements of total
stellar mass, SFRs and Σ1kpc, in all cases allowing for potential
contamination due to an AGN, are described in Section 3. Section 4
presents our measurements of accretion rate distributions and AGN
fractions (see also Appendix A that presents careful tests of the
robustness of these results). In Section 5 we place our results in the
context of galaxy evolution, compare with prior studies, assess the
extent of black hole growth during different galaxy evolution phases
and reconcile these findingswithmeasurements of black hole–galaxy
scaling relations in the local Universe. Section 6 summarizes our
results and our overall conclusions. Our primary results are shown
in Figure 7 and summarised by Figure 11, while Figures 15 and
16 illustrate our interpretation and key conclusion that significant
black hole growth may occur in extended quiescent phases after
star formation has quenched. We assume a Chabrier (2003) stellar
initial mass function when deriving galaxy properties and adopt a flat
cosmology with ΩΛ = 0.7 and 𝐻0 = 70 km s−1 Mpc−1 throughout
this paper.

MNRAS 000, 1–30 (2021)



AGN across compact and extended galaxy evolution phases 3

2 DATA

2.1 CANDELS imaging and parent galaxy sample

Our parent sample of galaxies is drawn from HST/WFC3 F160W
(H-band) selected catalogs in the five CANDELS fields (Grogin
et al. 2011; Koekemoer et al. 2011). These fields include the Great
ObservatoriesOriginsDeep Survey (GOODS:Giavalisco et al. 2004)
North and South, the UKIDSS Ultra Deep Survey (UDS: Lawrence
et al. 2007; Cirasuolo et al. 2007), the Extended Groth Strip (EGS:
Davis et al. 2007), and the COSMOS (Scoville et al. 2007) regions.
While point source depths vary among the CANDELS fields (from
𝐻 = 27 in the wide fields to 𝐻 = 27.7 in the deep fields) in this
paper we apply a uniform, conservative magnitude limit of 𝐻 < 25.5
across all five fields, which allows us to select a complete sample of
galaxies above our stellar mass limits (see Section 3.3 below). Multi-
wavelength photometry (𝑈-band to 8`m) was measured in each field
using the TFIT routine (Laidler et al. 2006) as described in detail
in Guo et al. (2013); Galametz et al. (2013); Stefanon et al. (2017);
Nayyeri et al. (2017) and Barro et al. (2019) for the GOODS-S, UDS,
EGS, COSMOS, and GOODS-N fields, respectively.
We compile spectroscopic redshifts from a wide variety of cam-

paigns following up galaxy and X-ray selected AGN samples (see
Skelton et al. 2014; Aird et al. 2015; Nandra et al. 2015; Kriek et al.
2015; Le Fèvre et al. 2015; Tasca et al. 2015;Marchesi et al. 2016, and
references therein), providing redshifts for ∼15% of our magnitude-
limited CANDELS samples. When a high resolution spectroscopic
redshift is unavailable, we adopt reliable redshifts based on the low-
resolution WFC3 grism spectroscopy of the CANDELS fields ob-
tained as part of the 3DHSTproject (Brammer et al. 2012;Momcheva
et al. 2016), which are assigned to a further ∼25% of the CANDELS
sources. For the remaining sources, we adopt photometric redshift es-
timates. Photometric redshifts for all objects are provided by Dahlen
et al. (2013) and have typical errors of Δ𝑧/(1 + 𝑧) = 3%. We also
adopt photometric redshifts derived specifically for X-ray identi-
fied AGN using appropriate templates (Salvato et al. 2011; Nandra
et al. 2015; Marchesi et al. 2016), preferring these redshifts over the
Dahlen et al. (2013) estimates when they are available (for 148 X-ray
detected CANDELS sources).
We identify and remove stars based on the spectroscopic classi-

fication (if available) as well as any point-like objects with 𝐻-band
magnitudes < 25.0 and 𝑟 < −0.01𝐻 + 1.6, where 𝑟 is the radius
corresponding to the full-width half maximum as provided by SEx-
tractor (FLUX_RADIUS parameter, Bertinl 1996). Galaxy mor-
phologies and sizes were measured from the H-band images using
GALFIT (Peng et al. 2002) as described in van der Wel et al. (2014).
The measurements include Sersic indicies and circularized effective
(half-light) radii (𝑟𝑒 = 𝑎eff

√︁
𝑏/𝑎), where 𝑎eff is the half-light radii

on the major axis. Section 3.2 below describes both how these mea-
surements are used to estimate structural parameters of galaxies and
our updated GALFIT analysis of sources with X-ray detected AGN.

2.2 X-ray imaging and AGN identification

We adopt deep Chandra ACIS-I imaging that has been obtained
across all five of the CANDELS fields with exposure times reaching
∼160 ks in COSMOS (Elvis et al. 2009), ∼600 ks in UDS (Kocevski
et al. 2018),∼ 800 ks in EGS (Nandra et al. 2015),∼2Ms inGOODS-
N (Alexander et al. 2003), and∼4Ms in GOODS-S (Xue et al. 2011).
All of these Chandra surveys have been analysed using a consistent
data reduction and source detection procedure described by Laird
et al. (2009), Nandra et al. (2015) and Kocevski et al. (2018) (see

also Georgakakis et al. 2008, 2014, 2017; Rangel et al. 2013; Aird
et al. 2010, 2015). X-ray point sources are identified in the full (0.5–
7 keV), soft (0.5–2 keV), hard (2-7 keV) and ultrahard (4–7 keV)
energy bands and the resulting source lists are merged to produce a
combined catalogue. Our overall sample consists of 1066 significant
X-ray detections within the 0.235 deg2 footprint of the CANDELS
imaging.
We cross-match our X-ray detected samples with the 𝐻-selected

CANDELS catalogues using the likelihood ratio technique (see Luo
et al. 2010; Aird et al. 2015, and references therein for details),
which allows us to identify robust 𝐻 counterparts to 961 of our X-
ray detections (90.2%). FollowingAird et al. (2017), we extract X-ray
information (total counts, background counts and effective exposures
in the full, soft and hard energy bands) at the positions of all of the re-
maining 𝐻-selected CANDELS sources, excluding any objects that
lie close to a significant X-ray source but are not associated with
the X-ray source according to our likelihood ratio matching. The ex-
tracted total counts, background counts, and exposures provide X-ray
constraints for galaxies that fall below our nominal X-ray detection
threshold as well as provide information on the overall sensitivity of
the X-ray imaging. All of this information, along with the directly
detected X-ray sources, is incorporated into the Bayesian analysis
described in Aird et al. (2017, 2018) that we use to perform the
measurements of black hole accretion rates presented in Section 4
below.

3 MEASUREMENT OF GALAXY STELLAR POPULATION
AND STRUCTURAL PROPERTIES

3.1 Galaxy stellar population properties

We use spectral energy distribution (SED) fitting to determine stellar
masses (M∗) and star formation rates (SFRs) for all galaxies in our
CANDELS 𝐻-selected samples. We use an updated version of the
fast code to fit SED models to the𝑈-band to 8`m multiwavelength
photometry described in Section 2.1 above. Fast was originally de-
veloped by Kriek et al. (2009) and was updated by Aird et al. (2017,
2018) to allow for both a galaxy and an AGN component. We assume
a Chabrier (2003) initial mass function (IMF), flexible stellar popu-
lation synthesis (FSPS) models (Conroy & Wechsler 2009; Conroy
& Gunn 2010), fixed solar metallicity, dust reddening of 𝐴𝑉 in the
range 0–4 mag (assuming the Kriek & Conroy 2013, dust attenuation
curves), and “delayed-𝜏” star formation histories with 𝜏 in the range
0.1–10 Gyr (e.g. Maraston et al. 2010). We allow for galaxy ages in
the range ∼100 Myr to 13 Gyr but exclude ages that are older than
the observable universe at a given 𝑧 and apply a redshift-dependent
minimum age to exclude the youngest templates at lower redshifts
(see appendix A of Aird et al. 2017).
We allow for an AGN component in the SED for galaxies with

significant X-ray detections, adopting a library of eight empirically
determined AGN templates (see appendix A of Aird et al. 2018).
Ultimately, we decide whether to adopt the two-component galaxy +
AGNfits depending on whether a point source component is required
in our analysis of the two-dimensional 𝐻 images, as described in
Section 3.2 below.

MNRAS 000, 1–30 (2021)



4 Aird, Coil, Kocevski

3.2 Galaxy structural properties

Following Barro et al. (2017), we calculate Σ1kpc, the central surface
mass density within 1 kpc,

Σ1kpc =
𝑀∗ (< 1 kpc)
𝜋(1 kpc)2

(1)

by integrating the best-fit surface brightness profile of each galaxy
out to a radius of 1 kpc. We assume a constant mass-to-light ratio for
a given galaxy based on the best fitting stellar population parameters
from the overall SED fit described in Section 3.1 above and that mass
follows the 𝐻-band light with a Sérsic profile (the assumption of a
constant mass-to-light is examined in Appendix A3 and shown to
have a negligible impact on our final results). The projected mass
profile is thus given by

𝑀 (𝑟) = 𝑀e exp(−𝑏n [(𝑟/𝑟e) (1/𝑛) − 1]), (2)

where 𝑛 is the Sérsic index and 𝑀e is the projected mass at the
effective radius, 𝑟e. Integrating to 𝑟 = 1 kpc results in the relationship

logΣ1kpc = logM∗ − log 𝜋 + log 𝑃(2𝑛, 𝑏𝑛𝑟−1/𝑛e ). (3)

HereM∗ is the total stellar mass of the system, 𝑃(𝑠, 𝑥) is the reg-
ularised lower incomplete gamma function1 and the constant 𝑏𝑛,
which depends on 𝑛, is estimated using the asymptotic approxima-
tion of Ciotti & Bertin (1999):

𝑏𝑛 ≈ 2𝑛 − 1
3
+ 4
405𝑛

+ 46
25515𝑛2

. (4)

An initial determination of Σ1kpc is made for all galaxies using the
best-fit Sérsic profile parameters from van der Wel et al. (2012) and
M∗ from our SED fitting. Following van Dokkum et al. (2014), we
apply a small correction (typically about 10%) to the resulting Σ1kpc
values to account for any difference between the total magnitude
implied by the Sérsic fit and the𝐻-bandmagnitude in the CANDELS
photometry catalogs.
For galaxies that host an X-ray detected AGN, we take additional

steps to account for potential unresolved nuclear light that may arti-
ficially increase our Σ1kpc measurements. When our two component
SED fit indicates that more than 2% of a host galaxy’s 𝐻-band light
originates from the AGN, we carry out a series of surface brightness
profile fits with GALFIT to test for the presence of nuclear contam-
ination from a central point source. We perform GALFIT runs on
each galaxy using the following three models:

1. A Sérsic profile with an additional central point source compo-
nent whose magnitude is fixed to the 𝐻-band magnitude predicted
by our two component SED modeling.
2. A Sérsic profile with an additional central point source compo-
nent whose magnitude is allowed to float.
3. A Sérsic profile only, with no additional point source compo-
nent.

For these fits we provide GALFIT with custom PSF models ap-
propriate for each CANDELS field (see van der Wel et al. 2012,
for details) and custom-made noise images that account for both the
intrinsic image noise (e.g., background noise and readout noise) as
well as added Poisson noise due to the objects themselves. Instead
of allowing GALFIT to determine the local background flux level,
we also pass along an independent background estimate specific to

1 The regularised lower incomplete gamma function is given by 𝑃 (𝑠, 𝑥) =
𝛾 (𝑠, 𝑥)/Γ(𝑠) , where 𝛾 (𝑠, 𝑥) =

∫ 𝑥

0 𝑡𝑠−1𝑒−𝑡𝑑𝑡 and Γ(𝑠) =
∫ ∞
0 𝑡𝑠−1𝑒−𝑡𝑑𝑡 .

each galaxy from van der Wel et al. (2014). Neighboring objects are
fit simultaneously using single Sérsic fits. Examples of our GALFIT
modeling are shown in Figure 1.
To determine if an additional point source component is required

over that of a single Sérsic profile, we use the residual flux fraction
(RFF; Hoyos et al. 2011) as a goodness-of-fit indicator. The RFF
is a measure of the fraction of the signal contained in the residual
image that cannot be explained by fluctuations of the background.
We compute the RFF for each fit using the relationship

RFF =
(∑ |RES| − 0.8 × 𝜎F160W)

FLUX
. (5)

Here |RES| is the absolute value of the residual image, defined as the
difference between the 𝐻-band image and the model fit, 𝜎F160W is
the background noise image, and the summation is conducted within
the Kron ellipse defined by SExtractor (Bertin & Arnouts 1996).
FLUX is the total flux of the galaxy in the 𝐻-band image and the
constant of 0.8 is chosen to ensure that for a Gaussian noise error
image, the expected value of the RFF is 0 (see Hoyos et al. 2011, for
details).
We calculate theRFF for all three of theGALFITmodels described

above and the one that results in the lowest RFF value is chosen as
our best-fitting model. A large fraction (43%) of our host galaxies
are best-fit by a Sérsic profile with no additional point source com-
ponent, as might be expected for the moderate luminosity AGN that
dominate our sample. In these cases, we retain the galaxy-only SED
fits for ourM∗ and SFR measurements. For galaxies where the point
source component improved our surface brightness fit, we find the
median AGN contribution to be 10% at 1.6`𝑚. When our GALFIT
model requires a different AGN fraction to our SED fits (i.e. case 2
above), we re-scale the estimatedM∗ so that the AGN-to-host ratio
is consistent with the GALFIT result. Accounting for this unresolved
component works to increase 𝑟e and decrease 𝑛 for the underlying
hosts, both of which decrease Σ1kpc. We find that our Σ1kpc mea-
surements for these galaxies decreases by a median 0.4 dex when we
allow for point source contamination in our surface brightness fits.
The change in Σ1kpc as a function of our best-fitting AGN fraction at
1.6`𝑚 is shown in Figure 2.

3.3 Selection of galaxy populations with different structural
and star formation properties

With our estimates ofM∗, SFR and Σ1kpc in hand, we now define
the galaxy samples used for the analysis in this paper. We first place
galaxies into redshift bins spanning the range 𝑧 = 0.5 − 3.0 where
sufficient cosmological volume is probed by the deep CANDELS
fields. We also apply a uniform stellar mass limit ofM∗ > 1010M�
above which all five CANDELS fields are complete throughout our
redshift range (Tal et al. 2014). This also ensures that we are able
to identify AGN down to relatively low specific black hole accretion
rates without being substantially impacted by stellar-mass-dependent
selection biases (Aird et al. 2012). Applying these limits results in
a final sample of 7477 galaxies, of which 678 are significant X-
ray detections. The top panels of Figure 3 show the distribution of
our galaxy samples (and X-ray detections) in each of our redshift
bins in theM∗-SFR plane. We further divide our sample into star-
forming galaxies, which lie along an evolving “main sequence of star
formation” in theM∗-SFR plane, and quiescent galaxies that exhibit
suppressed SFRs and lie significantly below the main sequence at a
given redshift (e.g. Noeske et al. 2007; Karim et al. 2011; Schreiber

MNRAS 000, 1–30 (2021)
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Sersic
Sersic + Point Src

Sersic
Sersic + Point Src

Sersic
Sersic + Point Src

Sersic
Sersic + Point Src

cQu

z=1.60 log Σ1=9.75 [-0.23]

fAGN=6.5%

exQu

z=0.53 log Σ1=9.00 [-1.01]

fAGN=9.9%

exSF

z=1.40 log Σ1=9.17 [-0.85]

fAGN=21.6%

cSF

z=1.91 log Σ1=10.10 [-0.09]

fAGN=5.0%

Figure 1. Example 𝐻 -band (HST/WFC3 F160W) images of galaxies in each of our four populations defined by structural and star formation properties (left),
showing compact star forming (cSF), compact quiescent (cQu), extended quiescent (exQu), and extended star forming (exSF) galaxies from top to bottom, along
with their best-fit GALFIT models (middle) and corresponding surface brightness profile fits (right) with and without including a central point source. The
fractional contribution of the AGN to the light at 1.6`𝑚 is listed in the middle panel. Also shown are the calculated best-fit Σ1kpc values for each galaxy, followed
by (in brackets) how these values changed as a result of adding point-like emission from the AGN to our models. Negative values in the brackets indicates
a decrease in Σ1kpc when a two component (galaxy+AGN) model is used. These galaxies were chosen to demonstrate the wide range of AGN contributions
observed in our sample.

et al. 2015), using the cut given in Aird et al. (2018):

log SFRcut [M�yr−1] = −8.9 + 0.76 log M∗
M�

+ 2.95 log(1 + 𝑧). (6)

The lower panels of Figure 3 show where our galaxy samples lie
in the Σ1kpc versus M∗ plane. At these redshifts, the majority of
quiescent galaxies follow a well-defined sequence in this plane, with
relatively high values of Σ1kpc. This sequence is well described by

logΣ1kpc,Qu−seq = 0.65
(
log

M∗
M�

− 10.5
)
+0.80 log(1+𝑧)+9.5 (7)

which is in good agreement with prior measurements by Barro
et al. (2017).2 We identify galaxies that lie on this sequence, with

2 We have applied a small systematic shift of the quisecent galaxy Σ1kpc
sequence to 0.14 dex higher values compared to Barro et al. (2017) to better
match our own analysis of the data.

logΣ1kpc/Σ1kpc,Qu−seq > −0.4, as “compact” galaxies, whereas
galaxies lying below this cut are described as “extended”. The ma-
jority of star-forming galaxies are “extended” in this plane at all
redshifts—with a lower fraction of their total mass isolated within
the central kpc—but we are able to identify a population of compact
star-forming galaxies that lie within 0.4 dex of the quiescent Σ1kpc
sequence. Such galaxies are expected to be short-lived (.1 Gyr) and
will subsequently quench their star formation and thus build up the
population of compact quiescent galaxies (Barro et al. 2013; van
Dokkum et al. 2015).

We note that our definition of compact and extended changes with
redshift due to the redshift dependence of Equation 7, reflecting the
“size growth” of the quiescent galaxy population with time whereby
the typical quiescent galaxy (at a given M∗) is larger (i.e. has a
lower Σ1kpc) at lower redshifts (van Dokkum et al. 2010; Damjanov
et al. 2019). This size growth proceeds alongside the overall increase
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Figure 2. Left: Measurements of Σ1kpc of X-ray sources for the combined galaxy+AGN analysis compared to the galaxy-only estimates. Colours/symbols
indicate our best estimate of 𝑓AGN, the fractional contribution of the AGN to the optical light for each source. We note the small number of sources (< 1% of
our X-ray detected sample) where our estimate of Σ1kpc increases when we allow for AGN light; this is due to changes in the best-fitting stellar population that
alters the mass-to-light ratio. In the vast majority of cases allowing for an AGN contribution results in a lower Σ1kpc estimate. Right: The change in Σ1kpc when
allowing for a central point source contribution versus 𝑓AGN (colours/symbol types as in the left panel). Only sources where an AGN component is required
(i.e. 𝑓AGN > 0) are shown on this plot, corresponding to 57% of the X-ray detections in our sample. The histograms indicate the overall distributions, with black
dashed lines indicating the median values. For the sources where we require an AGN component, we typically assign ∼10% of the light to the AGN and reduce
our Σ1kpc values by ∼0.4 dex. As expected, the change in Σ1kpc increases as 𝑓AGN increases.

in the number densities of quiescent galaxies due to the quenching
of star forming galaxies. The relatively rare population of extended
quiescent galaxies at a given redshift may correspond to galaxies
that quenched early via the “fast-track” mechanism and have already
grown in size, as well as any galaxies that have undergone “slow-
track” quenching (directly transforming from extended star-forming
galaxies without a compact phase).
We are thus able to identify four distinct galaxy populations: ex-

tended star-forming galaxies, compact star-forming galaxies, com-
pact quiescent galaxies, and extended quiescent galaxies (hereafter
exSF, cSF, cQu and exQu galaxies) within each of our redshift bins.
The slow- and fast-track quenching pathways suggest evolutionary
links between these galaxy populations, although we note that galax-
ies may not be transforming between these phases within the same
redshift bin, depending on the width of the redshift bin and how long
galaxies spend in a certain evolutionary phase. In Section 4 below
we explore the incidence of AGN and their accretion rates within
each galaxy population defined here, before returning to a discussion
of the evolutionary pathways followed by galaxies as they assemble
their stellar mass and their black holes in Section 5.6.

3.4 Impact of AGN emission on galaxy classification

Having classified our full galaxy sample into four different popula-
tions, we now re-visit the classification of the X-ray detected sources
to determine and correct for the impact of the central AGN emis-
sion on these classifications. In the central row of Figure 4 we show
where detected sources lie in terms of their SFRs relative to the main
sequence of star formation (SFR/SFRMS) and their Σ1kpc compared
to the quiescent galaxy sequence (Σ1kpc/Σ1kpc,Qu−seq), i.e. the space
that we use to separate star-forming versus quiescent and compact

versus extended galaxies. The light blue circles and light red squares
in the central panels show the measurements for each X-ray source
before accounting for the AGN light, whereas the dark blue crosses
and dark red pluses show our measurements after allowing for two
components in the SED fitting (AGN and galaxy components) and in
our structural measurements (Sersic and point source components),
if deemed necessary by our process described in Section 3.2 above.
Lines link these two sets of measurements to illustrate the change for
individual sources. In the top and bottom rows of Figure 4 we also
show the distributions of log(Σ1kpc/Σ1kpc,Qu−seq) for X-ray sources
(for star-forming and quiescent classifications, respectively) before
and after correcting for an AGN component (solid versus hatched
histograms).

For star-forming galaxies, allowing for the emission from a blue,
central point source (i.e. an AGN) has a tendency to decrease our
estimates of Σ1kpc for the X-ray detected sources and there is thus an
overall shift of the sample from the cSF to the exSF class. In contrast,
there is much less change in the structural distribution of quiescent
galaxies even if the estimates for individual sources can change sig-
nificantly. Our quiescent galaxy sample tends to be higher stellar
mass and to host relatively lower X-ray luminosity AGN, particularly
at lower redshifts, and thus the host galaxy generally dominates the
optical/NIR light and requires little correction for the AGN contribu-
tion (at higher redshifts, our X-ray flux limits meanwe only detect the
most X-ray luminous sources in quiescent galaxies and thus a higher
proportion require corrections for AGN contamination). Overall, 142
of the 678 X-ray detected sources (21%) are changed from a compact
to an extended classification as a result of the corrections for AGN
light. While there are a few notable individual exceptions, very few
X-ray sources move between the star-forming and quiescent clas-
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Figure 3. SFR (top) and Σ1kpc (bottom) as a function ofM∗ for the parent galaxy population in each of our redshift bins. The underlying grey contours enclose
50, 68, 95 and 99% of galaxies (above ourM∗ > 1010M� limit), whereas the dashed blue and dotted red contours enclose star-forming and quiescent galaxies,
respectively (50 and 95% levels). We note the overlap between the star-forming and quiescent galaxy contours in the top panels, which is due to the cut in terms
of SFR evolving within a given redshift bin (see Equation 6). The dark blue crosses indicate hard (2–10 keV) X-ray detected star-forming galaxies whereas dark
red pluses indicate hard (2–10 keV) X-ray detected quiescent galaxies. The green dashed line in the lower panels shows our evolving division between compact
and extended galaxies.

sifications; in general, the overall light is dominated by the galaxy
component for these relatively faint AGN.
In Figure 5 we present images for a selection of sources that un-

dergo the most extreme changes in their classification. These sources
are marked in Figure 4, with increasing redshift from left to right.
COSMOS 18829 changes classification from cSF to exQu when ac-
counting for AGN light; indeed the extended emission can be seen in
the F160W image of this source. COSMOS 27475 does not change
classification, but the Σ1kpc value for this source decreases sub-
stantially. GOODS-S 1506 changes classification from cSF to exQu,
while EGS30528 changes fromcQu to exQu.Here again the extended
nature of the source can be seen in the F160W image. GOODS-N
6152 also changes classification from cQu to exQu, just crossing the
threshold for our definition of an extended galaxy; we note that the
typical quiescent galaxy is very compact at these redshifts (i.e. the
normalisation of Σ1kpc,Qu−seq is high) and thus—while accurately
identified as exQu—this source appears relatively compact in the
image shown in Figure 5, albeit with a weak extended component
visible in the grey-scale image. The impact of these corrections on
our results is explored in Section A below.

4 THE DISTRIBUTION OF BLACK HOLE ACCRETION
RATES FOR GALAXIES WITH DIFFERENT
STRUCTURAL AND STAR FORMATION PROPERTIES

In this section, we use the Bayesian methodology of Aird et al. (2017,
2018) tomeasure the probability distributions of AGN accretion rates

within our different galaxy samples, i.e. the probability density (per
dex in accretion rate) of hosting an AGN of a given accretion rate.
Our measurements are based on the hard X-ray imaging and fully
incorporate the information from both detected sources and non-
detections. The expected contribution to the X-ray emission from
galactic processes (i.e. high- and low-mass X-ray binary populations
within a galaxy, rather than a central AGN) is accounted for as an ad-
ditional background component, as described in appendix B of Aird
et al. (2018). Based on these accretion rate probability distributions,
we are able to provide robust estimates of the X-ray AGN fraction to
well-defined limits that are corrected for incompleteness due to the
varying sensitivity limits of the Chandra imaging, both within and
between fields. Accounting for the effects of incompleteness, galac-
tic processes, and non-detections is vital to determine meaningful
and robust measurements of the true AGN fraction within galaxy
populations. Section 4.1 presents our primary results for the exSF,
cSF, cQu and exQu galaxy populations. A number of tests to check
the robustness of these results are described in Appendix A. In Sec-
tion 4.2 we repeat our analysis in more refined bins in central stellar
mass density to further explore the dependence of AGN activity on
Σ1kpc within each of the four galaxy populations.

4.1 Incidence of AGN as a function of structural properties
using various definitions of AGN accretion rates

Figure 6 presents our measurements of the probability distribution
of AGN accretion rates within our four different galaxy populations
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Figure 4. Change in classification of X-ray sources when accounting for AGN light in the SED fits and the potential point source contamination of the structural
measurements. The central panels show the measurements of the SFR relative to the main sequence (log SFR/SFRMS) and the measurements of Σ1kpc relative
to the quiescent galaxy sequence (logΣ1kpc/Σ1kpc,Qu−seq) i.e. the parameters that we use to divide star-forming vs. quiescent galaxies and compact vs. extended
galaxies. The light blue circles and light red squares show our original measurements that do not account for any AGN contribution, which are linked to the
corresponding final measurements (dark blue crosses and dark red pluses), with the colour scheme indicating the final star-forming vs. quiescent classification.
The upper and lower panels show histograms of the Σ1kpc measurements for the star-forming and quiescent galaxies, respectively, where the light filled histograms
are the original “galaxy-only” measurements and the darker hatched histograms are the results with our updated “galaxy+AGN” fits. The black circles highlight
five sources that undergo substantial changes in their measured values with our two-component fitting, which are examined in Figure 5 below.

Figure 5.Colour composite and F160W grey-scale images of five galaxies that undergo significant changes to their classification when we include AGN emission
in our SED and GALFIT modeling. These five galaxies are highlighted in Figure 4. In most cases, point-like emission embedded in a more extended structure is
clearly visible. Taking this emission into account reduces Σ1kpc and, occasionally, decreases the galaxy’s calculated SFR. This is most dramatically exemplified
by COS 18829, where we see a point source with relatively bluer colours (appearing yellow in the image) embedded in an otherwise red extended galaxy. The
classification of COS 18829 changes from cSF to exQu as a result of our two-component modeling.

(shown for the 1.4 < 𝑧 < 2.2 redshift bin) while Figure 7 shows
quantities derived therefrom across all of our redshift bins from
𝑧 = 0.5 to 3: robust AGN fractions to specified limits and the sample
averaged accretion rates.As described inAird et al. (2019, see figure 1
therein for an illustration), we derive AGN fractions by integrating

our probability distributions to fixed limits,

𝑓 (log_ > 𝑋lim) =
∫ ∞

𝑋lim

𝑝(_) d log_ (8)

where _ indicates our chosen accretion rate tracer (𝐿X, 𝐿X/M∗, or
𝐿X/Σ1kpc, as described in turn below) and 𝑋lim is a chosen limit
in this quantity (in logarithmic units) by which we define a robust
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Figure 6. Measurements of accretion rate probability distributions in one of our redshift bins (1.4 < 𝑧 < 2.2), comparing the distributions in exSF, cSF,
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normalisation and the distribution is shifted to typically lower accretion rates. The distributions are highest within the rare population of exQu galaxies, showing
that such galaxies have a high incidence of AGN, with a wide range of accretion rates. The differences are exaggerated when quantifying AGN activity relative
to the central stellar mass (i.e. using 𝐿X/M∗, right panel) indicating that both exSF and exQu galaxies are assembling their black holes at higher rates relative
to their central stellar densities compared to cSF or cQu galaxies.
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Figure 7. Measurements of AGN fractions to different limits (top and middle rows, as indicated by the y-axis labels) and average accretion rates (bottom row)
as a function of redshift, which summarise our full accretion rate probability distributions (e.g. Figure 6), comparing the cSF (light blue pluses), exSF (dark
blue crosses), cQu (light red squares) and exQu (dark red circles) galaxy populations. Each column adopts a different accretion rate tracer: 𝐿X (left), 𝐿X/M∗ or
“specific accretion rate” (centre), and 𝐿X/Σ1kpc (right) that tracks black hole growth rates relative to the central stellar density. In general we measure the highest
AGN fractions in exQu galaxies at all redshifts. Based on 𝐿X or 𝐿X/M∗, the fraction is enhanced in cSF galaxies compared to exSF galaxies, especially when
deriving AGN fractions to lower limits (top row), while the fraction in cQu galaxies is suppressed. In contrast, when tracking accretion relative to the central
stellar mass (i.e. using 𝐿X/Σ1kpc, right column), we find that AGN activity is enhanced in both exSF and exQu compared to compact galaxies. We note that the
average accretion rates shown in the bottom row tend to be noisier than the AGN fractions and do not fully capture the underlying differences in the probability
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AGN fraction. Sample averaged accretion rates are determined by
averaging _ over the probability distributions,

〈_〉 =
∫ ∞

−∞
_ 𝑝(_) d log_ (9)

and provides an indicator of the “typical” accretion rate for all galax-
ies in a given sample.
In the left-hand column of Figures 6 and 7 we use the observed

X-ray luminosity3 directly and obtain robust measurements of the
fraction of galaxies with AGN to luminosity limits of log 𝐿X > 42
and log 𝐿X > 44 as well the sample-averaged X-ray luminosity,
〈𝐿X〉, as a function of redshift. We emphasise that these fractions are
not limited to directly detected X-ray AGN and instead represent a
statistically robust result that is inferred using our Bayesian analysis
and accounts for (and allows us to probe below) the sensitivity limits
of the X-ray data.
We find that AGN span a broad range of X-ray luminosities (42 .

log 𝐿X . 45) in all four galaxy populations. Our measurements of
𝑝(𝐿X) at 1.4 < 𝑧 < 2.2 (Figure 6) show a clear enhancement in the
incidence of low-to-moderate 𝐿X AGN in cSF galaxies compared to
exSF galaxies at that same redshift, which is reflected in the AGN
fractions (Figure 7), in particular the AGN fraction above our lower
luminosity limit, 𝑓 (log 𝐿X > 42). This enhancement in cSF galaxies
becomes weaker at lower redshifts and is not significant for 𝑧 < 1.4
for the higher luminosity limit (log 𝐿X > 44). The sample averaged
luminosity, log〈𝐿X〉, also shows a mild enhancement in cSF galaxies
compared to the exSF population, which increases with increasing
redshift.
We find that the AGN fractions and average luminosities are con-

sistently a factor ∼ 2 − 10 lower in cQu galaxies compared to cSF
galaxies at the same redshift, which appears to be driven by both
a lower normalization in 𝑝(𝐿X) and a shift in 𝑝(𝐿X) to lower lu-
minosities. In contrast, we find a surprisingly high AGN fraction in
the exQu galaxy samples that in most luminosity and redshift ranges
exceeds the incidence in cSF galaxies. We note that exQu galaxies
are relatively rare at any redshift (given our definition relative to the
evolving quiescent galaxy size–mass sequence) and thus while the
fraction of exQu galaxies with an X-ray AGN is high, such sources
remain a minority of the overall AGN population. The vast major-
ity of X-ray AGN are still found within the (much more numerous)
star-forming galaxy populations.
The identification of X-ray AGN is known to be strongly affected

by stellar-mass-dependent selection biases (Aird et al. 2012, 2013;
Mendez et al. 2016). The observed fraction of X-ray AGN (to a given
luminosity limit) is found to rise significantly with increasing stel-
lar mass. Broadly, more massive galaxies are expected to host more
massive central black holes and will produce a higher observable lu-
minosity even if they are only weakly accreting, relative to the mass
of the galaxy. To account for this selection bias over our broad stellar
mass bin (10 < logM∗/M� < 11.5), in the central columns of
Figures 6 and 7 we present measurements of the distribution of spe-
cific black hole accretion rates, 𝐿X/M∗, normalising the observed
X-ray luminosity by the stellar mass.4We also present AGN fractions

3 Based on the observed 2–7 keV fluxes and converted to rest-frame 2–
10 keV luminosities assuming an X-ray spectrum with photon index Γ = 1.9,
hereafter 𝐿X and given in units of erg s−1.
4 For clarity, in this paper we do not translate 𝐿X/M∗ into “Eddington-
rate-equivalent” units, in contrast to our prior work (Aird et al. 2018, 2019)
as this requires assumptions on the AGN bolometric correction and—most
crucially—the highly uncertain scaling between total stellar mass and black
hole mass. Dividing 𝐿X/M∗ by 1034 converts our values to the roughly

to the specified limits (log 𝐿X/M∗ > 32.0 and > 33.5, where 𝐿X
is in erg s−1 and M∗ is in units of M�) and the sample averaged
log〈𝐿X/M∗〉 as a function of redshift. Our Bayesian methodology
naturally allows for this conversion and the impact on our measure-
ments due to the varying X-ray sensitivity limits across our fields,
the differences in redshift, and the differences in stellar masses. Ac-
counting for this bias improves the robustness and interpretation of
our results, and the overall patterns for our 𝐿X/M∗ results are con-
sistent with the 𝐿X-based results: an enhancement in the incidence of
moderate accretion rate AGN in cSF versus exSF galaxies at 𝑧 & 1.4;
a lower fraction in cQu galaxies; and a high incidence of AGN in
exQu galaxies.
While stellar-mass-dependent selection biases are known to have

a significant and important effect on AGN samples, the total stellar
mass may be a somewhat poor tracer of the central black hole mass,
especially when considering galaxies with a broad range of star for-
mation and structural properties (Kormendy &Ho 2013; but see also
Reines & Volonteri 2015, Bentz & Manne-Nicholas 2018). Black
hole mass assembly may be more directly related to the build up of
the central stellar bulge of galaxies (e.g. Caplar et al. 2018). Thus, in
the right-hand columns of Figures 6 and 7, we present measurements
of the incidence of X-ray AGN across our four galaxy populations in
terms of 𝐿X/Σ1kpc, normalising the X-ray luminosity by the central
stellar mass density. These measurements allow us to assess the ex-
tent of central black hole growth relative to stellar mass built up in the
central regions of galaxies. This translation has a substantial impact
on our results.5 Both of the compact galaxy populations, cSF and
cQu galaxies, have relatively high Σ1kpc values (compared to their
total M∗), leading to typically low values of 𝐿X/Σ1kpc, whereas
exSF and exSF have lower Σ1kpc and are thus enhanced in terms of
𝐿X/Σ1kpc. When considering consistent limits in 𝐿X/Σ1kpc, the ex-
tended galaxy populations generally have higher AGN fractions at all
redshifts, particularly when considering the higher threshold AGN
fractions, 𝑓 (log 𝐿X/Σ1kpc > 35.0) (middle right panel of Figure 7).
In particular, cSF galaxies, which are found to have a reasonably high
incidence of AGN in terms of 𝐿X or 𝐿X/M∗, are actually accreting at
lower rates in terms of 𝐿X/Σ1kpc compared to their extended counter-
parts. Thus, while cSF galaxies may host relatively luminous X-ray
AGN in absolute terms, exSF galaxies may be growing their cen-
tral black holes at higher rates relative to the stellar mass already
assembled within the central regions. Such differences suggest that
the assembly of a central black hole could precede the assembly of
the central stellar bulge. We also note that it is the exQu galaxy pop-
ulation that shows the highest AGN fractions and average accretion
rates in terms of 𝐿X/Σ1kpc out of our four galaxy populations: these
galaxies are not assemblingmore stars (they have low SFRs) and they
are relatively large in physical size (whether they formed that way
initially or have undergone a growth in size over their recent history),
yet they are continuing to produce AGN emission and grow their
central black holes. We investigate the implications of these findings
on our understanding of the growth of black hole mass during the
different phases of galaxy evolution in Sections 5.5 and 5.6 below.
The AGN fractions and average accretion rates shown in Figure 7

“Eddington-rate-equivalent” specific black hole accretion rate, _sBHAR, using
the assumed scale factors from Aird et al. (2018), and thus our limit of
log 𝐿X/M∗ > 32.0 roughly corresponds to Eddington ratios of &1%.
5 Fang et al. (2013) suggest that Σ1kpc may trace black hole mass asMBH ∝
Σ2.01kpc. Allowing for this additional exponent in our accretion rate tracer (i.e.
measuring 𝐿X/Σ21kpc) would further exaggerate the differences that we see
between the compact and extended populations.

MNRAS 000, 1–30 (2021)



AGN across compact and extended galaxy evolution phases 11

31 32 33 34
log LX/M∗ [erg s−1 M−1

� ]

10−4

10−3

10−2

10−1

100
p(

L X
/M

∗)
[d

ex
−

1 ]

Extended SF
2.2< z <3.0
1.4< z <2.2
1.0< z <1.4
0.5< z <1.0

31 32 33 34
log LX/M∗ [erg s−1 M−1

� ]

Compact SF
2.2< z <3.0
1.4< z <2.2
1.0< z <1.4
0.5< z <1.0

31 32 33 34
log LX/M∗ [erg s−1 M−1

� ]

Compact Qu
2.2< z <3.0
1.4< z <2.2
1.0< z <1.4
0.5< z <1.0

31 32 33 34 35
log LX/M∗ [erg s−1 M−1

� ]

Extended Qu
2.2< z <3.0
1.4< z <2.2
1.0< z <1.4
0.5< z <1.0

Figure 8. Measurements of 𝑝 (𝐿X/M∗) for each of the four galaxy populations as a function of redshift. Significant evolution is seen in all four populations. In
exSF galaxies, there is a small shift in 𝑝 (𝐿X/M∗) toward higher accretion rates at higher redshift, resulting in moderate evolution in the AGN fraction above the
higher accretion rate limit, log 𝐿X/M∗ > 33.5, but negligible evolution in the overall AGN fraction above the lower limit of log 𝐿X/M∗ > 32.0 (see Figure 7).
In cSF, cQu and exQu galaxies there is an evolution in both the normalisation and typical accretion rate of 𝑝 (𝐿X/M∗) with increasing redshift.

tend to increase with increasing redshift, consistent with the overall
increase in the prevalence of AGN at earlier cosmic times for galaxies
withM∗ & 1010 M� (see e.g. Aird et al. 2018). The exception is
in exSF galaxies, where the AGN fractions above our lower adopted
limits (dark blue crosses in the top row of Figure 7) are approximately
constant or show only a mild increase with redshift. In Figure 8 we
show the measurements of 𝑝(𝐿X/M∗) (our preferred accretion rate
tracer) as a function of redshift in each of the four galaxy populations.
The evolution of accretion rates in exSF galaxies is driven by a
shift toward higher 𝐿X/M∗ at higher redshifts. However, the overall
normalisation remains approximately constant. The AGN fractions
to lower limits, below the overall peak in the distribution, thus remain
approximately constant with redshift. The bulk of AGN, found in∼8–
10% of galaxies at a given time, are captured by these limits and thus
the overall AGN fraction does not increase, even though those AGN
tend to be slightly more luminous at higher redshifts (see bottom row
of Figure 7). In contrast, the accretion rate probability distributions
for the cSF, cQu and exQu populations in Figure 8 all show a shift
in 𝐿X/M∗ toward higher accretion rates at higher 𝑧 and an increased
normalisation, representing an increase in the triggering rate of AGN
at higher 𝑧.
We note that the sample average accretion rates alone (whether in

terms of 𝐿X, 𝐿X/M∗ or 𝐿X/Σ1kpc) are insufficient to fully charac-
terise the differences in the AGN content of the four galaxy popu-
lations. While the sample averages follow similar overall trends to
the AGN fractions, it is only with a characterisation of the full prob-
ability distributions that shifts in the normalisation or shifts in the
typical accretion rates can be distinguished from each other. Fur-
thermore, the sample averaged accretion rates have higher statistical
uncertainties and can be severely skewed by the precise shape of the
underlying probability distributions at high and low accretion rates.
AGN fractions to well-defined limits—provided these are corrected
for the sensitivity limits of the X-ray imaging—are more robust.
Measuring the full distributions of accretion rates, and summarising
these differences in terms of AGN fractions (indicating how often
galaxies host an AGN) as well as the sample average accretion rates
(indicating how rapidly those black holes are growing) is required to
obtain a complete and accurate picture.
In Appendix A we describe a variety of tests of the robustness

of our results. Specifically, we show that neglecting the impact of

AGN light at optical/IR wavelengths on our measurements of galaxy
structural and star formation properties results in a significant overes-
timate of the AGN fraction in cSF galaxies (by up to a factor ∼2) and
a correspondingly lower AGN fraction in exSF galaxies, although
our results in cQu and exQu galaxies are not significantly changed
(see Section A1). In contrast, changing the method to classify com-
pact galaxies from our preferred evolving cut in Σ1kpc/Σ1kpc,Qu−seq
to a simpler fixed cut in Σ1kpc (see Section A2) or or accounting
for differences in the mass versus the light profile of our galaxies
(see Section A3) has a minor impact on our AGN fractions for all
four galaxy populations, showing that our results are robust to the
precise definition of compact or extended galaxy populations Using
soft (0.5–2 keV) X-ray data to select AGN—rather than the hard (2–
7 keV) band with careful corrections for the sensitivity limits—leads
to systematically lower estimates of the AGN fraction (by a factor
∼ 2) across all four galaxy populations, indicating that soft X-ray
selection fails to identify the dominant, moderately absorbed AGN
populations across our entire redshift range (see Section A4). Finally,
we show that there are large field-to-field variations in our measure-
ments, especially for the rarer cQu and exQu galaxy populations
(albeit with large statistical uncertainties), demonstrating the need to
combine the power of all five CANDELS fields to accurately probe
the AGN incidence across compact and extended galaxy populations
out to high redshift.

4.2 Incidence of AGN as a function of central stellar mass
density within each galaxy population

In this section we explore the dependence of AGN activity on the
central stellar mass density of galaxies in more detail, to reveal the
dependence on Σ1kpc within, as well as between, the four galaxy
populations. We repeat our measurements of AGN fractions within
galaxies using bins in central stellar mass density, separating galaxies
in terms of logΣ1kpc/Σ1kpc,Qu−seq, which measures “compactness”
relative to the evolving, stellar-mass-dependent quiescent galaxy se-
quence, Σ1kpc,Qu−seq, as given by Equation 7. We are thus able to
track any dependence on compactness within both the star-forming
and quiescent galaxy populations, rather than simply separating them
into compact and extended. To increase the size of the galaxy sam-
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ples, we merge our two higher and two lower redshift bins for this
analysis.
Figure 9 shows the initial four bins in Σ1kpc/Σ1kpc,Qu−seq that we

adopt in each of our redshift ranges to further divide each popula-
tion. We also adopt a flexible binning scheme where we require a
minimum of 100 galaxies in a bin or a minimum bin width of 0.2 dex
in Σ1kpc/Σ1kpc,Qu−seq, providing us with additional bins to closely
track any dependence of Σ1kpc/Σ1kpc,Qu−seq while ensuring there are
sufficient galaxies in a bin to obtain an accurate measurement of the
AGN accretion rate probability distribution. The resulting measure-
ments of AGN fractions are shown by the blue (star-forming) and
red (quiescent) points in Figure 10. We present AGN fractions to
defined limits in terms of 𝐿X (left), 𝐿X/M∗ (centre) and 𝐿X/Σ1kpc
(right), in all cases adopting the lower thresholds (matching the top
row of Figure 7). These refined measurements confirm that the trends
identified in our initial analysis of the four galaxy populations (exSF,
cSF, cQu and exQu) in Section 4.1 are also seenwithin the individual
galaxy populations.
For star-forming galaxies, we see a rise in the AGN fraction—

whether defined to 𝐿X, 𝐿X/M∗, or 𝐿X/Σ1kpc limits—with increasing
values of Σ1kpc/Σ1kpc,Qu−seq. A higher central stellar mass density
is associated with higher levels of AGN activity within the cSF and
exSF galaxy populations. Measuring AGN activity relative to the
mass of the central bulge (i.e. 𝐿X/Σ1kpc, right column of Figure 10)
tends to flatten this overall trend, especially in our lower redshift bin.
Within quiescent galaxies, the trends are substantially differ-

ent; we find a decrease in the AGN fraction with increasing
Σ1kpc/Σ1kpc,Qu−seq. This decrease is found using both 𝐿X and
𝐿X/M∗ as our accretion rate tracers and is exaggerated further when
using 𝐿X/Σ1kpc. In our higher redshift bin, the AGN fractions in
exQu galaxies exceed the AGN fraction in star-forming galaxies. At
lower redshifts, AGN fractions in the more extended quiescent pop-
ulations are comparable to AGN fractions in star-forming galaxies
of the same Σ1kpc/Σ1kpc,Qu−seq. Crucially, we see a dependence of
the AGN fraction on Σ1kpc/Σ1kpc,Qu−seq within the cQu or exQu
populations. The refined analysis presented here confirms that the
size of quiescent galaxies (or equivalently their central densities) is
correlated with the incidence of AGN, with larger quiescent galaxies
more likely to host an X-ray AGN.

5 DISCUSSION AND INTERPRETATION

In this section we first summarize our measurements of AGN ac-
tivity in different galaxy population and interpret them in terms of
different, sequential phases of galaxy evolution (Section 5.1). We
then compare our results with prior measurements of AGN fractions
in exSF, cSF, cQu and exQu galaxy samples (Section 5.2) and with
prior measurements showing a correlation between compactness and
sample-averaged black growth (Section 5.3). Section 5.4 explores the
relation between our measurements and the increased incidence of
X-ray AGN in star-forming galaxies with SFRs that place them below
the main sequence, as found by Aird et al. (2019). In sections 5.5 and
5.6 we explore the implications for how and when black hole assem-
bly takes place within the evolving galaxy population. We first (Sec-
tion 5.5) combine our measurements with estimates of the timescales
of different evolutionary phases to estimate the black hole mass that
is assembled by a typical galaxy in each phase at a given epoch.
Then in Section 5.6 we consider the different evolutionary pathways
that may be followed by individual galaxies as they transform be-
tween the four galaxy populations. We also use our measurements
to track black hole mass assembly during these different pathways

and show how and when different types of galaxies assemble their
central black holes to reach the scaling relations between black hole
mass and galaxy properties observed in the local Universe.

5.1 AGN activity across different galaxy evolution phases

The results presented in Section 4 above show that both the inci-
dence of X-ray AGN and their distribution of accretion rates vary
between the four different galaxy populations we consider, classified
according to their structural properties (compact versus extended)
and star formation properties (star-forming versus quiescent). The
AGN content of a given galaxy population also changes with red-
shift, which can be characterised by a shift in the accretion rate
probability distributions toward lower accretion rates as redshift de-
creases (corresponding to a reduction in the typical fuelling rate at
later cosmic times), a reduction in the normalisation of the probabil-
ity distribution (corresponding to a reduction in the triggering rate
of AGN), or—in most cases—a combination of the two effects.
As described in Section 1, these different galaxy populations may

correspond to distinct phases of galaxy evolution. In particular a
high-redshift galaxy may follow a “fast-track” quenching pathway:
transforming from an exSF into a cSF galaxy (due to a compaction
event that rapidly increases Σ1kpc), rapidly quenching due to gas ex-
haustion or feedback processes to form a cQu galaxy, and potentially
growing in size over cosmic time to become an exQu galaxy (Barro
et al. 2013, 2017; van Dokkum et al. 2015). We adopt this evolution-
ary sequence here as a framework to interpret our results. Our results
enable us to quantify the amount of AGN activity that is occurring
in each of these potential phases of galaxy evolution, although we
caution that a broader range of pathways may be followed by differ-
ent galaxies and that individual galaxies will not pass sequentially
between all four phases within a given redshift interval.
In Figure 11 we present our measurements of AGN fractions (de-

fined based on each of our three accretion rate tracers) in two broader
redshift bins as a function of the galaxy classification, moving se-
quentially through the putative fast-track sequence from the exSF to
cSF population (i.e. following galaxy compaction) onto cQu (quench-
ing) and finally to exQu galaxies (size growth). Moving from exSF
to cSF galaxies, we find an enhancement in the AGN fraction in most
cases, indicating the galaxy compaction process—corresponding to
substantial build up in the stellar mass of the central kiloparsec—is
associated with an increased incidence of X-ray AGN. When us-
ing 𝐿X or 𝐿X/M∗ as our accretion rate tracer we generally find an
enhancement of the AGN fraction by a factor ∼2–3. However, for
𝐿X/Σ1kpc (right column of Figure 11) we find a milder increase at
1.4 < 𝑧 < 3.0 and a decrease at 0.5 < 𝑧 < 1.4. While galaxy com-
paction may be associated with both higher luminosity AGN and
a higher AGN incidence in absolute terms, any enhancement may
occur in-step with the build up of the stellar mass in the galactic
centre. Indeed, our main results from Section 4.1 (see right column
of Figures 6 and 7) suggest that it is exSF galaxies that generally host
more rapidly accreting AGN relative to their current central stellar
mass (Σ1kpc). Thus, while cSF galaxies may be associated with in-
creased AGN activity, this increase may simply reflect the fact that
such galaxies have already assembled a substantial central black hole
before galaxy compaction (or early in the process), which continues
to accrete gas from the surroundings to produce a luminous AGN.
We note that the observed increase in the AGN fraction between

exSF and cSF galaxies in terms of 𝐿X and 𝐿X/M∗ from our best
analysis (crosses in Figure 11) is significantly weaker than when
we consider only the galaxy contribution to the optical/IR light and
ignore the AGN contribution (open circles in Figure 11). Correctly
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Figure 10. Measurements of AGN fractions as a function of Σ1kpc/Σ1kpc,Qu−seq within the galaxy populations. We adopt limits in terms of 𝐿X (left panels)
𝐿X/M∗ (middle) and 𝐿X/Σ1kpc (right) for two broad redshift bins (as indicated). The light blue crosses and light red circles show measurements for star-forming
and quiescent galaxies, respectively, in fixed logΣ1kpc/Σ1kpc,Qu−seq bins (as shown by the green dashed lines in Figure 9), with the data point placed at the
median value within a bin. The smaller, darker points instead adopt a flexible binning scheme, requiring at least 100 galaxies in a bin and setting a minimum bin
width of 0.2 dex in logΣ1kpc/Σ1kpc,Qu−seq. The vertical green dashed line shows the division between extended and compact galaxies used for our main results
(Section 4.1). The results in this figure show that there is a dependence on the AGN fraction on Σ1kpc/Σ1kpc,Qu−seq within either compact or extended galaxy
populations. In star-forming galaxies, the AGN fraction (to 𝐿X or 𝐿X/M∗ limits) increases as galaxies become relatively more compact; the converse is seen
within quiescent galaxies. In the higher redshift bin, the AGN fraction in the most extended quiescent galaxies exceeds the AGN fraction within star-forming
with comparable Σ1kpc/Σ1kpc,Qu−seq.
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Figure 11. Comparing AGN fractions across our four galaxy populations in our two broader redshift ranges (top: 0.5 < 𝑧 < 1.4; bottom: 1.4 < 𝑧 < 3.0),
adopting our three different accretion rate tracers (as indicated). Moving left to right within a given panel corresponds to the putative “fast-quenching” sequence
of Barro et al. (2013), although we caution that most individual galaxies will not move sequentially between these four populations within a given redshift
interval. We find a mild rise in the AGN fraction between exSF and cSF, associated with galaxy compaction (with the exception of the top-right panel where
we see a slight decrease indicating a reduction in AGN activity relative to the central stellar mass that has been assembled, see Section 5.1 for discussion). The
AGN fractions all drop again in cQu, where star formation has quenched, but rise again in exQu galaxies, indicating significant triggering and fuelling of AGN
in these comparatively rare galaxies that have already quenched at early cosmic times and may have undergone significant growth in size. While the thick crosses
indicate our best measurements, the open circles also show our measurements when only the galaxy contribution is considered in the optical/IR light (i.e. AGN
light is neglected, see Section A1) which has a tendency to exaggerate the differences between exSF and cSF galaxies.

accounting for the contribution from a central, point-like AGN and
the impact this has on the measured star formation rates and—most
crucially—the measured Σ1kpc indicates a less extreme association
between the cSF population and AGN activity. Many of the X-ray
detected sources have significant central, blue light due to the AGN
itself but the underlying galaxy is actually extended (see Figure 4).
Moving from cSF to cQu galaxies we see a significant drop in the

AGN fractions, although the level in terms of absolute 𝐿X remains
comparable to the AGN fraction in exSF galaxies (∼5–8% of galaxies
hosting an AGN with 𝐿X > 1042 erg s−1). The quenching of star
formation that transforms cSF into cQu galaxies is associated with a
decrease in AGN activity, but the process is not shut off completely.
Given that the duty cycle of a single accretion event is expected to
be ∼0.1–1 Myr (i.e. much shorter than the lifetime of a cQu galaxy),
there must be ongoing fuelling of AGN activity in such galaxies,
albeit with a lower triggering rate and prompting lower levels of
activity (as demonstrated by the shifts in the distributions see in
Figure 6 in both normalisation and toward lower accretion rates).
Finally, moving from cQu to exQu galaxies, we find an increase

in the AGN fraction, similar to or even exceeding our measure-
ments in cSF galaxies. Such exQu galaxies have low levels of star
formation–indicating little cold gas is present—and are not centrally
concentrated, so represent the polar opposite of the cSF population.

Thus, it is may be surprising to find such a high fraction hosting X-ray
luminous AGN at their centres. However, stellar mass loss associated
with the ongoing evolution of the stellar population in such galaxies
can provide a substantial source of low angular momentum gas that,
while not triggering significant levels of star formation, can accu-
mulate within the central regions and provide sufficient fuel to drive
substantial black hole growth and periods of bright AGN activity
(e.g. Ciotti & Ostriker 2007; Kauffmann &Heckman 2009). We note
that such exQu galaxies are rare, with the lowest number densities
of the four populations over our entire redshift range. In terms of
total number density, most AGN are hosted by star-forming galaxies.
AGN in exQu are a small minority of the overall AGN population,
but our measurements show that the fraction of exQu galaxies that
host AGN is very high, indicating that ongoing AGN activity may be
especially important at this stage of galaxy evolution.

While the sequence presented in Figure 11 broadly corresponds to
the putative “fast-track” identified by Barro et al. (2013), we caution
that most individual galaxies would not pass sequentially between
these populationswithin the indicated redshift range. Indeed, the ma-
jority of the exSF galaxieswould remain classified as such throughout
both redshift intervals – only a subset undergo the galaxy compaction
process that forms the cSF population. In contrast, the cSF galax-
ies are thought to be short-lived (∼0.3–1 Gyr) and are expected to
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quench within this timescale to produce cQu galaxies, either within
the redshift interval or within the subsequent bin. The cQu galaxies
themselves will thus be a mix of these recently-quenched galaxies
and those that quenched at an earlier epoch. Most notably, the exQu
galaxy population at a given redshift will consist of galaxies that
have already quenched—at an earlier epoch—and may have already
undergone significant size growth (decreasing their relative Σ1kpc).
Such size growth may be due to an adiabatic expansion caused by the
ongoing loss of mass from the galaxy in stellar winds (e.g. Damjanov
et al. 2009), the same process that we suggest can fuel ongoing AGN
activity at their centres, providing a connection between the process
of size growth of galaxies and the accretion activity of their central
black holes. We also note that a proportion of the exQu population
may consist of galaxies that have quenched recently at lower Σ1kpc
and thus without requiring significant further size growth to have
occurred. In Section 5.6 below we explore further the evolution-
ary pathways that may be followed by individual galaxies and use
our measurements to estimate the amount of black hole growth that
occurs at the different stages of their lifecycle.

5.2 Comparison to prior measurements of AGN fractions

Measurements of AGN fractions within the exSF, cSF, cQu and exQu
galaxy populations have been presented in prior work, although dif-
ferent methods were adopted to classify the galaxies into these dif-
ferent categories. Furthermore, most prior studies do not model the
contribution of both AGN and galaxy light to the optical/IR, which
we have shown has a significant impact on the resulting measure-
ments. Additionally, no prior study of AGN fractions has corrected
for the impact of X-ray incompleteness, which we have achieved
using our Bayesian modelling that combines both detections and
non-detections. As such, our work provides robust measurements of
AGN activity (to well-defined limits) as a function of the structural
and star formation properties of 𝑧 ∼ 0.5−3 galaxies.6 Here, we com-
pare our measurements with prior studies and examine the overall
conclusions drawn from these works.
In an early study, Barro et al. (2013) found that ∼30% of their

sample of cSF galaxies7 at 𝑧 ∼ 2 were X-ray detected (compared to
< 1% of exSF at the same stellar mass), indicating a high prevalence
of AGN that they note may be associated with the compaction pro-
cess. While this result is broadly in line with our best measurements,
it is likely that their estimate of the AGN fraction in cSF galaxies
is biased high, and conversely the estimate in exSF galaxies is bi-
ased low, due to AGN light contaminating their galaxy structural
measurements. Their AGN fraction in exSF may also be further bi-
ased due to the omission of X-ray completeness corrections. While
our measurements still show an enhancement in cSF versus exSF
galaxies at a comparable redshifts (1.4 < 𝑧 < 3.0), the increase is re-
duced from a factor ∼30 to < 4, showing that AGN activity remains
prevalent in exSF galaxies and indicating a less direct association
between AGN activity and the galaxy compaction (and subsequent
quenching) process.
Rangel et al. (2014) classified a sample of 268 massive (M∗ >

6 Weacknowledge the limitation of ourwork that identifiesAGNbased purely
on X-ray emission and the potential for a more sophisticated modelling of
obscuration properties that remains beyond our scope here.
7 We note that Barro et al. (2013) define compact and extended based on
stellar mass densities within the effective radius of the galaxy, Σ𝑒 , which
differs from our approach based on the central stellar mass density within
1 kpc relative to the quiescent galaxy size–mass sequence,Σ1kpc/Σ1kpc,Qu−seq.

1010.5M�) galaxies in the GOODS-S field as exSF, cSF, cQu and
exQu based on Σ𝑒 (stellar mass density within the effective radius, as
in Barro et al. 2013). X-ray detected fractions (using a combination of
energy bands) were then measured using the 4 Ms Chandra imaging.
In the left panel of Figure 12 we compare these results with our
robust AGN fractions to a fixed X-ray luminosity limit, 𝑓 (log 𝐿X >

42.0). The Rangel et al. (2014) results all lie systematically above
our measurements, which is likely due to the higher stellar mass
threshold of M∗ > 1010.5M� adopted by Rangel et al. (2014)
compared to our analysis using M∗ > 1010M� . Repeating our
measurements of 𝑓 (log 𝐿X > 42.0) using the same stellar mass
threshold (inverted grey triangles in the left panel Figure 12) brings
our results into better agreement with Rangel et al. (2014). The
increase in the AGN fraction to fixed, absolute luminosity limits
with increasing stellar mass is well established and is due to lower
Eddington rate AGN, which are more common, being easier to detect
in higher mass galaxies (which generally host more massive black
holes) as a higher absolute luminosity is produced (Aird et al. 2012).
The effect is clearly present across all four of the galaxy populations.
Recent work by Ji et al. (2022) also discussed the important impact of
stellar mass and its effect on X-ray detected fractions and advocated
a relative,M∗-dependent definition of galaxy compactness, similar
to our Σ1kpc/Σ1kpc,Qu−seq approach but not accounting for the non-
unity slope of the Σ1kpc-M∗ sequence. Adopting limits in terms
of 𝐿X/M∗ (as advocated by Aird et al. 2018, 2019) and applying
appropriate corrections for X-ray incompleteness (not considered by
Ji et al. 2022) will also mitigate the impact of stellar-mass-dependent
biases when determining AGN fractions.
We note that Rangel et al. (2014) found an especially high AGN

fraction in exQu galaxies (&40%), as found in our work. Rangel et al.
(2014) also found that compact galaxies (whether star-forming of qui-
escent) contain a higher proportion of obscured or Compton-thick
AGN than the extended galaxy populations, based on X-ray spectral
analysis. They suggested that this indicates distinct accretion modes
in compact versus extended galaxies, although these conclusions are
reliant on small samples (in just the GOODS-S field) without correc-
tions for X-ray incompleteness, which may limit the conclusions that
can be drawn from direct comparison of the detected sources. While
we have not performed detail X-ray spectral fitting, our comparison
of soft versus hard X-ray selection (see Section A4 and row 3 of Fig-
ure A1) suggests that obscuration has a similar impact across all four
galaxy populations. In general, we find similar, broad distributions of
accretion rates in all galaxy populations, indicating X-ray luminous
AGN may be produced in all galaxies. This suggests similarities in
the underlying accretion processes powering the AGN, although dif-
ferences in the precise shapes and normalisations of our distributions
may indicate different fuelling mechanisms are responsible, broadly
consistent with the conclusions of Rangel et al. (2014).
In the right panel of Figure 12 we compare our results to the

measurements by Kocevski et al. (2017). This work used four of
the five CANDELS fields (excluding COSMOS due to the shallower
X-ray coverage), and provided overall X-ray detected fractions (in a
combination of bands) without corrections for X-ray completeness.
The primary results (green circles in Figure 12) divided the galaxy
sample into exSF, cSF, cQu and exQu populations based on cuts in
terms of Σ𝑒 = M∗/𝑟𝑒 and found an especially high AGN fraction in
cSF galaxies (∼40%)—a factor ∼2 higher than our best estimate—
compared to a fraction of ∼10% in each of the three other galaxy
populations. Notably, no enhancement was seen in the exQu galaxy
population. In their appendix Kocevski et al. (2017) also provided
AGN fractions based on adopting a threshold of logΣ1kpc [M�
kpc−2] > 9.6 to identify compact galaxies, which we show as the
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galaxies, consistent with our estimates. In contrast, later work by Kocevski et al. (2017) found a more moderate AGN fraction in exQu galaxies and measured a
very strong (factor ∼3) enhancement of the AGN fraction in cSF galaxies. Altering our measurements to use a strict cut of logΣ1kpc > 9.6 to define compact
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et al. (2017), most notably biasing the measured fraction high in cSF galaxies and low in exQu galaxies.

light blue squares in Figure 12; this leads to a significantly lower
AGN fraction in cSF galaxies, in much better agreement with our
best estimate (although the estimate in exQu galaxies becomes even
lower). To provide amore direct comparison toKocevski et al. (2017),
we also show our measurements if we adopt a strict logΣ1kpc > 9.6
(see Section A2) and neglect the AGN contribution to the optical/IR
(i.e. our galaxy-only results, see Section A1) as grey triangles. These
changes result in a higher AGN fraction in cSF galaxies and a lower
fraction in exQu, in agreement with the fiducial Kocevski et al.
(2017) results (although still inconsistent with the measurements
using logΣ1kpc > 9.6 to define compact galaxies). Ultimately, we
conclude that Kocevski et al. (2017) may have over-estimated the
AGN fraction in cSF galaxies (and thus the enhancement relative to
exSF) due to AGN light in the optical/IR leading to contamination
of the cSF sample, whereas they likely underestimated the AGN
fraction in exQu galaxies due to applying a cut based on Σ1kpc or
Σ𝑒 (rather than the relative definition we adopt) as well as neglecting
X-ray incompleteness corrections. Our measurements presented here
are more robust and present a somewhat different picture, where the
enhancement of AGN activity in cSF galaxies is less pronounced and
the highest AGN fraction is found in the exQu population.
More recently Habouzit et al. (2019) compared AGN fractions in

simulated galaxies from the large-scale cosmological hydrodynamic
simulation IllustrisTNG (Marinacci et al. 2018; Naiman et al. 2018;
Nelson et al. 2018; Pillepich et al. 2018; Springel et al. 2018) and
observed samples fromCANDELS, applying consistent redshift- and
mass-dependent criteria to classify by compactness (traced by Σ𝑒)
and star formation properties and using an empirical model to include
the impact of AGN obscuration on the simulated estimates. They
found consistent AGN fractions of ∼16–20% in cSF and ∼6–10%
in cQu in both the observed and simulated samples, in agreement

with our measurements. In contrast, for exSF galaxies the simula-
tion predicts an AGN fraction of ∼15–17%, which is significantly
higher than the ∼4–5% AGN fraction that Habouzit et al. (2019)
measure in the corresponding observed sample and our estimate of
𝑓 (log 𝐿X > 42.0) ≈ 7%. For exQu galaxies the simulations predict
AGN fractions of ∼8–12%, which is close to the measurement in
the observed samples by Habouzit et al. (2019) of ∼5–10% but is
significantly lower than our measurements which reach∼30% at high
redshift (𝑧 = 1.4−3). Thus the Illustris simulation may not fully cap-
ture the physical mechanisms that can trigger AGN activity in both
exSF and exQu galaxy populations, although a detailed comparison
is beyond the scope of the present paper.

5.3 Galaxy compactness as a predictor for AGN activity

The results presented in Section 4 above show that both the incidence
of X-ray AGN and their typical accretion rates depend on the com-
pactness of the potential host galaxies. In star-forming galaxies, we
measure a rise in the AGN fraction with increasing compactness (as
measured using either an absolute Σ1kpc threshold or relative to the
M∗–Σ1kpc sequence for quiescent galaxies) that is found within both
the exSF and cSF populations (see Figure 10). Such a trend suggests a
commonality between the processes that build up the central regions
of star-forming galaxies, increasing their central stellar mass, and the
processes that lead to the triggering of an X-ray luminous AGN.
Recent work by Ni et al. (2021) suggested that galaxy compactness

(traced by Σ1kpc) is a stronger predictor of the overall level of AGN
activity in star-forming galaxies (traced by sample-averaged black
hole accretion rates) than other galaxy properties such as the total
stellar mass,M∗, or the overall SFR (see also Ni et al. 2019; Yang
et al. 2018). Ni et al. (2021) concluded that this relation suggests a

MNRAS 000, 1–30 (2021)



AGN across compact and extended galaxy evolution phases 17

link between the gas density within the central kpc of star-forming
galaxies and the gas that is accreted onto the central black hole. Our
measurements allow us to quantify not only the sample-averaged ac-
cretion rate (traced by, e.g. 〈𝐿X〉) but also the fraction of star-forming
galaxies with an AGN as a function of compactness, showing that the
incidence of AGN activity increases with host galaxy compactness in
star-forming galaxies and indicating an increase in the rate at which
AGN are triggered in galaxies with denser central regions.
In Figure 13we comparewith theNi et al. (2021) results. To enable

a direct comparison, we measure 𝑝(𝐿X) for star-forming galaxies at
a given redshift divided into bins of absolute Σ1kpc (cf. our relative
measure of compactness adopted in Section 4.2). We extract mean
X-ray luminosities, 〈𝐿X〉, by averaging over these distributions and,
following Ni et al. (2021), convert these to sample-averaged black
hole accretion rates,

〈BHAR〉 = 1 − 𝜖

𝜖

𝑘bol〈𝐿X〉
𝑐2

=
1.58

1046erg s−1
× 20 × 〈𝐿X〉 [M� yr−1] (10)

where we assume a typical X-ray to bolometric correction factor of
𝑘bol = 20 and a radiative efficiency of 𝜖 = 0.1. The left panel of
Figure 13 shows our estimates of 〈BHAR〉 in star-forming galaxies
as a function of Σ1kpc for our two broader redshift bins, compared to
the correlations measured by Ni et al. (2021) at comparable redshifts
(as well as a lower redshift bin at 𝑧 < 0.8). While our measurements
do show an increase in 〈BHAR〉 with increasing Σ1kpc, we find a
significantly flatter slope compared to Ni et al. (2021). This is likely
due to our correction for the AGN contribution to the optical/IR
light, which can assign centrally-concentrated blue light to an AGN
and thus correctly reveal more extended underlying host emission,
shifting some sources to lower Σ1kpc (see top panels of Figure 4).
Such corrections were not applied byNi et al. (2021) which, as shown
here (see Figure 11 and Appendix A1), can lead to an overestimate
of AGN activity in cSF galaxies.
Ni et al. (2021) also measured 〈BHAR〉 as a function of Σ1kpc in a

sample of lower redshift (𝑧 < 0.8) quiescent galaxies identified in the
wide-area F814W-band HST imaging of the COSMOS field. They
found a weak, positive trend over a limited dynamic range, consis-
tent with no correlation within the uncertainties. In contrast, at higher
redshifts we find a negative correlation between Σ1kpc/Σ1kpc,Qu−seq
and the AGN fraction in quiescent galaxies, i.e. a significantly higher
incidence of AGN inmore extended (lowerΣ1kpc) quiescent galaxies.
In the right panel of Figure 13 we compare our estimates of 〈BHAR〉
for quiescent galaxies with the results from Ni et al. (2021). While
our measurements recover a negative correlation, the statistical er-
rors on 〈BHAR〉8, propagated from the uncertainties in our 𝑝(𝐿X)
distributions, are substantially larger than the errors on the AGN frac-
tions and thus the negative trend is not significant. Sample-averaged
accretion rates such as those shown in Figure 13 are substantially
affected by both the incidence of high-luminosity sources (that can
substantially skew a linear mean) and the precise shape of 𝑝(𝐿X)
at lower luminosities. As both of these regimes are relatively poorly
constrained by a given X-ray dataset, there are large statistical uncer-
tainties on these average measurements. In contrast, AGN fractions
tend to be much better constrained (see Section 4.1), allowing us
to reveal trends that are not apparent from a stacking analysis. The

8 We note that systematic uncertainties in 〈BHAR〉 due to the assumed
bolometric corrections and radiative efficiencies in Equation 10 will affect all
bins in a consistent manner and thus not impact any observed correlation.

correlation here may be further obfuscated by using bins in absolute
Σ1kpc, rather than the relative bins we adopt in Section 4.2. Never-
theless, the flat relationship that Ni et al. (2021) measured at 𝑧 < 0.8
may indicate that an enhancement of AGN activity in more extended
quiescent galaxies is only present at higher redshifts, where quiescent
galaxies are typically younger in age, have quenched their star for-
mation relatively recently, and thus may have stronger stellar winds
that can provide sufficient fuel for radiatively efficient accretion onto
their central black holes.

5.4 Compactness versus SFR relative to the main sequence

Aird et al. (2019) measured AGN fractions in samples of galaxies
based on their SFRs relative to the main sequence of star forma-
tion, where star-forming galaxies were split into three populations:
above, on, and below the main sequence. Out of these three pop-
ulations, the AGN fraction was found to be lowest within galaxies
that lie on the main sequence, i.e. with SFRs within ±0.4 dex of the
main sequence, although as such galaxies correspond to ∼70% of
star-forming galaxies they still host the majority of AGN. Starburst
galaxies, with SFRs > 0.4 dex above the main sequence (at a given
redshift), were found to have an enhanced AGN fraction by a factor
&2, as expected given their enhanced SFRs. Additionally, Aird et al.
(2019) found an enhancement of the AGN fraction for star-forming
galaxies at 𝑧 > 0.5 that lie below themain sequence, i.e. galaxies with
−1.3 < log SFR/SFRMS (M∗, 𝑧) < −0.4 where SFRMS (M∗, 𝑧) is
the SFR corresponding to the main sequence atM∗ and 𝑧, hereafter
referred to as “sub-MS” galaxies. The AGN fraction among these
galaxies is enhanced by a factor ∼2–5 compared to galaxies on the
star-forming main sequence.
Aird et al. (2019) suggested this enhancement in sub-MS galaxies

may be related to the build up of a central bulge component. This con-
clusion appears consistent with our findings here: that cSF galaxies
also show an enhanced AGN fraction (relative to the more numer-
ous exSF galaxies). To help consolidate these results, in Figure 14
we show the normalised distributions of Σ1kpc/Σ1kpc,Qu−seq, which
we use to measure compactness, for star-forming galaxies divided
into these three populations based on their SFRs relative to the main
sequence. The majority of star-forming galaxies, by definition, lie
on the main sequence (dark blue hatched histograms in Figure 14)
and are found to span the full range of Σ1kpc/Σ1kpc,Qu−seq, showing
that such main-sequence galaxies have both compact and extended
morphologies. In contrast, sub-MS galaxies tend to be compact (i.e.
have logΣ1kpc/Σ1kpc,Qu−seq > −0.42, above the black dashed line),
especially in our lower redshift bin, indicating an association in star-
forming galaxies between compactness (i.e. the central build-up of
stellar mass), lower SFRs (possibly related to the the onset of quench-
ing), and a high AGN fraction (indicating increased triggering of
black hole accretion episodes). Thus, it appears that the processes
that drive gas into the centres of galaxies—which forms stars, builds
up their central bulges, and increase central mass density—also lead
to an increase in AGN activity as well as an overall drop in SFR, i.e
the onset of quenching (as suggested by Kocevski et al. 2017; Aird
et al. 2019). However, it remains unclear whether the quenching of
sub-MS, compact galaxies is caused by the increased presence of
AGN (and thus associated with AGN feedback) given the mismatch
between the short timescales of individual accretion episodes (∼0.1–
1 Myr, e.g. Schawinski et al. 2015; King & Nixon 2015) and the
longer timescale for galaxy quenching (>100 Myr, e.g. Wild et al.
2009; Barro et al. 2013).
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(right) as a function of Σ1kpc, compared to prior measurements from Ni et al. (2021). In star-forming galaxies, we find a positive correlation at both 0.5 < 𝑧 < 1.4
(dark blue squares) and 1.4 < 𝑧 < 3.0 (light blue triangles), although the slope is slightly shallower than measured by Ni et al. (2021, light blue, dark blue and
green regions showing the 1𝜎 uncertainties on the measured correlations at the indicated redshifts). In quiescent galaxies, we find only a mild, negative trend
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Figure 14. Normalised distributions of Σ1kpc/Σ1kpc,Qu−seq for star-forming galaxies, divided into three bins according to their SFRs relative to the star-forming
main sequence (following Aird et al. 2019). Star-forming galaxies with SFRs that place them below the main sequence (solid green histograms) tend to be
more compact, indicating an association between galaxy compaction and the onset of quenching. The enhancement of the AGN fraction in cSF galaxies that we
measure in this paper is likely related to the enhancement in sub-main-sequence found by Aird et al. (2019). In contrast, galaxies that lie on the main sequence
(blue hatched) span the full range of Σ1kpc/Σ1kpc,Qu−seq, whereas starburst galaxies with SFRs placing them above the main sequence tend to be associated with
exSF galaxies.

5.5 Black hole mass growth during different galaxy evolution
phases

Our results indicate a complex relationship between the assembly
of stellar mass in galaxies, their evolving properties, and their AGN
content. Here we use our measurements to quantify the amount of
supermassive black hole growth that can occur in different galaxy
populations, while in Section 5.6 below we consider the various

evolutionary pathways that may be followed by individual galaxies
to assess how and when the assembly of their central black holes
takes place.

The first step is to determine howmuch black mass assembly takes
place in the typical galaxy within each of our four populations at
different cosmic times, as a result of AGN activity. We can estimate
the rate of black hole growth directly from our measurements of
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accretion rate probability distributions. For each galaxy class we
show two sets of measurements:

(i) The accretion rate averaged over a galaxy sample (solid circles
in the top panels of Figure 15), which provides an estimate of the aver-
age black hole growth rate throughout the lifetime of a typical galaxy
with a given population. We estimate this using our measurements of
average X-ray luminosities using Equation 10 above, assuming the
same fixed bolometric correction, 𝑘bol = 20, and radiative efficiency,
𝜖 = 0.1.
(ii) The accretion rate while the black hole is “active”, i.e. during

periods that it would be identified as anAGN,with 𝐿X > 1042 erg s−1
(open diamonds in Figure 15). This accretion rate is calculated as
above via Equation 10 using the average 𝐿X during active periods
only, i.e.

〈𝐿activeX 〉 =

∫ ∞
log 𝐿X=42.0

𝐿X 𝑝(𝐿X) d log 𝐿X∫ ∞
log 𝐿X=42.0

𝑝(𝐿X) d log 𝐿X
(11)

where the denominator corresponds to theAGN fraction, 𝑓 (log 𝐿X >

42), and ensures only active phases are considered.

The accretion rate estimates shown in Figure 15 indicate that the
rate of black hole growth is typically ∼ 0.05 − 0.2M� yr−1 during
active periods, with relatively minor differences between the four
galaxy populations within a given redshift range.9 Black holes in
these galaxy samples, when active, are typically accreting at similar
rates, regardless of the host galaxy properties. However, as shown
by our measurements of AGN fractions (e.g. Figure 11), these active
periods are less common in certain galaxy populations and thus the
accretion rates averaged over the entire galaxy lifetime (solid symbols
in Figure 15) show greater variation between galaxy populations, and
are a factor ∼10 lower as they are averaged over substantial periods
of inactivity.
Ourmeasurements provide estimates of the black hole growth rate,

though to convert these to estimates of the total black holemass grown
via accretion requires a timescale. The coloured bands in the second
row of Figure 15 shows our estimates of the amount of a time a typical
galaxy (for our samples this corresponds to a galaxy with M∗ ≈
1010.5M�) in a given class spends in that putative evolutionary
phase. For all classes, the maximum timescale is set by the cosmic
time spanned by the redshift interval (∼2.5 Gyr for the redshift bins
used here). In general, we expect that exSF galaxies are long-lived:
the majority of exSF will remain in this class throughout the redshift
interval. However, a small fraction (∼20%) may undergo compaction
that preferentially grows their central stellar mass, transforming them
into cSF galaxies, or quench directly to form exQu galaxies. We thus
adopt a range of timescales spanning ∼ 2 − 2.5 Gyr for the typical
exSF galaxy. In contrast, the cSF phase is thought to be relatively
short, ∼0.3–1 Gyr, before these galaxies quench and transform into
cQu galaxies (estimated from the evolving space densities of the
two populations, see Barro et al. 2013; van Dokkum et al. 2015),
although we retain a strict upper limit corresponding to the entire
redshift interval (grey arrow).
For quiescent galaxies the expected timescales are less clear. Some

cQu galaxies will have formed within the redshift interval, following
the quenching of a cSF galaxy. Once a cQu galaxy has quenched,
it may start to grow in size and thus transform into an exQu galaxy
at a later epoch. However, with our evolving, relative definition of

9 We have adjusted the limit of our lower redshift bin to 𝑧 = 0.75 in Figure 15
so that both redshift bins cover roughly equal periods of cosmic time.

compactness, many of these galaxies will remain classed as cQu for
the rest of cosmic time, even if they undergo some size growth. In
contrast, an exQu galaxy at high-redshiftmay already have undergone
size growth or have quenched directly with an extended size. Such
galaxies would only be expected to grow further in size, and thus
remain as exQu for the remainder of cosmic time. However, the
evolving Σ1kpc–M∗ sequence could mean that some high-𝑧 exQu
galaxies would be classified as cQu at later epochs. Assuming that
these galaxies do not grow any further in size ormass, i.e. they remain
at the same Σ1kpc andM∗ as observed for the remainder of cosmic
time, we find that 14% of our 𝑧 = 1.4−3.0 sample of exQu would be
re-classified as cQu by 𝑧 = 1.4 due to our evolving definition (defined
relative to Σ1kpc,Qu−seq), while 37% would be classified as cQu by
z=0.75 and 61% by 𝑧 = 0. Such re-classification is consistent with
the evolution of the compact quiescent sequence being driven—at
least in part—by galaxies quenching at lower Σ1kpcat later cosmic
times (i.e. a progenitor bias effect) and the exQu galaxies that we
see at 𝑧 ∼ 2 being early examples of such a population. To allow for
this broad range of scenarios, we thus adopt conservative estimates
of the galaxy timescales for the cQu and exQu galaxies, spanning
a relatively wide range corresponding to 50–100% of the redshift
interval.
With an estimate of the galaxy timescale in hand and our measure-

ments of AGN fractions, we can then estimate the AGN timescale,
i.e. the length of time (within a given 𝑧 interval) that a typical galaxy
of a given class hosts a luminous AGN.We show our estimated AGN
timescales in the third row of Figure 15, given by the product of the
galaxy timescale and the AGN fraction. These timescales correspond
to the total time a typical galaxy has an AGN within the 𝑧 interval
shown. However, individual episodes of AGN accretion are only ex-
pected to last ∼ 0.1 − 10 Myr (see Hickox et al. 2014; Schawinski
et al. 2015; King & Nixon 2015, and references therein) and thus
these timescales will correspond to the sum of multiple, short-lived
periods of activity as the AGN “flicker” (consistent with the broad
distributions of accretion rates we measure in Section 4). For exSF,
cSF and cQu galaxies, we estimate AGN timescales of ∼150 Myr.
The much shorter galaxy timescale for the cSF phase is countered by
the higher AGN fraction that we measure in this phase. In contrast,
exQu galaxies are expected to be much longer lived and have a high
AGN fraction, resulting in a large amount of time when such galaxies
could be growing their black holes, especially in our higher redshift
interval (𝑧 = 1.4 − 3.0), leading to estimates of ∼200–800 Myr for
the AGN timescales in these galaxies.
Finally, in the bottom row of Figure 15 we estimate the total

black hole mass that is grown via accretion for a typical galaxy of a
given class, during a given epoch of cosmic time. We can take two
approaches:

(i) use the overall galaxy timescale (second row of Figure 15)
combined with the accretion rate averaged throughout the galaxy
lifetime (solid circles in the top row); or
(ii) use the AGN timescale (third row of Figure 15) multiplied by

the accretion rate while active (open diamonds in the top row).

Both approaches produce consistent answers, showing that the bulk
of black hole mass growth occurs during the multiple short-lived
phases of luminous AGN activity.10 We can also set an upper

10 We note that any black hole mass growth due to mergers is neglected in
these estimates and thus formally they provide lower limits on the black hole
mass growth. However, mergers remain relatively rare, even at high redshift,
and would typically lead to growth by a factor . 2 compared to the orders
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Figure 15. Estimating the typical black hole mass growth through accretion in the different galaxy populations. The top row shows our measurements of average
accretion rates in exSF, cSF, cQu and exQu galaxies at 0.75 < 𝑧 < 1.4 and 1.4 < 𝑧 < 3.0 (as indicated), based on our full measurements of accretion rate
probability distributions; solid circles show the accretion rate averaged over the galaxy sample whereas open diamonds correspond to the average during active
periods only (see Equation 11). The second row shows our assumed galaxy timescales, i.e. how long a typical galaxy (withM∗ ≈ 1010.5M� for our samples)
spends in a given class within the redshift interval (see discussion in Section 5.5). The coloured bands indicate the range of our assumed values, and the grey
arrows set a maximum corresponding to the cosmic time period covered by the entire redshift interval. In the third row we estimate an AGN timescale, i.e. the
length of time that galaxies of each class host an AGN and is given by the product of the galaxy timescale and our measured AGN fractions (N.B. this timescale is
likely to be the sum of multiple, much shorter periods of AGN activity). The bottom row combines our measurements of accretion rates and estimated timescales
to calculate the total black hole mass grown at the centre of a typical galaxy of a given class during the epoch given by the redshift interval.
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limit (grey arrows) by assuming the maximum possible galaxy
lifetime (i.e., the entire 𝑧 interval) in combination with our mea-
sured AGN fractions and accretion rates. We find that a typical
(M∗ ≈ 1010.5M�) exSF, cSF, or cQu galaxy in our sample is
expected to grow its central black hole by ∼ 2 × 107M� during the
time period from 𝑧 = 3 to 𝑧 = 1.4, and by ∼107M� between 𝑧 = 1.4
and 𝑧 = 0.75. We can set an upper limit on the black hole mass grown
during cSF phases of 108 M� and 4 × 107 M� in our higher and
lower redshift intervals, respectively, although achieving such mass
growth would require cSF galaxies to persist for & 2 Gyr which is
much longer than our best estimate of 0.3–1 Gyr taken from Barro
et al. (2013) and van Dokkum et al. (2015).
In the exQu phase galaxiesmay be able to assemble up to∼108M�

in black holemass. For these rare galaxies that have already quenched
at high redshift (𝑧 & 2) and possibly grown in size, the long periods
of time spent as an exQu galaxy appear to be extremely important
for assembling a large central black hole through repeated periods
of AGN accretion (see also Georgakakis et al. 2014 who found that
a significant fraction of total black hole growth may be associated
with quiescent galaxy phases). At this point, star formation and AGN
accretion appear disconnected: little additional stellar mass growth
occurs due to star formation, whereas substantial black hole mass
growth through accretion may continue. We explore the impact of
such growth on black hole mass–galaxy mass scaling relations for
these galaxies in Section 5.6 below. Mass loss from the aging pop-
ulation of stars within the galaxy may provide a supply of hot, low
angular momentum gas to the centre of the galaxy that can fuel reg-
ular episodes of AGN accretion (e.g. Ciotti & Ostriker 2007). The
rate of stellar mass loss will be especially high in galaxies with a
relatively young stellar population (Kauffmann & Heckman 2009),
explaining the high AGN fraction in high-𝑧, exQu galaxies if they
have quenchedmore recently than the typical cQu galaxy (e.g. van der
Wel et al. 2009; Wu et al. 2018). The same stellar mass loss process
may also drive ongoing size growth of such galaxies (e.g. Damjanov
et al. 2009). The repeated periods of AGN activity may also help
maintain the hot gaseous atmospheres of such galaxies that keeps
them quenched, via AGN feedback processes (e.g. Yuan et al. 2018).

5.6 Evolutionary pathways of galaxies as they assemble their
stellar mass and central black holes

Having estimated the amount of black hole mass growth in the dif-
ferent populations of galaxies above, we now assume that these pop-
ulations correspond to distinct evolutionary phases and consider the
pathways that individual galaxies may follow as they evolve and tran-
sition between populations. Specifically, we assess how and when
black hole mass is assembled in high-𝑧 galaxies that follow two
possible quenching pathways—one that includes a significant com-
paction phase and one that does not—as well considering galaxies
that continue to form stars and those that quench atmuch later epochs.
We consider the pathways that individual galaxies may follow as

they evolve in terms of their total stellar mass (M∗), star formation
rate (SFR), central stellar mass density (Σ1kpc), and central black
hole mass (MBH). This multi-dimensional space is illustrated in
Figure 16. In the top row (panels (a) and (b)), the contours show
where our four populations of galaxies (at 𝑧 = 1.4 − 3.0) lie in terms
of their observed M∗, SFR and Σ1kpc. We use arrows to suggest

of magnitude in growth that can be achieved through accretion. We also note
that mergers will increase both MBH and M∗ at a roughly equal rate rather
than preferentially growing one of these components.

potential evolutionary pathways followed by individual galaxies. The
solid and shaded arrows consider the different paths to form amassive
exQu galaxy, which must have quenched at a high redshift (i.e. 𝑧 &
2). We assume such a galaxy started off as a lower mass, exSF
galaxy that lay on the star-formingmain sequence, gradually building
up its stellar mass (dark blue arrow). The galaxy may then have
undergone compaction (light blue arrow), where gas inflow or secular
processes lead to a rapid build up of stellar mass in the central kpc,
shifting the galaxy rapidly to the right in panel (b). Such a galaxy
would then quench to become a cQu galaxy (solid light red arrow),
dropping rapidly in SFR, and then grow in size and reduce in Σ1kpc
to form an exQu galaxy (solid dark red arrow). We also consider an
alternative pathway to form an exQu galaxy at 𝑧 ∼ 2 from a star-
forming galaxy that quenches at lower Σ1kpc—without undergoing
significant compaction—to directly form an exQu galaxy without
requiring significant size growth (shaded red arrows, marked as “low-
compaction quenching”). Such a pathway may in fact be the primary
route for forming exQu galaxies and become more dominant at later
cosmic times, leading to a progenitor effect that drives the evolution
of the quiescent galaxy size–mass sequence.
In panel (a) of Figure 16 we show two further pathways with the

open arrows: i) lower mass star-forming galaxies that may follow
a similar evolution to described above but quench at a somewhat
later epoch at lower redshift (dotted arrows); and ii) massive star-
forming galaxies that continue to grow in stellar mass, never undergo
compaction, and may or may not quench at a much later epoch
(dashed dark blue arrow).
In panels (c) and (d) of Figure 16we consider the build up ofMBH.

As we do not have measurements ofMBH for our galaxy samples,
we instead inferMBH based on the scaling relations betweenMBH
andM∗ measured at 𝑧 = 0 and our estimates ofMBH growth in the
different populations (faded contours in panels (c) and (d), cf. pan-
els (a) and (b) that use observed data). We assume that exSF and
exQu galaxies follow the observed correlations (with scatter) be-
tweenMBH andM∗ at 𝑧 = 0 for late-type galaxies (blue dot-dashed
line) and early-type galaxies (red dotted line), respectively, based on
the recent compilation of reliable dynamical black hole mass mea-
surements for nearby galaxies from Greene et al. (2020). To infer
MBH for the contours for cSF and cQu galaxies we then apply a
systematic shift of 0.2 and 0.25 dex from the Greene et al. (2020)
late-type relation corresponding to the typical fractional growth in
MBH from our estimates in Section 5.5.
We now consider what the measurements in this paper, via our

analysis from Section 5.5 and Figure 15 above, tell us about the
typical black hole mass growth for galaxies following the pathways
illustrated in panels (a) and (b) and how the assembled black hole
mass compares to that inferred based on the observed 𝑧 = 0 scaling
relations. The arrows in panels (c) and (d) of Figure 16 follow the
same positions inM∗ and Σ1kpc as in panels (a) and (b), but we now
estimate the black hole mass that is grown through accretion for the
typical galaxy following these pathways, based on ourmeasurements.
The dark blue arrow tracks the exSF phase where the galaxy begins
withMBH ≈ 1.5 × 106M� , placing it on the Greene et al. (2020)
late-type relation, although the precise starting point has a minimal
impact on the subsequent MBH values, which are dominated by
the mass grown through accretion. We assume that this galaxy is
part of the ∼20% of the exSF population that transform into another
class and thus adopt a short timescale during which ∼ 4 × 106M�
in MBH growth occurs, keeping the galaxy on the Greene et al.
(2020) late-type relation. The galaxy then undergoes a compaction
and a short (∼0.3–1 Gyr) phase as a cSF galaxy, associated with a
high incidence of AGN activity that growsMBH by ∼ 2 × 107M�
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Figure 16. A schematic picture of the possible pathways followed by different galaxies as they evolve in stellar mass (M∗), star formation rate (SFR), central
stellar mass density (Σ1kpc) and black hole mass (MBH). The contours in panels (a) and (b) enclose 80% of exSF, cSF, cQu and exQu galaxies, based on the
observed properties of our sample of galaxies at 𝑧 = 1.4 − 3.0. For panels (c) and (d) the faded contours instead show the inferred MBH in exSF and exQu
galaxies based on the scaling relations (including scatter) measured at 𝑧 = 0 for late-type and early-type galaxies (blue dot-dashed and red dashed lines in panel
(c), respectively), measured using local galaxies with reliable dynamical black hole mass measurements (Greene et al. 2020). For cSF and cQu galaxies,MBH
is inferred by applying an offset from the Greene et al. (2020) late-type relation based on the typical MBH growth estimated in Figure 15. The solid coloured
arrows show a possible pathway for the formation of a massive exQu galaxy that quenches at 𝑧 & 2 via the putative “fast-track” mechanism, i.e. starting as an
exSF galaxy (dark blue arrow), undergoing compaction (light blue arrow), rapid quenching (light red arrow) and subsequent size growth (dark red arrow). The
shaded red arrows show an alternative path that we call “low-compaction quenching”, where a star-forming galaxy quenches at lower Σ1kpc—without undergoing
significant compaction—to directly form an exQu galaxy without requiring additional size growth. The arrows in panels (c) and (d) use our estimates from
Figure 15 to estimate the assembly of black hole mass in such galaxies. An exQu galaxy that formed sufficiently early (𝑧 & 2) can undergo substantial growth in
MBH without associated M∗ growth (i.e. star formation), which can produce the offset between the early-type and late-type scaling relations at 𝑧 = 0 seen in
panel (c). The open arrows in panels (a) and (c) show two additional pathways: massive galaxies that continue to form stars, growingMBH andM∗ in step and
thus remaining on the late-typeMBH–M∗ relation (dashed dark-blue arrow); and lower mass star-forming galaxies that may quench much later (dotted arrows)
and do not have sufficient time to grow substantialMBH, remaining below the Greene et al. (2020) early-type scaling relation (which is poorly sampled at lower
masses at 𝑧 = 0).

(light blue arrrow). The galaxy quenches and a further ∼ 107M�
growth inMBH may take place during a cQu phase (light red arrow),
although this appears as relatively little increase in the logarithmic
axes of Figure 16. We assume that these phases have taken place
early in cosmic time and that the galaxy has subsequently grown in
size and transformed into an exQu by 𝑧 ∼ 3. It is then able to grow
MBH by ∼ 108M� as an exQu at 𝑧 = 1.4 − 3.0, followed by a
further ∼ 3 × 107M� at 𝑧 = 0.75 − 1.4. We assume, conservatively,
that black holes in exQu galaxies continue to grow at a factor ∼ 5
lower accretion rate from 𝑧 = 0.75 to 𝑧 = 0 (extrapolating from
our measurements of 〈𝐿X〉 versus redshift), which covers a further

∼6 Gyr of cosmic time, and thus an additional ∼ 1.5 × 107M�
growth in MBH can occur. The overall growth during the exQu
phase is shown by the dark red arrow. These phases of black hole
growth, while the galaxy is extended and quiescent, enhance the black
hole mass without substantially increasingM∗ and can thus explain
the observed offset of theMBH–M∗ scaling relation for early-type
(quiescent) galaxies compared to late-type (star-forming) galaxies at
𝑧 = 0 (Greene et al. 2020, see also Reines &Volonteri 2015; Terrazas
et al. 2016).

The shaded red arrows illustrate the alternative “low-compaction
quenching” path for a galaxy that quenches at lower Σ1kpc and thus
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transforms directly into an exQu galaxy; again, assuming such a
galaxy quenched sufficiently early, it can assemble substantial black
hole mass after star formation has ended to reach the early-type
scaling relation at 𝑧 = 0. These periods as an exQu galaxy appear to
be a crucial stage in the assembly of the massive black holes at the
centres of local ellipticals. Achieving their highMBH values requires
that such galaxies quenched early, at 𝑧 & 2, and were thus able to
spend sufficient time as an exQu galaxy at high 𝑧 where we measure
a high AGN fraction. Indeed, it is only through substantial growth
as an exQu galaxy that galaxies can grow their MBH sufficiently,
without also growingM∗ due to star formation, to reach the higher
normalisation of the elliptical galaxy scaling relation observed at
𝑧 = 0.
Our conclusion that substantial MBH growth occurs in exQu

galaxy phases differs from themodel developed byChen et al. (2020),
who assume that significant black hole growth occurs during galaxy
compaction and is thus associated with the cSF phase. While we
find that AGN are common in cSF galaxies, they are not ubiquitous:
we measure an AGN fraction in this population of ∼20%. Our mea-
surements of the accretion rates of AGN in cSF galaxies also place
limits on how muchMBH can be assembled during this phase. For
substantial MBH growth to occur in cSF galaxies would require a
substantially higher AGN fraction or enhanced accretion rates that is
not consistent with our X-ray observations and a significantly longer
lifetime for the cSF phase that is inconsistent with observational con-
straints on galaxy evolution (van Dokkum et al. 2015; Barro et al.
2017). Nonetheless, the onset of galaxy-wide quenching may still
occur when the radiative energy released by black hole growth in the
compact phase reaches a threshold (set by the halo binding energy),
as proposed by Chen et al. (2020). However, this threshold must be
lower than assumed by Chen et al. (2020) so that it can be achieved
by the levels of AGN activity that we measure in cSF galaxies and is
consistent with the relatively modest amounts of black hole growth
that occur in this short evolutionary phase. The bulk of black hole
growth, required to reach the 𝑧 = 0 scaling relation for early-type
galaxies, must then take place later in exQu phases.
It is important to understand that these proposed evolutionary

paths, with substantial MBH assembly as a high-𝑧 exQu galaxy,
are not followed by most galaxies. Most moderate-mass (M∗ ∼
1010−10.5M�) galaxies remain as star-forming galaxies throughout
cosmic time, building bothM∗ andMBH roughly in step and thus
remaining on the lower, late-type scaling relation. The majority of
the X-ray AGN population at any epoch are hosted by star-forming
galaxies (e.g. Rosario et al. 2013b; Georgakakis et al. 2014; Stanley
et al. 2015). Thus, in most galaxies black hole and galaxy growth
proceed together at a ratio of roughly 1:104, consistent with direct
estimates of the average growth ratio (e.g. Yang et al. 2018; Delvec-
chio et al. 2019), similar to the scaling required to match the total
black hole accretion rate density and star formation rate density over
cosmic time (e.g. Madau & Dickinson 2014; Aird et al. 2015), and
consistent with direct measurements of theMBH–M∗ scaling rela-
tion using AGN samples (e.g. Reines & Volonteri 2015; Bentz &
Manne-Nicholas 2018; Shankar et al. 2019). Our findings for exQu
galaxies correspond to the subset of galaxies that quench early in cos-
mic time and where black hole growth continues despite relatively
little stellar mass growth, allowing them to grow more massive black
holes and placing them on a higher scaling relation, where theMBH
toM∗ ratio is ∼1:103.
In panel (c) of Figure 15 we also use open arrows to show the

MBH assembly for galaxies following two other possible evolution-
ary paths, as shown in panel (a). Massive galaxies that continue to
form stars will evolve along the Greene et al. (2020) late-type rela-

tion (dark-blue dashed arrow), growing bothM∗ andMBH in step.
Lower mass star-forming galaxies that quench at later epochs (light-
blue, red and dark-red dotted arrows showing compaction, quenching
and size growth phases, respectively) may not have sufficient time as
an exQu galaxy to grow substantial, additionalMBH, and thus remain
under-massive compared to the Greene et al. (2020) early-type scal-
ing relation (dashed red line). We note that the measurement of the
slope and normalisation of this relation is dominated by samples of
early-type galaxies at much higherM∗, where dynamicalMBH mea-
surements are possible. Obtaining accurate measurements ofMBH
in an unbiased sample of lower mass early-type galaxies in the nearby
universe is vital to establish whether such galaxies continue to have
enhancedMBH compared to their equally massive, late-type coun-
terparts. Indeed, Bentz & Manne-Nicholas (2018) suggest that at
lower stellar masses the offset between the late-type and early-type
galaxyMBH–M∗ scaling relations is substantially reduced, consis-
tent with the downsizing picture of galaxy evolution whereby lower
mass galaxies quench later and consistent with our suggestion that
such galaxies will have less time to grow enhancedMBH.

6 SUMMARY AND CONCLUSIONS

This paper provides detailed measurements of how the incidence of
AGN and their distributions of accretion rates varies as a function of
the compactness of the galaxy population (quantified based on central
stellar mass density, Σ1kpc) from 𝑧 ≈ 0.5 to 𝑧 ≈ 3. In this section, we
first summarise our methodology and observational results and then
list our major conclusions.
We select stellar-mass-limited (M∗ > 1010M�) samples of galax-

ies based on the deep optical-to-NIR imaging of the five CANDELS
survey fields and quantify the AGN content using deep Chandra
imaging. An important feature of our work is that we carefully assess
and correct for the potential impact of AGN light on our measure-
ments of the stellar population properties and—most crucially—the
structural properties of our galaxy sample. Corrections are required
for 57% of the X-ray detected sources and for those sources we typ-
ically assign ∼10% of the light to the AGN, although more extreme
corrections are required for a small fraction of individual sources. As
a result, 142 of the 678 X-ray detected sources in our mass-limited
sample (21%) change from a compact to an extended classification.
With these robust measurements of stellar and structural prop-

erties in hand, we classify our galaxy samples into four different
populations—extended star forming (exSF), compact star forming
(cSF), compact quiescent (cQu) and extended quiescent (exQu)
galaxies—based on their SFRs (relative to the evolving main se-
quence of star formation) and where they lie in the Σ1kpc–M∗ plane
(relative to the evolving quiescent galaxy sequence in this parameter
space). We extract hard (2–7 keV) X-ray data for all galaxies and
use the Bayesian methodology of Aird et al. (2017, 2018) to mea-
sure the accretion rate probability distribution function within the
four galaxy populations at different redshifts. From these probability
distributions we derive robust measurements of AGN fractions and
sample-averaged accretion rates, adopting three different tracers of
accretion rate: 𝐿X, 𝐿X/M∗, and 𝐿X/Σ1kpc.
We find that ∼10–25% of cSF galaxies host an AGN with

𝐿X > 1042 erg s−1, depending on redshift, which is a factor ∼ 2 − 3
higher than within the more numerous exSF population. A similar
enhancement is found based on 𝐿X/M∗ limits but is much weaker (or
non-existent) based on 𝐿X/Σ1kpc, indicating that cSF galaxies may
have already assembled a substantial central black hole and are not
growing their black holes further at an enhanced rate relative to their
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central stellar density. TheAGN fraction in cQu is∼5–8%, lower than
in the cSF population but comparable to within exSF galaxies. Most
notably, we measure the highest AGN fractions at a given redshift
(∼10–30%) within the relatively rare population of exQu galaxies.
We also demonstrate that these trends—an increase in AGN frac-
tion with increasing compactness in star-forming galaxies and the
opposite trend in quiescent galaxies—are also found as a function of
relative Σ1kpc within each of the exSF, cSF, cQu and exQu galaxy
populations (see Figure 10 and Section 4.2).
We also carry out a number of tests to establish the robustness of

our results and assess the importance of elements of ourmethodology.
We find that accounting for the impact of the AGN light on the galaxy
structural and star formation properties has a significant impact on
our estimates of theAGN fraction in star-forming galaxies: neglecting
these corrections leads to an over-estimate of the AGN fraction in
cSF galaxies by a factor up to ∼ 2, which may explain the higher
AGN fractions found in prior studies. In contrast, there is a negligible
impact on our measurements of AGN fractions in cQu galaxies and
a small systematic effect for exQu that is not significant. Adopting
hard (2–7 keV) X-ray selection—provided appropriate corrections
for the varying sensitivity limits are applied—is also important and
results in a factor ∼ 2 higher AGN fraction compared to soft (0.5–
2 keV) selection across all four galaxy populations due to the missed
fraction of obscured AGN. We also show that there are significant
field-to-field variations, thus combining multiple fields is required
when studying rare but important galaxy evolution phases such as
the exQu galaxies.
Finally, we use our measurements to explore how the incidence

of AGN varies during different possible phases of galaxy evolution,
compare to prior studies, and assess how andwhen galaxies assemble
their central black holes. Our main conclusions are as follows:

(i) AGNactivity is enhanced during the cSF phase,with∼10–25%
of compact star-forming galaxies found to host an AGN, although the
enhancement is only by a factor ∼2 compared to within the bulk of
the star-forming population (i.e. exSF galaxies). However, AGN are
not ubiquitous in cSF galaxies. In addition, while they may have an
enhanced triggering rate, they have a broad range of accretion rates
that are not substantially enhanced compared to the exSF population.

(ii) The enhanced AGN fraction in cSF galaxies may explain the
higher AGN fractions in star-forming galaxies with SFRs that place
them below the main sequence (i.e. in sub-MS galaxies), given the
anti-correlation that we find between compactness and SFR within
the star-forming galaxy population.

(iii) Prior studies have over-estimated the AGN fraction in cSF
galaxies as they did not correct for the impact of the AGN light. Our
method to account for the impact of AGN light changes ∼20% of
the X-ray sources from compact to extended galaxy classifications
and reduces the AGN fraction in cSF galaxies by a factor ∼2. In
addition, obtaining accurate estimates of AGN fractions requires
careful consideration of X-ray sensitivity limits and should use hard
X-ray selection to avoid selection biases against obscured AGN.

(iv) Even though the AGN fraction is higher in the cSF phase, the
time that galaxies spend in this phase is relatively short, thus this is
not the phase where the bulk of black hole mass growth takes place
for moderately massive galaxies (M∗ ∼ 1010.5M�) at 𝑧 < 3.
(v) For massive galaxies that quench at early cosmic epochs, sub-

stantial black hole growth takes place in the exQu phase, where
we measure high AGN fractions of ∼10–30%. Such growth may
be fuelled by strong stellar winds from a recently quenched stellar
population. This additional black hole growth after star formation

(and thus stellar mass growth) has ceased enables massive quiescent
galaxies to assemble substantial additional black hole mass, building
the most massive black holes in the local Universe and creating the
enhanced MBH–M∗ scaling relation at 𝑧 = 0 that is measured for
massive, early-type galaxies.

(vi) In contrast, in the majority of galaxies (that remain extended
and star-forming throughout cosmic time), stellar and black hole
growth proceed broadly in step, explainingwhy theMBH-M∗ scaling
relation for such (late-type) galaxies at 𝑧 = 0 is offset to lowerMBH
at a givenM∗ compared to the relation for early-type galaxies (which
dominate samples of dynamic black hole mass measurements).

Our work shows that while the compaction process may be an
important phase in the evolution and quenching of some massive
galaxies at cosmic noon and does lead to an associated increase in
AGN activity, it is vital to consider the timescales of different phases
and the evolutionary pathways followed by different galaxies when
analysing the assembly of supermassive black holes. In particular,
we find that the extended quiescent galaxy evolution phase is crucial
to build the most massive black holes in the local Universe.
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APPENDIX A: TESTING THE ROBUSTNESS OF OUR
RESULTS

The results presented in this paper rely on the accuracy of our mea-
surements of galaxy structural and star formation properties (in par-
ticular when an AGN is present), as well as our ability to identify
AGN using our ChandraX-ray data (including correcting for incom-
pleteness in the inhomogenous X-ray imaging of the five CANDELS
fields). In this appendix, we describe a number of tests to establish
the robustness of our results and investigate potential effects that
could alter our conclusions. In each case, we alter the underlying
measurements of galaxy or AGN properties and repeat our analysis,
comparing to our fiducial results. For clarity, we show the impact
on our results in terms of 𝐿X/M∗ only, our accretion rate tracer that
accounts for stellar-mass-dependent selection effects. We show the
impact for each of the original four galaxy populations, presenting
our measurements of 𝑓 (log 𝐿X/M∗ > 32) across all of our redshift
bins in Figure A1 and the impact on measurements of the full prob-
ability distributions in Figure A2 (shown at 1.4 < 𝑧 < 2.2 only).
Unless otherwise stated, the overall conclusions are consistent for
the other summary statistics or accretion rate tracers.

A1 Accounting for the impact of AGN light on galaxy
properties

Firstly, we consider the impact of the corrections we apply to our
measurements of galaxy structural and star formation properties for
X-ray detected sources to account for the effects of any AGN light: al-
lowing for an AGN component in the SED fitting (see Section 3.1)
and allowing for a central point source contribution in the 2D light
profile (see Section 3.2). In the top row of Figure A1, we compare

our best measurements (black crosses) to the results obtained with-
out any allowance for an AGN contribution, i.e. associating all of the
observed light with the host galaxy (orange circles).
It is clear that the improvements to account for the presence of an

AGN in our best analysis make a significant difference to the results
obtained in star-forming galaxies. As previously seen in Figure 4,
sources with significant central AGN light may be mis-classified
as cSF galaxies. Correctly accounting for the AGN contamination
moves many sources to systematically lower values of Σ1kpc and
reveals the underlying exSF hosts of many of these AGN, leading
to a significant (factor ∼ 2) increase in our measured AGN fraction
within the exSF galaxy population and a corresponding decrease
in the AGN fraction in cSF galaxies. Applying such corrections is
clearly crucial when considering the dependence of AGN activity
on the structural properties of star-forming galaxies. We also note
that applying these improvements reduces the difference between the
AGN fraction in cSF and exSF galaxies from a factor ∼5 to a factor
∼2.
In contrast, there is little impact on our measurements for cQu

galaxies. In exQu galaxies, we find a small systematic shift in our
AGN fractions but this does not significantly alter our results (in
all cases the differences are < 2𝜎). While we do identify a number
of galaxies with bright central AGN that we subsequently classify
as exQu (identifying an extended, red host galaxy once the AGN
contribution is removed, see Figures 4 and 5), it is re-assuring that
these extreme cases are not driving our results and—most crucially—
are not responsible for the relatively high AGN fraction that we
measure in exQu galaxies.
We also note that the trends as a function of Σ1kpc/Σ1kpc,Qu−seq

identified within each of the four galaxy populations in Section 4.2
are still found when using the galaxy-only analysis. Thus, the ex-
istence of these trends within a given population—in particular the
negative correlation between Σ1kpc/Σ1kpc,Qu−seq and AGN fraction
for quiescent galaxies—is not a systematic effect due to the correc-
tions for central AGN light for the X-ray detected sources, although
the trend is slightly weaker in star-forming galaxies with our best
analysis.

A2 Adopting a strict cut in Σ1kpc to define compact galaxies

Our analysis uses a relative definition of compactness, based on
where galaxies lie compared to the clear Σ1kpc–M∗ sequence that
is found for quiescent galaxies at a given redshift (see Figure 3 and
Section 3.3). As such, our definition of a compact galaxy changes
with redshift, in that a higher redshift galaxy requires a higher Σ1kpc
to be defined as compact, as well as with stellar mass, in that higher
stellar mass galaxies require higherΣ1kpc (at a given redshift) to meet
this definition of compactness. While an evolving, relative definition
is a more robust way of defining compactness as it accounts for
the overall distribution of galaxy properties at a given redshift, it
is instructive to explore how our results would change if absolute
values of Σ1kpc are adopted instead, as used in some previous studies
to trace compactness (e.g. Kocevski et al. 2017; Ni et al. 2019).
The second row of Figure A1 compares our best estimates of AGN

fractions using our evolving Σ1kpc/Σ1kpc,Qu−seq compactness defini-
tion (black crosses) with estimates that use an absolute threshold
of logΣ1kpc [M� kpc−2] > 9.6 at all redshifts (red diamonds, cf.
appendix of Kocevski et al. 2017). In general this change has a minor
impact on our results.We find no impact on the AGN fraction in exSF
galaxies. The bulk of this population are distributed broadly toward
lower Σ1kpc (see Figure 9) and thus changes in the exact position at
which the rarer population of cSF galaxies are removed has aminimal
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Figure A1. The impact on our measurements of AGN fractions, 𝑓 (log 𝐿X/M∗ > 32.0) , of our various robustness checks as detailed in Appendix A, shown as
a function of redshift for our four galaxy populations (exSF, cSF, cQu and exQu) as indicated. In each panel the black crosses correspond to our best analysis.
In the top row, we compare our best results that allow for both galaxy and AGN light in the SED and 2D light profile to galaxy-only measurements (orange
circles), where the AGN component is neglected. The second row compares our best measurements that adopt an evolving, relative definition of compactness
to results based on using a single threshold of logΣ1kpc > 9.6 (red diamond). The third row shows the impact of accounting for differences in the stellar mass
profile compared to the 𝐻 -band light profile when measuring Σ1kpc and classifying galaxies, which has a negligible impact on our AGN fractions. The fourth
row compares our best measurements that use the hard (2–7 keV) Chandra X-ray data to measurements based on the soft (0.5–2 keV) band data instead (green
triangles). While the soft band data is typically deeper, X-ray selection at these energies remains biased against moderately obscured X-ray sources and results
in an underestimate of the AGN fraction by a factor ∼2 at all redshifts and in all four galaxy populations. The final row compares out best measurements to
estimates based on only a single field (coloured points, as labelled). While there are large field-to-field variations (note the expanded y-axis range compared to
the other panels), the measurements in the individual fields are consistent—given their larger uncertainties—with our best estimates.
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Figure A2. The impact of our various robustness checks on our measurements of 𝑝 (𝐿X/M∗ > 32.0) , shown for just one of our redshift bins (1.4 < 𝑧 < 2.2
for the four galaxy populations (exSF, cSF, cQu and exQu), as indicated. The black shaded regions in each panel correspond to our best analysis, whereas the
coloured regions indicate (orange/top row) allowing only for the galaxy component in our SFR and structural measurements and neglecting the AGN light,
(red/second row) using a single threshold of logΣ1kpc > 9.6 rather than our evolving definition of compactness, (pink/third row) accounting for the difference
of the mass profile versus the light profile when measuring Σ1kpc and classifying galaxies, (green/fourth row) using soft (0.5–2 keV) X-ray data rather than the
hard (2–7 keV) that is less affected by absorption, and (multiple colours/bottom row) measurements made in each individual field compared to the combination
of all five. These measurements of the full probability distributions (in each redshift bin) are used to estimate the AGN fractions shown in Figure A1.
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impact on the overall sample or our measured AGN fractions. Our
measurements in cSF galaxies rise slightly. A strict cut in Σ1kpc will
preferentially select higherM∗ star-forming galaxies and the known
dependence of AGN fractions onM∗ (e.g. Aird et al. 2018) likely
drives this small increase. We note that a more substantial effect is
seen for our measurements to 𝐿X limits (a factor∼1.5–2 increase, not
shown here), which are more significantly affected by the change in
stellar mass. Adopting measurements in terms of 𝐿X/M∗ accounts
for the broad selection bias that makes it easier to detect AGN in
higher M∗ galaxies, due to weakly accreting but typically higher
mass black holes producing a higher absolute luminosity, although
an underlying stellar mass dependence does remain.
The AGN fraction in cQu galaxies is only marginally impacted

by the change to a strict Σ1kpc cut. The bulk of this population
(that dominate the overall quiescent galaxy number density in our
considered M∗ range) remain classified as compact with the strict
cut for the redshift ranges considered here. Adopting a strict cut
in Σ1kpc has a slightly larger impact on our measurements of the
AGN fraction in exQu galaxies, which are intrinsically rarer and thus
more susceptible to changes in thresholds. Considering Figure 9, it
is clear that a strict (i.e. horizontal) cut will have the tendency to
classify lower mass quiescent galaxies as “extended”, even though
they clearly lie on the well-defined Σ1kpc–M∗ sequence. Our best
measurements show that such galaxies (that we originally classify as
cQu) tend to have a low AGN fraction, so mixing them in with the
truly exQu galaxies naturally reduces the overall AGN fraction. In
addition, high-mass quiescent galaxies with logΣ1kpc > 9.6 but that
still lie below the Σ1kpc–M∗ sequence (i.e. are classified as exQu for
our best estimates) are removed from the exQu population when the
strict cut is adopted, again lowering the AGN fraction. The impact
due to exclusion of these galaxies has an even larger impact on the
AGN fractions to 𝐿X limits due to the stellar-mass-dependent effects
discussed above, as a high proportion of these rare, high-mass but
relatively extended quiescent galaxies are found to host X-ray AGN.
While adopting a strict threshold in Σ1kpc to measure compactness

generally has a minimal impact on our results, at least when adopting
𝐿X/M∗ as an accretion rate tracer to mitigate stellar-mass-dependent
effects, we retain our relative compactness definition elsewhere in
this paper. A relative definitions ensures we consider compactness
compared to the bulk of the (quiescent) galaxy population at a given
redshift, although how individual galaxies evolve—and if and when
they transition between populations—needs careful consideration
when interpreting our results (see Section 5).

A3 Accounting for differences in the mass versus the light
profile of galaxies

Our estimates of Σ1kpc are based on the assumption that the stellar
mass follows the 𝐻-band light profile, as described in Section 3.2,
and do not allow for variations in the stellar population (and thus
mass-to-light ratios) across the extent of the galaxy (see e.g. Wuyts
et al. 2010; Szomoru et al. 2012; Mosleh et al. 2017). Measuring
variations in stellar populations across the physical extent of a galaxy
to obtain accurate mass-profiles and improve the estimates of Σ1kpc
requires complex and involved methodologies (e.g. Szomoru et al.
2013; Chan et al. 2016; Suess et al. 2019a) that have not been tested in
the presence of central AGN light and thus remain beyond the scope
of this paper. However, Suess et al. (2019b) find that moderately
massive galaxies at 0 < 𝑧 < 2.5 (without AGN) have a median ratio
of half-mass to half-light radii of ∼ 0.65 − 1, depending on redshift,
total M∗ and galaxy type (star-forming versus quiescent) but with
a weak dependence on other galaxy properties. Here, we use these

measurements to adjust our estimates of Σ1kpc and assess the impact
of spatial variations in the mass-to-light ratios on our classification
of different galaxy populations and our ultimate measurements of
AGN fractions.
First, we approximate the Suess et al. (2019b) findings for the me-

dian ratio of the half-mass to half-light radii, 𝑟mass/𝑟light of galaxies
as

log
𝑟mass
𝑟light

= −0.1(logM∗ − 10.5) + 0.11𝑧 + 𝑐 (A1)

where 𝑐 = −0.28 for star-forming galaxies and -0.23 for quiescent
galaxies, reflecting the fact that the light profile of a quiescent galax-
ies tends to more closely track the mass (i.e. 𝑟mass/𝑟light is closer to
1) than for star-forming galaxies of equivalent M∗ and 𝑧. We also
apply limits of 0.5 ≤ 𝑟mass/𝑟light ≤ 1 to avoid applying large and
unphysical corrections to galaxies at the extremes of our mass or
redshift range. Combining values from Equation A1 with Equation 3
provides an estimate of the change in Σ1kpc to account for the dif-
ference of the mass profile versus light profile for each galaxy in our
sample,

Σ1kpc,mass
Σ1kpc,light

=
𝑃(2𝑛, 𝑏𝑛𝑟−1/𝑛mass )
𝑃(2𝑛, 𝑏𝑛𝑟−1/𝑛light )

(A2)

where 𝑃(𝑠, 𝑥) is the regularised lower incomplete gamma function,
𝑛 is the Sérsic index of the galaxy measured with GALFIT, and 𝑏𝑛
is given by Equation 4.
Using this method, our Σ1kpc estimates increase by up to ∼0.2 dex

for star-forming galaxies and up to ∼0.1 dex for quiescent galaxies,
although this change depends systematically on M∗ and 𝑧 as well
as the measured light profile. We thus need to update our definition
of the quiescent galaxy Σ1kpc sequence which is used to classify
galaxies as compact or extended. We update Equation 7 to

logΣ1kpc,Qu−seq = 0.75(logM∗ − 10.5) + 0.6(1 + 𝑧) + 9.6 (A3)

and, as before, identify galaxies with log(Σ1kpc/Σ1kpc,Qu−seq) >

−0.4 as compact and galaxies below this cut as extended. By con-
struction, redefining Σ1kpc,Qu−seq means that the size of our cQu
and exQu galaxy samples do not change (although the classification
of individual sources can change). In contrast, the size of the cSF
galaxy sample increases by ∼10%, with a corresponding reduction
in the exSF sample, as star-forming galaxies tend to have both flat-
ter light profiles (lower 𝑛) and lower 𝑟mass/𝑟light which both lead
to a greater increase in our Σ1kpc estimates, on average. Crucially,
however, we see the same changes in the number of X-ray sources
classified as cSF and exSF. Thus, making these adjustments to Σ1kpc
has a negligible impact on our measurements of AGN fractions or
probability distributions, as shown in the third rows of Figures A1
and A2.
Ultimately, differences in the mass versus light profile may affect

the absolute values of Σ1kpc and are important to consider when
determining the size evolution of populations over cosmic time (e.g.
Suess et al. 2021). However, our relative definition of compact versus
extended galaxies remains robust. Furthermore, a shift in Σ1kpc mea-
surements will affect both AGN and non-AGN galaxies equally and
thus has a minimal effect on our measurements of the AGN incidence
in different galaxy populations. Given that robustly measuring stellar
mass profiles for individual galaxies—especially in the presence of
AGN light—is beyond the scope of the current paper, we choose to
retain our current “BEST” estimates from Section 3.2 throughout our
main analysis.
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A4 Hard X-ray selection and absorption effects

Next we consider our choice of hard X-ray selection in identifying
AGN. In our fiducial results, we use the observed 2–7 keV Chandra
data when measuring rest-frame 2–10 keV X-ray luminosities and
determining the incidence of AGN within galaxies. The 2–7 keV
band, especially at 𝑧 & 1, probes relatively hard rest-frame ener-
gies, mitigating the effects of any absorption of the X-ray light and
ensuring that we have a reliable tracer of the intrinsic X-ray luminos-
ity. However, Chandra has greater sensitivity at soft X-ray energies.
Thus, in the third row of Figure A1 we compare our best (hard band)
estimates (black crosses) to measurements repeated using the soft
(0.5–2 keV) observed energy band to infer the rest-frame 2–10 keV
luminosities (green triangles).11
In all four galaxy populations, we find a factor ∼ 2 lower AGN

fraction when adopting a soft X-ray selection at all redshifts. These
results show that soft X-ray selection is severely biased against the
dominant, moderately absorbed AGN populations, even at 𝑧 & 1.12
The third row of Figure A2 shows the impact of soft selection on
𝑝(𝐿X/M∗). In the star-forming galaxy populations, the lower ac-
cretion rate sources are clearly under-represented in the soft-band
measurements, consistent with the well-established rise in the frac-
tion of absorbed sources at lower luminosities (e.g. Ueda et al. 2003;
Aird et al. 2015). The pattern is less clear in the quiescent galaxy
populations, although the measured AGN fractions remain a factor
∼2 lower using soft selection, as in the star-forming galaxies.We thus
conclude that using hard X-ray data is essential to obtain accurate
measurements of AGN fractions, including at 𝑧 ∼ 1− 3, even though
such data are unavoidably shallower than at soft X-ray energies (and
thus the raw numbers of X-ray detections will in fact be lower).
It is also worth noting that our hard (2–7 keV) X-ray se-

lection will still be biased against the most heavily obscured,
Compton-thick sources (with equivalent hydrogen column densities
𝑁H & 1024 cm−2), even at 𝑧 ∼ 2 where we are probing rest-frame
energies ∼6–21 keV. The luminosities of such sources are likely to
be severely underestimated using our methodology and thus their
contribution will not be included in our measured AGN fractions. As
discussed by Aird & Coil (2021), if it is assumed that the incidence
of Compton-thick AGN simply traces the incidence of Compton-thin
populations, with little dependence on 𝐿X or 𝐿X/M∗ (e.g. Buchner
et al. 2015; Ricci et al. 2017) or host galaxy properties, then our
AGN fractions and accretion rate probability distributions could be
corrected simply by applying a scale factor ∼ 1.25−2.0 (allowing for
remaining uncertainties in the Compton-thick fraction). Accurately
determining whether Compton-thick AGN are preferentially found
in certain galaxy populations—and thus whether this assumption is
valid—is beyond the scope of this paper and is deferred to future
work.

A5 Field-to-field variations

Finally in the bottom rowof FigureA1wedemonstrate the differences
in our measurements between the five CANDELS fields. Our galaxy
sample is selected to a uniform, conservative magnitude limit of
𝐻 < 25.5 across all fields, with a further cut on stellar massM∗ >

11 We retain our assumption of a Γ = 1.9 X-ray spectrum with Galactic ab-
sorption only, as used in our hard bandmeasurements, andmake no additional
corrections for intrinsic absorption.
12 See also figure 7 of Aird et al. (2015) that shows a similar discrepancy
between hard and soft X-ray measurements of the X-ray luminosity function
for moderate luminosities at all redshifts.

1010 M� , and thus variations in the depth of the optical/infrared
imaging will have a negligible impact. However, the depth of the
Chandra X-ray imaging varies significantly across the five fields
(from ∼160 ks in COSMOS to ∼4 Ms in GOODS-S). Furthermore,
sample variance, cosmic large-scale structure within an individual
field, and small number statistics can have a significant impact on
results derived from a single field alone.
For the exSF and cSF populations we do not find significant dif-

ferences in the measurements of the AGN fraction between our five
fields, although the uncertainties are larger for measurements based
on a single field (in particular within UDS where the measurements
show larger discrpeancies as well as larger uncertainties). The overall
consistency within the uncertainties, however, is reassuring given the
widely varying X-ray depths and indicates that our methodology is
correctly accounting for the varying X-ray sensitivity.
For the cQu and exQu galaxy populations, we find greater field-to-

field variation. For cQu galaxies this is likely due to the intrinsically
lower AGN fraction, meaning there are relatively few X-ray detec-
tions within any single field, whereas for exQu galaxies it is the
much lower overall size of the parent galaxy samples that leads to the
greater field-to-field scatter. However, the measurements based on
individual fields are consistent with our best estimates in all cases,
given the large statistical uncertainties. In particular, we note that
our measurement of 𝑓 (log 𝐿X/M∗ > 32) in exQu galaxies in the
GOODS-S field (with the deepest X-ray data) is highly uncertain
but lies systematically below our best estimate at all redshifts.13 In
contrast, we measure a much higher AGN fraction in GOODS-N,
with the next deepest X-ray imaging. Combining the power of all
five CANDELS fields—and allowing for the varying X-ray depths—
is clearly vital to obtain an accurate measurement of the incidence
of AGN within relatively rare galaxy populations, such as the exQu
galaxies at high redshift.

This paper has been typeset from a TEX/LATEX file prepared by the author.

13 A measurement is not shown in the highest redshift bin for GOODS-S as
the size of the exQu galaxy sample is insufficient to obtain a reliable estimate.
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