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Abstract

We examine the fraction of massive( * �� �:M M1010 ) compact star-forming galaxies(cSFGs) that host an active
galactic nucleus(AGN) at �_z 2. These cSFGs are likely the direct progenitors of the compact quiescent galaxies
observed at this epoch, which are the� rst population of passive galaxies to appear in large numbers in the early
Universe. We identify cSFGs that host an AGN using a combination ofHubble WFC3 imaging andChandra
X-ray observations in four� elds: theChandraDeep Fields, the Extended Groth Strip, and the UKIDSS Ultra Deep
Survey� eld. We� nd that ��

��39.2 %3.6
3.9 (65/ 166) of cSFGs at � � � �z1.4 3.0 host an X-ray detected AGN. This

fraction is 3.2 times higher than the incidence of AGN in extended star-forming galaxies with similar masses at
these redshifts. This difference is signi� cant at the �T6.2 level. Our results are consistent with models in which
cSFGs are formed through a dissipative contraction that triggers a compact starburst and concurrent growth of the
central black hole. We also discuss our� ndings in the context of cosmological galaxy evolution simulations that
require feedback energy to rapidly quench cSFGs. We show that the AGN fraction peaks precisely where energy
injection is needed to reproduce the decline in the number density of cSFGs with redshift. Our results suggest that
the � rst abundant population of massive quenched galaxies emerged directly following a phase of elevated
supermassive black hole growth and further hints at a possible connection between AGN and the rapid quenching
of star formation in these galaxies.

Key words:galaxies: active– galaxies: evolution– X-rays: galaxies

1. Introduction

One of the key goals of galaxy evolution studies is
understanding how massive, passively evolving galaxies
observed in the local universe obtained their present-day
properties. In particular, a substantial amount of work has gone
into determining when these quenched galaxies formed the

bulk of their stars, how they grew their central supermassive
black holes(SMBH), and by what process their star formation
activity was shut down. While the stellar populations of these
galaxies suggest an early formation epoch( ��z 2; e.g.,
McCarthy et al.2004; Renzini 2006; Cimatti et al. 2008),
studies have revealed signi� cant growth in their stellar mass
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and number density since�_z 1 (Bell et al.2004; Brown et al.
2007; Faber et al.2007), indicating that both the growth of
individual galaxies through merging and the continued
quenching of massive, star-forming galaxies is required to
reproduce the build-up of the red sequence over time.

More recently, deep near-infrared surveys withHubblehave
extended these studies to� � � �z1 3, the epoch where roughly
half of all present-day stellar mass is formed(e.g., Dickinson
et al.2003; Fontana et al.2006) and quiescent galaxies start to
appear in large numbers for the� rst time. The quenched
fraction among massive galaxies( ��M 1011Me ) increases
from as low as� 7% at �_z 3 to 90% atz�= �1 (Marchesini
et al.2010; Whitaker et al.2010; Bell et al.2012; Ilbert et al.
2013; Muzzin et al.2013; Tomczak et al.2014; Straatman et al.

2015) and the stellar mass density of quiescent galaxies
increases sharply betweenz�= �2 and z�= �1 (Arnouts et al.
2007; Ilbert et al. 2010; Brammer et al.2011). This � rst
generation of quiescent galaxies are the likely progenitors of
the most massive, early-type galaxies found locally(e.g.,
Hopkins et al.2009a; van Dokkum et al.2014) and studying
the processes that give rise to this population is central to
understanding the origins of their local counterparts.

A key characteristic of quiescent galaxies at�_z 2 is their
compact size(e.g., Daddi et al.2005; Trujillo et al. 2006; van
Dokkum et al.2008; Williams et al.2010; Cassata et al.2011).
Passive galaxies with stellar masses ofM�� �1011Me are � 4
times smaller atz�= �2 than they are atz�= �0 (van der Wel et al.
2014) and two orders of magnitude more dense than their local
counterparts(van Dokkum et al.2008; Bezanson et al.2009).
These compact quiescent galaxies(cQGs) dominate the early-
type population at this redshift, making up 90% of massive,
quenched galaxies at�� …z 2 3 (Cassata et al.2013).

Studies have found that the number density of cQGs steadily
increases betweenz�= �3 andz�= �1.5 and then quickly declines
at ��z 1 (Cassata et al.2013; van der Wel et al.2014; van
Dokkum et al. 2015), suggesting they must experience a
signi� cant amount of size growth at later times. Many
mechanisms have been proposed to achieve this growth, with
the prevailing theory being dry(gas-poor), non-dissipative
mergers that add mass to the outskirts of galaxies without
initiating new rounds of star formation(Naab et al.2009;
Hopkins et al.2010; Oser et al.2010; Porter et al.2014). It is
through this process that cQGs are thought to eventually
become giant ellipticals on the high-mass end of the red
sequence at low redshifts(e.g., van Dokkum et al.2014).

There is currently much debate as to how massive, compact
galaxies formed in the early universe. Several theories have
been proposed, many of which rely on high gas fractions and
highly dissipative processes to achieve the extreme stellar
densities observed in cQGs. This includes gas-rich mergers
(Mihos & Hernquist1996; Hopkins et al.2009b; Wuyts et al.
2010; Wellons et al.2015) and the compaction of extended
star-forming galaxies due to violent disk instabilities(VDI;
Dekel et al.2009; Dekel & Burkert2014; Zolotov et al.2015;
Tacchella et al.2016a). In both cases, tidal torques act to funnel
gas(and stellar clumps in the case of VDI) to small radii, which
triggers a nuclear starburst and ultimately results in a compact
remnant. Alternatively, the dense cores of cQGs may have
formed in situ at even higher redshifts, when all galaxies were
denser, and the resulting galaxies remained compact until

�_z 2 (Wellons et al.2015; Lilly & Carollo 2016; Williams
et al.2017).

Since all of these formation scenarios require large supplies
of cold gas and intense star formation on nuclear scales, it
stands to reason that compact star-forming galaxies(cSFGs)
should also be detected. Indeed, several studies have now
reported � nding star-forming galaxies with effective radii,
velocity dispersions, and stellar densities comparable to that of
the cQGs population(Barro et al.2013, 2014; Patel et al.2013;
Stefanon et al.2013; Nelson et al.2014; Williams et al.2014).
These cSFGs are heavily obscured by dust(Barro et al.2014;
Nelson et al.2014), have extreme star formation rates of
200–700Me yrŠ1 (Barro et al. 2016), and appear to have
ubiquitous active galactic nucleus(AGN) activity (Rangel et al.
2014). Barro et al.(2013) showed that the number density of

cSFGs since �_z 3 declines at a rate that matches the increase
in density of cQGs assuming a quenching timescale of
0.3–0.8 Gyr. Based on this observation, they proposed that
the cSFGs found at �� …z 2 3 are the direct progenitors of the
cQGs that are seen to build up at this same epoch.

Given the structural similarities between the two popula-
tions, all that is needed to convert cSFGs into their quiescent
counterparts is the truncation of their star formation activity.
This naturally raises the question of how this quenching is
achieved. Although cSFGs have short gas consumption
timescales( �_t 230 Myr; Barro et al.2016 see also Spilker
et al.2016; Popping et al.2017; Tadaki et al.2017) due to their
high rate of star formation, simulations suggest that this alone
is not enough to produce the level of inactivity observed in
cQGs without additional mechanisms to prevent renewed star
formation in the future(Zolotov et al.2015; Tacchella et al.
2016a, 2016b). It has been proposed that these mechanisms are
related to the rapid build-up of the central bulge that happens
during this phase, as high surface mass densities have long
been linked to quiescence(e.g., Kauffmann et al.2003;
Brinchmann et al.2004; Franx et al.2008; Bell et al. 2012;
Cheung et al.2012; van Dokkum et al.2014; Woo et al.2015;
Whitaker et al. 2017). This may be due to a form of
morphological quenching, where the high central density
stabilizes the surrounding gas against gravitational collapse
(Martig et al.2009; Genzel et al.2014). Alternatively, it may
be due to the growth of the central SMBH and feedback from
the resulting AGN(Springel et al.2005; Croton et al.2006;
Hopkins et al. 2006). Along with energy injection from
supernova, this feedback can drive out� ows that help to deplete
the galaxy’s cold gas supply and/ or provide heating that
prevents gas cooling and future star formation.

In this paper, we examine the prevalence of X-ray selected
AGN in cSFGs at �_z 2 in order to shed light on the
connection between this phase of galaxy evolution and the
growth of SMBHs at high redshift, as well as the role that AGN
feedback may play in quenching the star formation activity of
these galaxies and ultimately giving rise to the cQG population.
As the progenitors of today’s giant ellipticals and their massive
central SMBHs, cSFGs can provide an important window into
how the AGN-galaxy connection is established and maintained
at high redshifts.

We present our analysis as follows. Section2 describes the
optical, near-infrared, and X-raydata used for this study, while
Section3 details our method for selecting cSFGs that host AGN
and how we test for AGN contamination of our morphology
measurements. In Section4 we present our primary results and
discuss their implications in the context of cosmological galaxy
evolution simulations that require feedback energy to quench the
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