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ABSTRACT
We study stellar and black hole mass assembly in a sample of 42 infrared-luminous galaxy
mergers at I < 0.3 by combining results from radiative transfer modelling with archival
measures of molecular gas and black hole mass. The ratios of stellar mass, molecular gas
mass, and black hole mass to each other are consistent with those of massive gas-rich galaxies
at I < 0.3. The advanced mergers may show increased black hole mass to stellar mass ratios,
consistent with the transition from AGN to ellipticals and implying substantial black hole
mass growth over the course of the merger. Star formation rates are enhanced relative to the
local main sequence, by factors of ∼ 100 in the starburst and ∼ 1.8 in the host, respectively.
The starburst star formation rates appear distinct to star formation in the main sequence at
all redshifts up to at least I ∼ 5. Starbursts may prefer late-stage mergers, but are observed
at any merger stage. We do not find evidence that the starbursts in these low-redshift systems
substantially increase the total stellar mass, with a soft upper limit on the stellar mass increase
from starburst activity of about a factor of two. In contrast, 12 objects show evidence for
super-Eddington accretion, associated with late-stage mergers, suggesting that many AGN in
infrared-luminous mergers go through a super-Eddington phase. The super-Eddington phase
may increase black hole mass by up to an order of magnitude at an accretion efficiency of
42 ± 33% over a period of 44 ± 22Myr. Our results imply that super-Eddington accretion is
an important black hole growth channel in infrared-luminous galaxies at all redshifts.
Key words: quasars: general – galaxies: active
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2 D. Farrah et al.

1 INTRODUCTION

Mergers between gas-rich, massive galaxies play a role in galaxy
assembly at nearly all redshifts. In the local universe, such mergers
are rare, but almost invariably harbour one or both of rapid accretion
onto a supermassive black hole (SMBH) and high rates of star
formation (Genzel et al. 1998; Farrah et al. 2003; Armus et al. 2007;
Nardini et al. 2009; Pereira-Santaella et al. 2021). The inferred star
formation andSMBHaccretion ratesmake these systems viable sites
for assembling significant stellar and black hole mass. Moreover,
the merger itself may transform disk-like progenitors into elliptical
remnants (Barnes &Hernquist 1996; Genzel et al. 2001), with some
fraction also passing through an optical quasar phase (Sanders et al.
1988; Tacconi et al. 2002; Farrah et al. 2009). At higher redshifts
the mechanisms behind high rates of star foramtion and SMBH
accretion may be more diverse, but mergers remain important up to
at least I ∼ 6, and may trigger even higher star formation and black
hole accretion rates than their local counterparts (Alexander et al.
2005; Pitchford et al. 2016; Marrone et al. 2018; Rowan-Robinson
et al. 2018; Gullberg et al. 2019; Wang et al. 2021; Gao et al.
2021). Reviews of their properties are in Sanders &Mirabel (1996);
Blain et al. (2002); Lonsdale et al. (2006); Casey et al. (2014) and
Pérez-Torres et al. (2021).

Tracking how star formation andAGN activity assemble stellar
and SMBH mass in gas-rich mergers remains challenging. The
star formation and AGN are almost always significantly obscured,
rendering many X-ray through optical diagnostics unusable, and
leading to high infrared luminosities, sometimes exceeding 1012L� .
It also remains uncertain if star formation and AGN activity can
directly affect each other, and if so, in what sense (e.g. Fabian 2012;
Farrah et al. 2012; Harris et al. 2016; Pitchford et al. 2019; Herrera-
Camus et al. 2020; Perna et al. 2020). Thus, even for low-redshift
mergers it remains controversial when star formation and AGN are
triggered over the course of the merger, how they are turned off, and
how much stellar and black hole mass they assemble.

In this paper we examine the relationships between star forma-
tion, AGN activity, stellar and SMBHmass assembly, andmolecular
gas in a sample of 42 gas-rich mergers with infrared luminosities in
excess of 1012 L� at I < 0.3.We aim to gain insight into howmolec-
ular gas is converted to stellar and SMBH mass across the merger
sequence. We do so by combining archival molecular gas, merger
stage, and black hole mass estimates with new radiative transfer
modelling which constrain the luminosities of star formation and
AGN activity, as well as the stellar masses of the host galaxies.

Section 2 describes the sample, the radiative transfer mod-
elling results, the ancillary data, and the adopted comparison sam-
ples. In §3 we examine the relations between stellar mass and both
molecular gas mass and central black hole mass. In §4 we quantify
the relationship between stellar mass, and both starburst and host
star formation rate (SFR), in context with the low-redshift star for-
mation main sequence. We also study the relation between AGN
luminosity and black hole mass. In §5 we study stellar and black
hole mass assembly as a function of nuclear separation, to examine
how mass in our sample is assembled across the merger sequence.
Further discussion is presented in §6. Section §7 presents our con-
clusions. In the appendix, we present analysis on some alternative
explanations for the results on black hole mass assembly. We as-
sume !� = 3.846 × 1026 W, �0 = 70 km s−1 Mpc−1, Ω = 1, and
ΩΛ = 0.7. We convert all literature data to this cosmology where
necessary.

2 METHODS

2.1 Sample Selection

The sample is comprised of the 42 ultraluminous infrared galax-
ies (ULIRGs, systems with rest-frame 1 − 1000`m luminosities in
excess of 1012L�) observed by the HERschel ULIRG Reference
Survey (HERUS) carried out by the Herschel Space Observatory
(Pilbratt et al. 2010). A complete description of the selection criteria
of the sample is in Farrah et al. (2013); Spoon et al. (2013); Pearson
et al. (2016) and Clements et al. (2018), so we summarize the selec-
tion here. The sample include all ULIRGs with IRAS 60`m fluxes
greater than ∼2Jy, and includes all known ULIRGs at I < 0.3. The
sample is thus representative of infrared-luminous mergers in the
low-redshift universe, and benefits from several decades of study
from the X-ray to the radio. We present the sample in Table 1.

2.2 Radiative Transfer Models

Star formation, AGN, and host galaxy properties are taken from
the radiative transfer modelling study of Efstathiou et al. (2021).
This study (hereafter EFS21) simultaneously fits separate compo-
nent models for starbursts, AGN, and the host galaxy to all 42
objects in our sample. Their approach does not assume energy bal-
ance, and infers luminosities that are highly consistent with those
inferred from other Spectral Energy Distribution (SED) models, or
from e.g. emission line based calibrations. EFS21 also perform a
thorough comparison between four different AGN obscurer models,
both in terms of quality of fit and differences in physical parame-
ters, and quantify the impact of anisotropic emission on the AGN
luminosities.

We adopt the CYGNUSmodel fits fromEFS21 as inmost cases
they provide the best fit. These models have been tested success-
fully in previous studies (Lonsdale et al. 2015; Mattila et al. 2018;
Herrero-Illana et al. 2017; Kool et al. 2020), to separate the emis-
sion from accreting SMBHs, star formation, and the host galaxy.
The data we use from EFS21 are:

• ¤"(1 , ¤"∗: SFRs from the starburst and host component model
fits. The starburst SFR is averaged over the age of the starburst and
does not include the host galaxy SFR.
• !>

��#
& !2

��#
: Observed and anisotropy-corrected bolo-

metric luminosity of the AGN. The anisotropy correction arises
from the axisymmetric structure of the AGN obscurer and is dis-
cussed in EFS21.
• \>: Half-opening angle of the AGN obscurer, measured from

pole-on.
• "∗: Total stellar mass of the host galaxy.

The AGN model (Efstathiou & Rowan-Robinson 1995; Efstathiou
et al. 1995, 2013) describes the obscurer with a dusty, smooth,
tapered disk in a A−1 density distribution. The model parameters
include half-opening angle of the torus, inclination angle of the torus
relative to the observer, ratio of inner to outer radius and equatorial
optical depth. The starburst model (Efstathiou & Siebenmorgen
2009) incorporates stellar population synthesis and allows for star-
forming clouds to have different evolutionary stages. The model
parameters are: the age of the starburst, initial optical depth, and
time constant of the exponentially decaying SFR. The host models
use a star formation history in which the stars and dust are mixed
in a Sérsic profile. The model assumes three main parameters: the
e-folding time of the star formation, the optical depth of the galaxy,
and the ratio of the central intensity of starlight to that in the solar
neighborhood.
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Stellar/SMBH assembly in ULIRGs 3

ID IRAS Other Redshift M∗ MH2 MBH MS =B Ref
Name Names 1010M� 109M� 107M� Kpc =B

1 00188-0856 — 0.128 22.3+2.9−4.9 1.6 ± 0.2 — 5 Single 2
2 00397-1312 — 0.262 11.9+2.6−3.3 34.4 ± 11.2 1.1 5 Single 2
3 01003-2238 — 0.118 2.5+0.5−0.3 — 2.5 5 Single 3
4 03158+4227 — 0.134 25.6+1.9−3.6 6.6 ± 0.7 — 2 42.80 10
5 03521+0028 — 0.152 7.1+1.9−0.6 7.8 ± 2.7 — 3 3.88 6
6 05189-2524 — 0.043 14.5+2.7−2.5 2.1 ± 0.2 3.0 5 0.19 1
7 06035-7102 — 0.079 9.5+0.9−2.6 7.5 ± 1.5 2.0 2 10.40 7
8 06206-6315 — 0.092 15.7+5.3−4.2 16.4 ± 3.3 — 2 4.80 4
9 07598+6508 — 0.148 2.5+0.8−0.3 10.8 ± 0.1 — 4 Single 2
10 08311-2459 — 0.100 12.5+1.3−1.1 — — 4 Single 8
11 08572+3915 — 0.058 2.4+0.4−0.3 1.3 ± 0.2 — 3 6.62 1
12 09022-3615 — 0.060 13.6+2.0−1.6 — — 3 4.03 9
13 10378+1109 — 0.136 8.6+4.1−1.1 — — 5 Single 6
14 10565+2448 — 0.043 6.3+1.1−0.3 5.3 ± 0.5 2.0 2 24.75 1
15 11095-0238 — 0.107 2.1+0.3−0.2 6.2 ± 2.0 3.9 4 1.29 2
16 12071-0444 — 0.128 10.0+1.8−2.3 — 3.5 3 2.80 2
17 13120-5453 WKK2031 0.031 8.4+0.8−1.2 5.4 ± 0.4 — 5 Single 5
18 13451+1232 4C12.50 0.122 25.2+18.2

−5.9 7.6 ± 0.7 6.5 3 3.20 3
19 14348-1447 — 0.083 13.6+0.5−2.8 13.6 ± 1.4 7.0 3 5.47 1
20 14378-3651 — 0.068 4.5+0.6−0.6 4.2 ± 0.8 4.6 5 Single 5
21 15250+3609 — 0.055 2.8+0.2−0.3 1.5 ± 0.5 4.2 4 1.27 1
22 15462-0450 — 0.100 3.6+3.0−0.6 2.6 ± 0.2 6.9 4 Single 2
23 16090-0139 — 0.134 9.4+1.1−1.0 10.9 ± 3.6 — 4 Single 6
24 17208-0014 — 0.043 5.9+1.6−0.6 10.8 ± 1.1 23.3 4 Single 5
25 19254-7245 SuperAntena 0.062 63.2+25.0

−13.3 8.2 ± 1.7 7.9 3 10.20 11
26 19297-0406 — 0.086 11.7+2.9−1.6 8.3 ± 0.3 — 4 1.30 4
27 20087-0308 — 0.106 18.4+3.9−5.7 14.3 ± 0.5 19.4 4 Single 4
28 20100-4156 — 0.130 8.7+5.1−1.5 7.9 ± 0.6 — 2 7.40 4
29 20414-1651 — 0.087 4.6+1.3−0.6 2.8 ± 0.9 10.3 5 Single 4
30 20551-4250 ESO 286-19 0.043 5.5+1.1−0.8 3.9 ± 0.8 3.2 4 Single 5
31 22491-1808 — 0.078 5.7+0.7−0.9 4.4 ± 0.5 3.8 3 2.68 1
32 23128-5919 ESO 148-2 0.045 4.6+0.5−0.6 3.4 ± 0.7 4.4 3 3.94 4
33 23230-6926 — 0.107 4.9+0.9−1.0 — 3.5 4 1.17 4
34 23253-5415 AM 2325-541 0.130 17.8+3.8−3.5 — — 5 Single 7
35 23365+3604 — 0.064 13.7+2.0−1.1 6.0 ± 0.9 3.7 5 Single 5
36 09320+6134 UGC 5101 0.039 19.0+2.8−1.7 4.9 ± 0.5 55.0 4 0.40 1
37 12540+5708 Mrk 231 0.042 16.3+11.9

−3.8 5.7 ± 1.0 1.7 4 0.64 1
38 13428+5608 Mrk 273 0.037 12.6+1.5−1.2 4.0 ± 0.4 56.1 4 0.77 1
39 13536+1836 Mrk 463 0.049 3.8+4.2−0.9 1.9 ± 0.6 5.5 3 4.40 3
40 15327+2340 Arp 220 0.018 13.1+2.8−1.0 5.1 ± 0.4 6.1 4 0.72 1
41 16504+0228 NGC 6240 0.024 8.9+2.0−1.8 7.0 ± 0.6 120.0 4 0.89 5
42 01572+0009 Mrk 1014 0.163 18.7+3.9−5.3 5.7 ± 0.5 13.5 4 Single 3

Table 1. The sample and their basic properties. The stellar masses are taken from the radiative transfer model fits described in §2.2 (Efstathiou et al. 2021).
The origins of the molecular gas and black hole masses are described in §2.3. We assume a uniform uncertainty on the black hole masses of 30%. The merger
stages (MS) and projected nuclear separations (=B) are described in §2.3. The final column gives the origin of the nuclear separations: (1) Larson et al. 2016,
(2) Veilleux et al. 2006, (3) Surace et al. 1998, (4) Bushouse et al. 2002, (5) Haan et al. 2011 & Kim et al. 2013, (6) Kim et al. 2002, (7) Rigopoulou et al.
1999, (8) Murphy et al. 1996, (9) Rodríguez-Zaurín et al. 2011(10) Meusinger et al. 2001, (11) Colina et al. 1991

Wepresent the stellarmasses and SFRs from these fits in Tables
1 and 2 respectively, and the AGN luminosities in Table 2.

Finally, in the appendix, for comparison with the AGN lumi-
nosities from CYGNUS, we use model fits with three alternative
AGN models; those from Fritz et al. (2006), Siebenmorgen et al.
(2015), and Stalevski et al. (2016). The models and resuts are de-
scribed in detail in EFS21. We summarize the luminosities used
here in Table 2.

2.3 Ancillary Data

2.3.1 Merger Stages

To distinguish between early- and late-stage mergers, we employ
merger classifications, primarily from Larson et al. (2016), with
additional data from Colina et al. (1991); Murphy et al. (1996);
Surace et al. (1998); Rigopoulou et al. (1999); Meusinger et al.
(2001); Bushouse et al. (2002); Kim et al. (2002); Veilleux et al.
(2006); Rodríguez-Zaurín et al. (2011) and Haan et al. (2011). We
convert other merger classifications to the Larson system for consis-
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4 D. Farrah et al.

ID Star Formation Rate CYGNUS AGN Luminosities _4 \> Other Corrected AGN Luminosities
Starburst Host Observed Corrected F06 Si15 St16

M�yr−1 1012L� ◦ 1012L�

1 598+68
−121 2.0+1.5−0.7 0.28+0.03

−0.05 1.21+0.22
−0.27 — 47.0+1.4−1.3 1.23+0.36

−0.21 0.21+0.07
−0.06 0.17+0.20

−0.08
2 2192+691

−904 11.5+3.1−3.2 2.10+0.55
−0.31 47.79+22.09

−10.94 142.22+74.77
−48.26 73.5+0.0−0.4 43.96+6.28

−7.96 0.81+0.08
−0.19 80.78+34.20

−19.33
3 195+56

−78 2.9+0.7−0.4 0.81+0.22
−0.09 1.83+0.22

−0.25 2.25+0.63
−0.64 36.6+1.4−0.6 1.90+0.44

−0.47 1.12+0.15
−0.14 0.77+0.04

−0.10
4 660+174

−116 0.0+0.0−0.0 1.39+0.18
−0.23 7.62+1.08

−1.66 — 37.9+1.2−1.9 1.74+0.15
−0.22 1.29+0.12

−0.29 0.07+0.01
−0.01

5 798+10
−39 0.0+0.1−0.0 0.26+0.04

−0.03 1.31+0.33
−0.34 — 44.3+3.4−6.0 0.40+0.11

−0.11 0.51+0.06
−0.05 0.16+0.10

−0.06
6 170+56

−32 1.0+1.3−0.4 0.55+0.08
−0.06 4.71+0.60

−0.58 4.99+1.40
−1.39 60.0+0.4−1.6 0.86+0.14

−0.10 0.43+0.05
−0.14 0.20+0.05

−0.02
7 315+1237

−1218 11.7+0.8−4.9 0.21+0.09
−0.03 0.48+2.11

−0.10 0.74+3.24
−0.24 37.5+25.5

−1.5 1.15+0.21
−0.23 0.13+0.04

−0.03 1.13+4.63
−1.10

8 378+95
−59 3.9+2.7−1.5 0.17+0.02

−0.02 0.54+0.13
−0.09 — 41.4+1.4−3.8 0.51+0.10

−0.12 0.21+0.03
−0.04 0.16+0.03

−0.02
9 520+40

−27 0.0+0.1−0.0 3.72+0.33
−0.37 1.96+0.21

−0.20 — 56.4+2.0−1.5 1.76+0.25
−0.35 4.14+1.01

−0.52 9.08+2.34
−2.25

10 683+50
−112 11.3+1.9−1.0 0.56+0.07

−0.08 2.51+0.32
−0.30 — 51.0+1.8−0.7 2.20+0.32

−0.34 1.00+0.14
−0.40 0.65+0.11

−0.11
11 206+50

−66 1.6+0.7−0.2 0.78+0.15
−0.11 23.39+9.73

−4.27 — 69.3+2.4−1.1 11.58+0.85
−1.92 0.25+0.07

−0.07 1.24+1.02
−0.40

12 482+20
−14 0.4+0.0−0.0 0.26+0.03

−0.02 3.80+0.68
−0.48 — 73.3+0.2−0.4 0.08+0.01

−0.01 0.04+0.01
−0.02 0.13+0.02

−0.01
13 245+144

−121 5.3+2.8−3.5 0.83+0.12
−0.14 20.04+13.56

−7.75 — 60.1+2.5−6.1 1.01+0.20
−0.20 0.44+0.07

−0.11 0.21+0.03
−0.04

14 322+21
−20 5.3+0.9−1.0 0.09+0.02

−0.01 0.22+0.05
−0.01 0.34+0.11

−0.09 39.0+2.6−0.6 0.03+0.01
−0.00 0.72+0.50

−0.12 0.12+0.02
−0.02

15 151+20
−30 1.8+0.4−0.2 0.94+0.12

−0.10 29.55+14.51
−6.45 23.56+12.39

−6.79 65.4+3.0−1.6 1.06+0.15
−0.16 0.49+0.07

−0.48 0.21+0.02
−0.03

16 298+185
−193 10.3+3.0−1.8 0.84+0.18

−0.10 3.34+1.53
−0.43 2.98+1.56

−0.84 38.9+3.4−1.7 1.82+0.34
−0.35 0.88+0.11

−0.13 0.75+0.10
−0.09

17 549+10
−12 8.6+1.1−1.7 0.10+0.02

−0.01 0.28+0.18
−0.05 — 38.5+6.6−2.4 0.35+0.18

−0.16 0.14+0.03
−0.02 0.09+0.02

−0.01
18 87+44

−46 12.1+3.6−6.8 1.33+0.25
−0.22 15.48+2.61

−2.60 7.40+2.24
−2.23 60.0+0.5−1.9 1.43+0.40

−0.37 1.07+0.38
−0.14 0.90+0.29

−0.14
19 378+39

−10 16.1+0.7−3.6 0.39+0.04
−0.14 3.69+0.35

−1.77 1.64+0.47
−0.90 45.8+0.1−0.9 0.38+0.09

−0.27 0.26+0.05
−0.05 0.12+0.01

−0.02
20 347+7−37 2.5+0.6−0.5 0.14+0.01

−0.01 0.81+0.16
−0.13 0.55+0.17

−0.16 48.9+2.4−3.1 0.30+0.07
−0.07 0.45+0.12

−0.09 0.09+0.01
−0.01

21 160+25
−18 2.7+0.3−0.4 0.37+0.04

−0.05 4.62+0.90
−0.78 3.40+1.07

−1.02 56.5+1.3−0.6 0.77+0.11
−0.10 0.41+0.04

−0.05 0.09+0.02
−0.01

22 255+91
−51 3.5+3.9−0.9 0.25+0.05

−0.04 0.30+0.06
−0.04 0.14+0.04

−0.04 45.0+1.4−1.5 0.23+0.04
−0.04 0.43+0.06

−0.05 0.13+0.04
−0.02

23 855+53
−89 4.2+1.4−0.9 0.26+0.07

−0.05 0.87+0.30
−0.18 — 38.8+0.3−1.0 0.78+0.65

−0.21 0.18+0.02
−0.04 0.14+0.05

−0.03
24 768+9−129 3.9+1.2−0.6 0.06+0.02

−0.01 0.16+0.10
−0.03 0.02+0.01

−0.01 36.1+5.2−0.1 0.12+0.06
−0.04 0.06+0.01

−0.02 0.06+0.01
−0.02

25 218+334
−529 3.0+0.8−0.8 0.28+0.20

−0.04 1.52+0.77
−0.25 0.60+0.34

−0.18 48.4+1.6−0.9 1.32+0.30
−0.20 0.38+0.19

−0.05 0.28+0.06
−0.14

26 625+119
−107 13.0+4.2−3.3 0.34+0.17

−0.05 4.24+13.24
−1.32 — 57.0+10.5

−5.2 0.57+0.12
−0.09 0.23+0.13

−0.05 0.17+0.03
−0.03

27 925+34
−149 2.6+2.9−2.6 0.10+0.03

−0.03 0.37+0.24
−0.18 0.06+0.04

−0.03 48.1+5.9−9.2 0.01+0.10
−0.00 0.02+0.03

−0.01 0.02+0.02
−0.00

28 772+268
−301 5.1+1.3−1.0 0.52+0.08

−0.10 2.51+0.52
−0.96 — 44.9+1.0−8.9 1.84+0.29

−0.35 0.63+0.11
−0.13 1.20+0.17

−0.11
29 460+15

−67 4.2+1.9−0.7 0.15+0.03
−0.04 1.49+0.51

−0.79 0.45+0.19
−0.27 54.0+5.3−7.6 0.06+0.03

−0.02 0.08+0.02
−0.01 0.08+0.02

−0.01
30 150+77

−56 6.6+1.5−1.5 0.31+0.06
−0.03 1.59+0.37

−0.18 1.54+0.53
−0.42 41.1+1.9−0.3 0.80+0.07

−0.10 0.27+0.05
−0.04 0.04+0.01

−0.01
31 235+12

−18 6.4+1.0−1.5 0.36+0.03
−0.06 5.82+1.42

−1.71 4.78+1.67
−1.84 55.8+3.8−4.3 0.38+0.07

−0.07 1.24+0.15
−0.05 0.11+0.02

−0.01
32 165+21

−26 4.9+0.7−1.4 0.13+0.01
−0.02 0.37+0.04

−0.06 0.26+0.07
−0.08 38.6+2.1−1.0 0.38+0.05

−0.08 0.18+0.04
−0.05 0.15+0.03

−0.02
33 364+15

−43 1.7+0.3−0.3 0.34+0.05
−0.04 1.57+0.43

−0.14 1.40+0.52
−0.37 36.8+2.1−0.4 0.57+0.14

−0.08 0.36+0.03
−0.08 0.12+0.02

−0.04
34 275+136

−128 21.0+4.3−6.1 0.57+0.12
−0.17 6.40+3.64

−3.42 — 50.1+6.5−5.9 0.54+0.17
−0.24 1.50+0.25

−0.35 0.15+0.04
−0.05

35 375+41
−71 0.5+0.1−0.1 0.26+0.07

−0.03 1.57+1.21
−0.42 1.32+1.07

−0.49 41.7+5.7−3.8 0.30+0.08
−0.07 1.03+0.18

−0.22 0.08+0.01
−0.01

36 254+19
−26 1.1+0.2−0.2 0.09+0.02

−0.01 0.36+0.17
−0.11 0.02+0.01

−0.01 48.7+7.6−8.1 0.10+0.02
−0.01 0.01+0.00

−0.00 0.04+0.68
−0.01

37 518+114
−128 7.6+3.9−4.1 1.46+0.17

−0.13 5.98+0.70
−0.50 10.80+2.98

−2.85 55.2+1.5−1.4 3.09+0.35
−0.28 3.31+0.23

−0.55 0.79+0.14
−0.11

38 373+31
−71 0.5+0.3−0.1 0.17+0.04

−0.03 0.78+0.67
−0.32 0.04+0.04

−0.02 44.5+7.9−8.5 0.51+0.11
−0.07 0.42+0.31

−0.19 0.13+0.28
−0.02

39 54+19
−14 4.7+1.1−3.7 0.52+0.07

−0.05 0.52+0.10
−0.05 0.29+0.11

−0.10 47.2+0.3−1.4 0.71+0.10
−0.07 1.88+0.08

−0.09 1.60+0.19
−0.23

40 274+75
−55 0.5+0.2−0.1 0.12+0.08

−0.01 0.97+1.49
−0.15 0.50+0.77

−0.15 45.9+5.5−2.0 0.06+0.02
−0.01 0.53+0.02

−0.12 0.04+0.03
−0.00

41 107+69
−37 7.2+2.3−3.2 0.12+0.02

−0.03 0.47+0.06
−0.19 0.01+0.00

−0.01 40.5+1.1−4.4 0.38+0.09
−0.06 0.16+0.05

−0.03 0.02+0.00
−0.00

42 711+132
−141 23.5+5.4−7.2 1.29+0.20

−0.15 0.57+0.10
−0.08 0.13+0.04

−0.04 45.0+3.6−8.8 0.82+0.10
−0.08 1.36+0.15

−0.17 2.16+0.52
−0.26

Table 2. The SFRs, bolometric luminosities, Eddington ratios (_4 , see also §5.2) and torus half-opening angles (\>) used in this paper (§2.2). The CYGNUS
luminosities are used in the main text, while the Fritz et al. (2006), Siebenmorgen et al. (2015), and Stalevski et al. (2016) luminosities are used in the appendix.
All three alternative AGN models also feature anisotropic emission, but for brevity we present only their corrected luminosities. The observed luminosities are
given in EFS21. The Eddington ratios are calculated using the black hole masses from Table 1 and the anisotropy-corrected CYGNUS AGN luminosities.

tency. All of the sample are consistent with a classification within
‘Major Merger’ stages 2-5.

When more fine-grained estimates of merger stage are useful,
we employ projected nuclear separations, assembled from Colina
et al. (1991); Murphy et al. (1996); Surace et al. (1998); Rigopoulou
et al. (1999); Meusinger et al. (2001); Bushouse et al. (2002); Kim
et al. (2002); Veilleux et al. (2006); Rodríguez-Zaurín et al. (2011)
and Haan et al. (2011). Wherever possible we use high-resolution
near-infrared imaging to measure nuclear separations as they are
less affected by differential obscuration than optical imaging. The

merger stages and nuclear separations are in nearly all cases consis-
tent, with a boundary for "( ≥ 4 at 2 kpc.

2.3.2 Molecular Gas Masses

We adopt the luminosity of the J=1-0 transition of Carbon Monox-
ide (hereafter L�$) as the tracer of the total molecular gas reservoir
in our sample. Observations of L�$ are available for most of our
sample fromKamenetzky et al. (2016), including data from Sanders
et al. (1989); Mirabel et al. (1990); Downes et al. (1993); Solomon
et al. (1997); Baan et al. (2008); Chung et al. (2009); Greve et al.
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(2009); Braun et al. (2011); Papadopoulos et al. (2012); Xia et al.
(2012); Meijerink et al. (2013); Ueda et al. (2014); Mashian et al.
(2015); Sliwa et al. (2017); Gowardhan et al. (2018); Ruffa et al.
(2018); Brown & Wilson (2019); Herrero-Illana et al. (2019); Fo-
topoulou et al. (2019), and Tan et al. (2021). We convert from
(�$ΔE in Jy km s−1 to molecular gas mass via (Solomon & Van-
den Bout 2005):

"�2 = U�$
3.25 × 107(�$ΔE�

2
!

a2
>1B
(1 + I)3

(1)

where a>1B is in GHz and �! is in Mpc. We assume U�$ = 0.8
(though see e.g. Carleton et al. 2017; Herrero-Illana et al. 2019).

2.3.3 Black Hole Masses

Weassemble dynamicallymeasured black holemasses ("�� ) from
the studies of Dasyra et al. (2006); Kawakatu et al. (2007); Wang
et al. (2007) and Medling et al. (2015). We adopt dynamical, rather
than virial or photometric masses, and discuss this choice in §A2.
For systems with mass measurements of two black holes, we adopt
only the mass for the infrared-brightest nucleus, and do not sum the
black hole masses.

We assume that the anisotropy-corrected bolometric AGN lu-
minosity is related to the accretion rate via:

!2
��#

= n ¤"�� 22 (2)

where n is the fraction of gravitational potential energy converted
to luminosity during accretion (see also §5.2).

We compute Eddington luminosities (!4) from the black
hole masses assuming pure hydrogen ionization with opacity from
Thomson scattering:

!4 =
4c�"��<?2

f)
' 3.2 × 104"�� (3)

and then evaluate:

_4 =
!2
��#

!4
(4)

to obtain Eddington ratios (_4).

2.3.4 Incompletenesses in Ancillary Data

The sample is incomplete in both molecular gas masses and black
hole masses. Seven objects do not have L�$ data. Fourteen objects
do not have dynamical M�� masses. The objects with missing data
are however similar in terms of their other properties to the sample
with complete data.We therefore do not believe that these omissions
significantly bias our results. In the following we refer to the sample
as a single entity, with a reduction in numbers in the appropriate
plots. The potential for sample bias is discussed further in §A5.

2.4 Comparison Samples

There is no single comparison sample that can set our sample within
the broader context of AGN and quiescent galaxies at low redshift.
We therefore employ four distinct comparison samples, depending
on the analysis being performed.

First is the xCOLDGASS sample (Saintonge et al. 2017;

Catinella et al. 2018, xCG hereafter). This survey includes CO
J=1-0 observations with the IRAM 30m telescope of 532 galaxies
at low redshift, selected from the Sloan Digital Sky Survey, and is
designed to be a reference survey for the cold molecular gas prop-
erties of galaxies in the nearby universe. It is also used in studies
of the redshift evolution of gas scaling relations (e.g. Tacconi et al.
2018). We use the xCG sample as a comparison for stellar masses,
molecular gas masses, and host SFRs in the low redshift galaxy
population.

Second is the Close AGN Reference Survey (Husemann et al.
2021; Smirnova-Pinchukova et al. 2021, CARS hereafter). The
CARS sample consists of 40 moderately luminous, unobscured
AGN in the redshift range 0.01 < I < 0.06. CARS includes molec-
ular gas masses, total star formation rates and stellar masses, black
hole masses, and AGN luminosities. It is designed to be an anchor
point for surveys of AGN at high redshift. We exploit the CARS
sample as a comparison for stellar masses, molecular gas masses,
total SFRs, black holemasses, andAGN luminosities in low-redshift
AGN, but with the caveat that the CARS AGN luminosities are on
average much lower than in our sample.

The final two samples are both of luminous AGN, drawn from
the Sloan Digital Sky Survey. First are the type 1 AGN from the
SDSS data release 14 (Rakshit et al. 2020, see also Shen et al.
2011; Kozłowski 2017). Restricting to those quasars in the same
redshift range as our sample and with a reliable single-epoch virial
black hole mass gives 2106 objects. Second are the type 2 AGN
presented by Kong & Ho (2018), again selected from the SDSS
(see also Reyes et al. 2008). After restricting to objects in the same
redshift range as our sample, this gives 369 objects.We use these two
samples as comparisons for AGN luminosities, black hole masses,
and Eddington ratios (but not SFRs or molecular gas masses) in
AGN in comparable redshift and AGN luminosity ranges to our
sample.

We note that the three comparison AGN samples are optically,
rather than infrared, selected. Their black hole masses are measured
using the single-epoch virial approach, rather than stellar dynamics.
These factors mean that the comparisons presented in the following
should be interpreted with caution.

3 MASS CORRELATIONS

We here explore the assembly of stellar and black hole mass in our
sample by considering two correlations with total stellar mass. In
§3.1 we examine the stellar mass vs. molecular gas mass relation.
In §3.2 we consider the stellar mass vs. black hole mass relation.

3.1 Stellar Mass vs. Molecular Gas Mass

Stellar mass broadly scales with molecular gas mass in our sample
(Figure 1, top). The Kendall Tau coefficient and p-value are (g, ?)
= (0.27, 0.02). Parametrizing the log"�2 − log"∗ distribution as
a linear relation1, we find:

log
(
"�2

"�

)
= (1.24 ± 0.32)

(
"∗
"�

)
− (3.89 ± 3.47) (5)

Systems with higher starburst SFRs may prefer higher gas fractions.

1 All parametrized fits were performed with the Orthogonal Distance Re-
gression algorithm (Boggs et al. 1987) as implemented within the SciPy
Python library and a random seed of 2001.
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Figure 1. Top: The M∗ −MH2 distribution of our sample (§3.1). The starburst SFRs may be enhanced in more gas-rich systems. Comparing to the xCG and
CARS samples (§2.4) infers that our sample are typical of gas-rich, massive galaxies in the local universe and have higher molecular gas masses than lower
luminosity AGN. Bottom: the M∗ −MBH distribution of our sample (§3.2). The sample are mostly distributed between the local AGN and bulge relations in
(Reines & Volonteri 2015), and show tentative evidence for different distributions in the early vs. late-stage mergers. Compared to lower luminosity AGN in
the same redshift range from CARS, our sample have higher black hole masses, and slightly higher total stellar masses.
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Stellar/SMBH assembly in ULIRGs 7

Compared to the xCG sample, most of our sample are gas-rich, but
not exceptionally so - they seem to be ‘normal’ gas-rich, massive
galaxies at low redshift. Compared to the CARS AGN sample,
our sample typically have higher stellar and molecular gas masses,
consistent with more luminous activity in more gas-rich systems.

We observe no relation in Figure 1 top with merger stage; later-
stage (MS= 4 − 5) systems are not unusually gas-rich or gas-poor
compared to early-stage (MS= 2−3) mergers. This suggests that the
molecular gas is not systematically converted to stellar mass over
the entirety of the merger, though depletion during the latter merger
stages is possible.

3.2 Stellar Mass vs. Black Hole Mass

For the whole sample there is no evidence for a correlation between
"∗ and "�� (Figure 1 (g, ?) = (0.12, 0.38)). The sample mostly
lie between the "∗ − "�� relations for low-redshift AGN and
bulges (Reines & Volonteri 2015, though see also Bennert et al.
2015, 2021). Most are closer to the AGN relation, though there is
no strong tendency for the more luminous AGN to prefer proximity
to the AGN line (see also Imanishi et al. 2020). Compared to the
CARSAGNsample, our sample typically havemoremassive central
black holes.

The early- and late-stage mergers show marginal evidence for
different distributions in the "∗ − "�� plane (two-sided KS test
results of (0.41, 0.14)). Early-stage mergers may have a relatively
flat distribution closer to the AGN line, while late-stage mergers
have a wider distribution in the H-axis, up to the bulges line. This
is consistent with the sample signposting part of the transition be-
tween AGN and elliptical galaxies. It also may suggest a period of
substantial black hole growth, starting close to nuclear coalescence.

4 STAR FORMATION VS. AGN ACTIVITY

We here examine the relations between luminous activity, and the
mass the activity may be assembling. First, we study star formation
in context with both total and starburst stellar mass. Second, we
examine the relation between bolometric AGN luminosity and black
hole mass.

4.1 Star formation

The sample have globally enhanced SFRs relative to the low-redshift
¤"∗ - "∗ main sequence (Figure 2). Starburst SFRs are enhanced
relative to the main sequence by about two orders of magnitude at
"∗ = 1011"� . There is no evidence for a relation between "∗ and
starburst SFR. Host SFRs are enhanced by ¤"∗ ' 1.8 ¤""( , and are
comparable to the higher (total) SFRs seen in the xCG and CARS
samples. There may also be a stellar mass dependent ‘maximum’
¤"∗, corresponding to:

¤"∗,<0G = 1.15 ± 0.02 × 10−10"∗ (6)

in units of Solar masses (per year). This suggests a correlation
between "∗ and ¤"∗, with a slope steeper than that of the low-
redshift main sequence (0.51± ∼ 0.2 at I = 0.1, using equation 28
of Speagle et al. 2014).

There is no strong dependence of the starburst SFRs in Figure
2 on merger stage. This is consistent with star formation being
triggered at any point in the merger, with perhaps a mild preference
for more luminous starbursts in late-stage mergers.

We also see no relation between AGN luminosity and offset
from the main-sequence. This is in contrast with e.g. Grimmett et al.
(2020), who do find such a relation for X-ray selected AGN at I ∼ 1.
The 2 − 10KeV X-ray luminosities of the two samples reside in the
same range, though the range in our sample is narrower. It may be
the case that the narrower range in our sample makes the trend seen
by Grimmett et al. (2020) impossible to discern. It is also possible
that the trend does not exist in our sample, and that this difference
arises via the higher comoving gas fraction at I ∼ 1 compared to
locally, which leads to a tighter relation between star formation and
AGN activity at I ∼ 1.

We also consider the more focused comparison of the starburst
star formation rate, plotted against the stellar mass in the starburst
(Figure 3). The youngest starbursts exhibit significant scatter, aris-
ing from the assumed exponential nature of the burst, but the older
starbursts settle onto a tight relation. The slope of this relation im-
plies a stellar mass doubling time of a little under∼ 108 years, which
indirectly infers, together with the ages of the starbursts (EFS21)
that the starbursts in our sample are unlikely to increase the total
stellar mass by more than about a factor of two. It is notable that the
systems in this plot imply a consistent slope with the high-redshift
main sequence, but still lie significantly above it. This is consistent
with even high-redshift main-sequence star-forming galaxies not
being “global starbursts”, but instead having a distinct starburst and
host star formation mode.

4.2 AGN activity

We first consider the distribution of the sample in the LAGN - MBH
plane (Figure 4, top). The majority of the sample reside where the
type 1 (grey contours, Shen et al. 2011) and type 2 AGN (brown
contours, Kong & Ho 2018) comparison samples are located. Our
sample is consistent with harbouring more massive black holes
powering higher luminosity AGN, than the CARS sample. The
Eddington ratios of our sample are however sometimes very high.
Three objects exhibit super-Eddington accretion when using Lo

AGN,
rising to twelve when using Lc

AGN.
At face value the sample show a mild anti-correlation between

LAGN and MBH (g, ?) = (-0.33, 0.01) for L>
��#

and (g, ?) = (-0.36,
0.01) for L2

��#
). However, the super- and sub-Eddington objects

may have differing distributions in the LAGN - MBH plane. The
super-Eddington objects are mostly distributed where the type 2
comparison AGN reside, with a few objects at even higher lumi-
nosities, whereas the sub-Eddington objects are more similar to the
type 1 quasars. Neither sub-sample shows a statistically significant
relation between LAGN and MBH (e.g. for L2

��#
: ) (g, ?) = (-0.24,

0.56) and (-0.15, 0.33) for the super- and sub-Eddington samples,
respectively2). We conclude that the apparent anti-correlation in the
whole sample arises from these two sub-samples being considered
together.

We plot Eddington ratio against black hole mass in Figure
4, bottom. Adopting a log-linear relation as a phenomenological
model, then there is evidence for different slopes in the _4 −MBH
plane among the super- and sub-Eddington systems, with:

log_4 = (−1.11 ± 0.15) log
(
MBH
M�

)
+ 8.08 ± 1.23 (7)

2 Instead dividing the sample in two at L2
��#

' 2 × 1012L� or MBH '
108M� gives a similar result.
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Figure 2. The ¤"∗ - "∗ plane for our sample (§4.1). Also plotted are the ¤"∗ - "∗ ‘main sequence’ relations at I = 0 and I = 0.1, calculated via equation
28 of Speagle et al. 2014 with C = 13.70Gyr and C = 12.36Gyr, respectively. The host SFRs of our sample are enhanced by a factor ∼ 1.8 compared to the
I = 0.1 main sequence, while starburst SFRs in the starburst are enhanced by a factor of ∼ 100. Compared to the xCG and CARS samples, the host SFRs of
our sample are fairly typical, but the starburst SFRs are in all cases higher. There is no apparent dependence on how far above the main sequence the starburst
SFRs are on AGN luminosity. Neither is there a strong dependence of the starburst SFRs on merger stage.
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Figure 3. The ¤"∗ - "∗,(1 plane for our sample (§4.1). Younger starbursts
scatter significantly on this plane, but older starbursts settle onto a relation
consistent with a stellar mass doubling time from the starburst of about
∼ 108 years. All of the sample lie above the star formation main sequence
seen at I = 5, consistent with there being a separate starburst mode at all
epochs.

for the sub-Eddington systems (dashed line) and:

log_4 = (−4.41 ± 1.77) log
(
MBH
M�

)
+ 33.9 ± 13.3 (8)

for the super-Eddington systems (solid line).
The sub-Eddington objects are approximately co-located with

the type 1 and type 2 AGN comparison samples, while the super-
Eddington objects overlapwith some of the type 2AGN.Our sample
is consistent with being the higher black hole mass analogue of the
CARS AGN sample. There is however no clear delineation between
the super-Eddington systems and sub-Eddington systems on star
formation rate (though see e.g. Torbaniuk et al. 2021).

5 MASS ASSEMBLY ACROSS THE MERGER
SEQUENCE

We here examine the pattern of stellar and black hole mass as-
sembly across the merger sequence. To obtain a finer estimate of
merger stage, we here use projected nuclear separation as a proxy
for merger stage, though the results are consistent if using the MS
values instead.

5.1 Stellar mass assembly

The left column of Figure 5 presents nuclear separation against stel-
lar mass, coded by SFR and specific SFR in the starburst. Higher
SFRs show a mild preference for smaller nuclear separations, con-
sistent with the results in §4.1, and with some previous studies
(Loose et al. 1982; Alonso-Herrero et al. 2016, e.g.). It is also con-
sistent with the merger itself not acting as a quenching mechanism
(see also e.g. Weigel et al. 2017). We also observe no trends in
starburst age with nuclear separation.

These results are consistent with star formation not generating
substantial new stellar mass during the merger, relative to what is
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Figure 4. Two slices through the LAGN - MBH - _4 plane (§4.2), comparing our sample to the three AGN comparison samples (§2.4). The type 1 AGN (Shen
et al. 2011) are plotted as grey contours, while the type 2 AGN (Kong & Ho 2018) are the brown contours. Top: Observed and anisotropy-corrected bolometric
AGN luminosity vs. black hole mass. The observed AGN luminosities are consistent with those of the type 1 AGN, and higher, on average, than those of the
CARS AGN. The corrected luminosities are more consistent with type 2 AGN, and imply super-Eddington accretion in 12 objects. Bottom: The _4 −MBH
plane (using Lc

AGN to calculate _4 for our sample). The sub-Eddington objects coincide with the type 1 AGN, and can be characterized by the relation in
Equation 7 (dashed line). The super-Eddington objects are offset from the type 1 AGN, and can be charactedized by the relation in 8 (solid line). The fits are
plotted over the x-axis range of the data in each sub-sample, so they do not intersect at _4 = 1. The CARS AGN are consistent with being the lower "��
analogues of our sample. We observe no dependence of the positions of objects on starburst SFR.
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present in the progenitors. Including a potential stellarmass increase
from double- to single-nucleus systems of a factor 1.5 − 2 from the
merger itself, then we infer a soft upper limit on the stellar mass
increase due to star formation of about 20%. This limit is consistent
with the typical starburst SFRs and ages of our sample (EFS21).
This result does however contrast with mergers at only slightly
higher redshifts, which may assemble significant new stellar mass
from star formation (Canalizo & Stockton 2013).

There is another plausible explanation for the results in the
left column of Figure 5. Starbursts may assemble significant new
stellar mass in events triggered throughout themerger, on timescales
shorter than the merger itself. Such a pattern of activity might not
show a clear rise in stellar mass as a function of nuclear separation.
We consider this explanation less likely though as the starburst ages
(EFS21) are within about an order of magnitude of the merger
timescales from simulations.

5.2 Black hole mass assembly

In the right column of Figure 5 we plot nuclear separation against
black hole mass, coded by !2

��#
and Eddington ratio. The small

points all at (1 + =B) ' 100 kpc are the type 2 AGN compari-
son sample with artificial nuclear separations to allow comparisons
with the Eddington ratios as a function of black hole mass. Higher
AGN luminosities prefer both smaller nuclear separations and less
massive black holes. Super-Eddington AGN reside in mergers with
nuclear separations smaller than ∼ 8 kpc, suggesting that the super-
Eddingon phase commences close to galactic coalescence.

There are several potential biases that may affect our results,
and alternative explanations to the ones we present here. We sum-
marize these in the appendix. They include; the choice of AGN
radiative transfer model (§A1), the choice of black hole mass esti-
mates (§A2), systematics in black hole mass estimates (§A3), black
hole mergers (§A4), sample bias (§A5), the implications of the ab-
sence of super-Eddington type 1 quasars (§A6), inclination angle
bias (§A7), transient phenomena (§A8), host obscuration degener-
acy (§A9), and deviation from Thomson Scattering (§A10).

From our results, we can estimate the duration, mass accreted,
and efficiency of the super-Eddington phase. These estimates are
crude and have substantial uncertainty, but they are currently the
best observational constraints for low-redshift infrared-luminous
mergers, so we present them in the following.

5.2.1 Mass accreted

The maximum nuclear separation of a super-Eddington system in
Figure 5 is∼8 kpc, but the individual Eddington ratios are uncertain,
and nuclear separations are hard to measure even in high resolution
data. For consistency with the boundary in nuclear separation be-
tween merger stages, we adopt a maximum separation of a _4 > 1
system to be 3 kpc.

We estimate the average black hole mass before and after the
super-Eddington accretion phase as follows. Systems yet to pass
through a super-Eddington phase will have =B > 3 kpc and _4 < 1,
for which we find:

〈MBH (before)〉 = (4.37 ± 1.11) × 107M� (9)

Conversely, post super-Eddington systems will have a single nu-
cleus and _4 < 1. Additionally, simulations suggest that an SMBH-
SMBHmerger can take place on the required timescale (Sobolenko

et al. 2021) so we assume that it does and that it contributes a 25%
mass increase at the end of the super-Eddington phase (allowing for
unequal mass mergers). The mass at the end of the super-Eddington
phase is then:

〈MBH (after)〉 = (9.75 ± 2.22) × 107M� (10)

The mass accreted during the super-Eddington phase is thus:

〈ΔMBH〉 = 〈MBH (after)〉− 〈MBH (before)〉 = 5.38±2.48×107M�
(11)

Varying the adopted boundary in nuclear separation between the
super- and sub-Eddington phases over 2 − 6 kpc causes 〈ΔMBH〉 to
vary by about 15%.

5.2.2 Duration

To estimate the duration of the super-Eddington phase we employ
results from galaxy merger simulations (Debuhr et al. 2011). These
suggest that the infrared-luminous, < 3kpc nuclear separation phase
of the merger lasts approximately 80Myr.

From Table 1, 21 objects have both a measured black hole
mass and a nuclear separations of < 3kpc. Of these, nine exhibit
super-Eddington accretion rates. A crude estimate of the duration
of the super-Eddington phase is thus C4 = 44Myr. We adopt an
uncertainty on this value of 50%.

5.2.3 Accretion efficiency

Wefirst estimate themean accretion rate during the super-Eddington
phase by combining Equation 11 with the estimate of the duration
of the super-Eddington phase in §5.2.2. This yields:

〈MBH,SE〉 =
〈ΔMBH〉

te
= (1.57 ± 1.07)M�yr−1 (12)

We then calculate the mean bolometric AGN luminosity of super-
Eddington objects with =B < 3:

〈Lc
AGN (ns < 3, _e > 1)〉 = (9.81 ± 3.83) × 1012 L� (13)

which we assume is not saturated due to photon trapping in the
accretion flow. We then estimate the accretion efficiency n - the
ratio of the energy radiated per unit time to the energy that would
be radiated assuming mass-energy equivalence - as:

n =
〈Lc

AGN (ns < 3, _e > 1)〉
〈MBH,SE〉c2 = (42 ± 33)% (14)

6 A HIDDEN POPULATION OF SUPER-EDDINGTON
AGN

We identify a significant fraction of late-stage infrared-luminous
mergers as harboring super-Eddington accretion. This result is con-
sistent with results from several recent models:

• Super-Eddington growth is more common for less massive
black holes (Shirakata et al. 2019).
• The super-Eddington phase occurs towards the end of the

merger and grows SMBHs to masses of 108 M� (Li 2012).
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Figure 5. Left stellar and right black hole mass as a function of nuclear separation (§5). The small points in the right-hand column all at (1+ =B) ' 100 kpc are
the type 2 AGN comparison sample with artificial nuclear separations to allow comparisons with the Eddington ratios as a function of black hole mass. There is
mild evidence that luminous starbursts prefer later-stage mergers, but no strong evidence for substantial stellar mass assembly from star formation. Conversely,
super-Eddington accretion is associated with late-stage mergers and MBH < 108 M� . The sub-Eddington systems have a wider spread in the MBH − ns plane.
The vertical dashed line indicates the boundary in nuclear separation used for the calculations in §5.2.1 - 5.2.3.

• The super-Eddington phase lasts up to ∼ 10Myr (Volonteri
et al. 2015, though we may prefer a somewhat longer duration).
• Super-Eddington AGN have only weak observed emission in

the X-ray through optical, but are more luminous at longer wave-
lengths (Pognan et al. 2020, see also Teng et al. 2015; Laha et al.
2018; Yamada et al. 2021).
• There are simulations that find rapid, self-regulated growth

of SMBHs with masses . 108.5M� in mergers (Weinberger et al.
2018).

The accretion efficiency we derive is high, and implies re-
markably efficient accretion during the super-Eddington phase. It is
however consistent with the expected limit for a maximally rotat-
ing Kerr black hole (Bardeen et al. 1972). It is higher than, though
consistent with, the accretion efficiency inferred from cosmolog-
ical constraints from the SMBH mass density and the integrated
luminosity from AGN (Soltan 1982)3.

3 It has recently been proposed that all black holes cosmologically couple
and thus gain mass as the cosmological scale factor increases (Croker &
Weiner 2019; Croker et al. 2020, 2021). This cosmological mass increase
will causeKeplerian orbits around SMBHs to adiabatically collapse. The du-
ration of the super-Eddington phase, however, is short compared to changes
in the scale factor at I < 0.3. We therefore do not consider cosmological
coupling here.

Our result increases the number of candidate super-Eddington
systems; other candidates include quasars at I & 6 (Tang et al. 2019;
Yang et al. 2021), some type 2 AGN (Kawaguchi et al. 2004; Kong
& Ho 2018), and some X-ray selected AGN (Coffey et al. 2019).
The Eddington ratios we derive are also in line with these studies,
and are not even the most extreme observed. For example, the AGN
IRAS 04416+1215 has an inferred Eddington ratio in excess of 400
(Tortosa et al. 2022).

Our result is also implicitly consistent with several observa-
tional studies. First, collapsing our sample along the x-axis of Figure
5 bottom right yields a distribution that is consistent with type 2
AGN. Second, three of our sample (# 6, 37, 38) have _4 estimates
fromhardX-ray observations, which are independent of ourmethod.
All three are consistent within 2f of those we derive (Teng et al.
2015; 1.2, 5.2, 0.04, respectively). Finally, the range in projected
nuclear separations over which we observe super-Eddington accre-
tion is consistent with the range over which an increased fraction
of Compton-thick AGN is observed in a sample that overlaps ours
(Ricci et al. 2021, see also Teng et al. 2014).

Some broader implications are apparent from this result.
Infrared-luminous galaxies are rare at I < 0.3 but become much
more common by I & 1.0.While themerger fraction at high redshift
is uncertain (e.g. Ryan et al. 2008; Stott et al. 2013; Béthermin et al.
2015; Man et al. 2016), our discovery is consistent with a super-
Eddington phase in a significant fraction of these higher redshift
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systems, and that super-Eddington accretion is a significant mode
for the cosmological growth of the SMBH mass function. This may
require revision of galaxy evolution models which cap SMBH ac-
cretion at near the Eddington limit (Somerville et al. 2008; Shankar
et al. 2013; Dubois et al. 2014; Henriques et al. 2015; Schaye et al.
2015). It also provides validation for the idea of super-Eddington
accretion to explain the existence of SMBHs in quasars at I & 5,
without recourse to direct collapse models. It also provides a phys-
ical explanation for the MBH vs. LIR/Le anticorrelation (Kawakatu
et al. 2007). It is consistent with the bulk of cosmological SMBH
growth being obscured (Martínez-Sansigre et al. 2005; Runburg
et al. 2022), with more luminous AGN being found in later-stage
mergers (Ricci et al. 2017; Koss et al. 2018), and with dusty quasars
having high Eddington ratios (Urrutia et al. 2012; Kim et al. 2015).

7 CONCLUSIONS

We have studied the assembly of stellar and black hole mass in low-
redshift ultraluminous infrared galaxies, by combining radiative
transfer modelling results with archival measures of molecular gas
mass and central black hole mass. Our conclusions are:

1 - The M∗−MH2 distribution of our sample is consistent with
massive, gas-rich galaxies at low redshift. More luminous starbursts
show a mild preference for higher gas fractions. There is a mild cor-
relation between M∗ and MH2 , but the correlation does not strongly
depend on merger stage.

2 - The "∗ −"�� distribution shows no evidence for a corre-
lation. The distribution of late- vs. early-stage mergers is consistent
with a transition phase between AGN and ellipticals, accompanied
by substantial black hole mass growth.

3 - The starburst SFRs in our sample are strongly enhanced
relative to SFRs in the low-redshift main-sequence, by a factor of
¤"(1 ' 100 ¤""( |1011"∗ . There is no evidence for a relation be-
tween "∗ and ¤"(1 . Comparisons between starburst SFR, starburst
age, and stellar mass assembled in the starburst suggest that the
starburst increases the total stellar mass by a factor of about two or
less over the course of the merger.

4 - SFRs in the host galaxy are also enhanced relative to the
low-redshift main-sequence, by ¤"∗ ' 1.8 ¤""( . The host galaxy
SFRs are consistent with those in gas-rich galaxies at low redshift,
and may exhibit a stellar mass dependent ‘maximum’ ¤"∗. These
results show no strong dependence on merger stage.

5 - Directly examining star formation across the merger se-
quence shows that more luminous starbursts show a mild preference
for advanced mergers, though they are found in all merger stages.
There is however no strong evidence for a substantial increase in
stellar mass due to star formation, though this does depend on the
starburst duration compared to the merger duration. It is also con-
sistent with the merger itself not acting as a quenching mechanism.

6 - Twelve of the sample show evidence for super-Eddington
accretion. The sub-Eddington and super-Eddington samples may
have different slopes in the _4 − MBH plane, suggesting that the
super- and sub-Eddington accretion phases are distinct from each
other.

7 - Super-Eddington accretion rates may prefer smaller black
holes in advanced mergers. We estimate the mean mass accreted
during the super-Eddington phase to be 5.38 ± 2.48 × 107M� , the
duration of the super-Eddington phase to be 44 ± 22Myr, and the
accretion efficiency during the super-Eddington phase to be (42 ±
33)%.

8 - Our results are consistent with super-Eddington accretion

bringing the remnants of infrared-luminous mergers in line with
the "∗ − "�� relation in local ellipticals. This also suggests that
super-Eddington accretion may be an important growth mode for
black holes at all redshifts.
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APPENDIX A: ALTERNATIVE EXPLANATIONS

The results in §5.2 depend on both a model-based anisotropy cor-
rection, and the choice of black hole mass measurements. We here
explore the robustness of the results against these choices.

A1 Choice of radiative transfer model

We adopt the CYGNUS-based results from EFS21, as EFS21 show
they provide the best fits to the photometric and spectroscopic ob-
servations of our sample, on average, especially at mid-infrared
wavelengths. EFS21 do however present results using three other
AGN models, from Siebenmorgen et al. (2015), Fritz et al. (2006),
and Stalevski et al. (2016). As described in EFS21, these four AGN
models make significantly different physical assumptions, and can
give different component SED shapes for the same source. Com-
paring the results obtained in this paper from using all four AGN
models thus gives a reasonably robust test of our results against the
choice of AGN model.

The Fritz et al. 2006 AGN model gives conceptually similar
results to the CYGNUS AGN model in both the MBH − _e and
MBH − ns planes (A1). With the Siebenmorgen et al. 2015 AGN
model (Figure A2) the fitted slope to the super-Eddington systems in
theMBH−_e is flatter than with the CYGNUSmodels, and virtually
identical to the slope for the sub-Eddington systems. The results in
the MBH − ns are however unchanged. When the Stalevski AGN
model (Figure A3) is used, few objects harbour super-Eddington
AGN, and the results obtained with the CYGNUS models are ef-
fectively absent. However, as shown in EFS21, the Stalevski AGN
model does not provide as good fits to the SEDs of our sample as
do the other AGN models.

ID MBH MBH
Photometric Virial

107M�

1 26.6 —
2 31.5 —
3 7.61 —
5 28.9 —
6 20.8 —
9 39.0 18.0
11 9.00 —
13 19.7 1.02
15 7.53 —
16 27.4 —
18 71.7 —
19 40.7 —
22 11.4 0.24
23 37.0 —
28 — 390.0
29 10.7 —
31 27.1 —
37 37.8 9.81
38 19.9 —
40 15.1 —
42 125.8 9.05

Table A1. The available photometric and single-epoch virial black hole
masses for our sample. These data are taken from Greene & Ho 2007;
Kawakatu et al. 2007; Veilleux et al. 2009; Medling et al. 2015; Harvey-
Smith et al. 2016. Only objects with at least one of a virial or photometric
black hole mass are listed.

A final option is to adopt the fit results with the highest max-
imum likelihoods for each object, irrespective of the AGN model
used. This gives the best possible fit for each object, but also a mix
of mostly CYGNUS and Siebenmorgen et al results, with a few
using the Fritz models and one using the Stalevski models. The re-
sults (Figure A4) are virtually identical to those using the CYGNUS
models alone.

We conclude from this analysis that our results are reasonably
robust to the adopted AGN model.

A2 Choice of black hole mass estimates

Three types of black hole mass estimate are available for subsets
of our sample; dynamical (28 objects), photometric (20 objects),
and single-epoch virial (6 objects). The reliability of all three mea-
sures in low-redshift infrared-luminous mergers has been previ-
ously discussed, but without a preference emerging (Dasyra et al.
2006; Veilleux et al. 2009). This is in part because virtually no
reverberation-mapping black hole mass estimates exist for infrared-
luminous mergers to compare to, and very few objects in which
the three estimates can be intercompared. Nevertheless, we here
examine the consequences of using photometric or virial, rather
than dynamical black hole masses. For convenience, we summarize
these masses in Table A1.

The photometric masses are usually several times larger than
the dynamical masses. Using the photometric masses in our analysis
instead of the dynamical masses effectively eliminates the results
obtained using the dynamical masses; there are far fewer objects
with evidence for super-Eddington accretion, and they show no
evidence for association with late-stage mergers (Figure A5).

We propose however that the photometric black hole masses
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Figure A1. Figures 4 lower and 5, made using fits that replace the CYGNUS AGN models with the Fritz et al. 2006 AGN models. The results are effectively
unchanged.
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Figure A2. Figures 4 lower and 5, made using fits that replace the CYGNUS AGN models with the Siebenmorgen et al. 2015 two-phase AGN models.
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Figure A3. Figures 4 lower and 5, made using fits that replace the CYGNUS AGN models with the Stalevski et al. 2016 clumpy AGN models.

are less likely to be accurate in our sample than the dynamical
masses. Adopting photometric black hole masses clearly offsets the
sample from both the type 1 and type 2 AGN comparison samples.
If we assume that our sample are a subset of the local type 2 AGN
population, and are the antecedents of type 1 QSOs, then the relative
positions of the sample to these populations in the left panel of
Figure A5 would be challenging to explain. The dynamical masses
on the other hand make the sample consistent with both hypotheses.
We conclude that the photometric black hole masses are in general
overestimated, and that the dynamical black hole masses are more
likely to be closer to the true values.

There are few virial mass estimates for our sample and nearly
all are consistent with the dynamical mass estimates. Including the
virial masses for objects that do not have a dynamical mass does not
change the results, and may complicate their interpretation. So, we
do not use them so as to maintain a single mass estimation method.

A3 Systematics in black hole mass estimates

Assuming the dynamical masses are the best available, it is possible
that they are systematically biased in some way. We here consider
the consequences for our results of such a bias.
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Figure A4. Figures 4 lower and 5, made using the fits with the highest maximum likelihoods for each object. This leads to a mix of AGN models from all four
used in EFS21. The results are almost identical to those from using just the CYGNUS model fits.
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Figure A5. Figures 4 lower and 5, made by replacing dynamical black hole masses with photometric black hole masses (Veilleux et al. 2009). Using these
masses, few systems harbour super-Eddington AGN and there is no evidence for an association with late-stage mergers.

First, it has been proposed that the dynamical masses of black
holes in local elliptical galaxies are biased high with respect to
the true average, as the dynamical approach relies on resolving the
black hole sphere of influence (Shankar et al. 2016). This effect, if
real, is unlikely to affect our results as our sample includes most
local infrared-luminous mergers, rather than a small subset. Even
if it did, it would act to increase the number of super-Eddington
systems, rather than decrease them.

A second possibility is that the black hole masses are biased
to low values. We are not aware of any evidence for such a bias,
but given the paucity of comparisons between dynamical and re-
verberation masses, we consider it here. Systematically increasing
the dynamical black hole masses gives essentially the same results,
until the increase reaches a facor of about seven, at which point
the results are significantly affected (Figure A6). We conclude that,
even if a systematic bias to low values is found in dynamical black
hole masses, it will not affect our results unless it exceeds a factor
∼ 6.

A4 Black hole mergers

The "�� increase in late-stage mergers could in part be due to
an SMBH-SMBH merger. This is an effect we account for, but we
discuss it further here.

The total mass increase we infer however is around an order
of magnitude, while it is hard for a black hole merger to contribute
a mass increase substantially in excess of a factor of two (doing

so requires assuming a greater preference for the AGN to be the
lighter black hole). It is also worth noting that a black hole merger
timescale of much less than 108 years is controversial, with some
claims it is possible (Escala et al. 2005; Colpi 2014; Khan et al.
2016), others not (Tamburello et al. 2017).

A5 Sample bias

Fourteen of our sample do not have dynamical black hole mass
measurements. It is in principle possible that these fourteen sources
could dilute or eliminate our results, if such mass measurements
were available for them.

Two of these fourteen objects (#9 & 28) have optical- or OH-
based virial black hole mass estimates; 1.8 × 108M� (Kawakatu
et al. 2007) and 3.9× 109M� (Harvey-Smith et al. 2016). Adopting
these masses maintains consistency with our original result.

Six of the remaining twelve systems (# 1, 10, 13, 17, 23, 34)
are single-nucleus. Adopting random black holemasses between the
minimum and maximum seen in the sample does not significantly
change the result.

The other six systems (# 4, 5, 8, 11, 12, 26) have double nuclei.
Five of them are relatively close separation systems, and whether or
not none, some, or all are super-Eddington would not substantively
change our result. One system is a wide separation system with a
luminous AGN. Assuming the separation is accurate, then if this
sytem were super-Eddington it would dilute our result slightly, but
we have no way to test this.
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Figure A6. Figures 4 lower and 5, made by incrementing the dynamical black hole masses by a factor of six. The same results are (just) visible.

To illustrate, we take all fourteen objects without a dynam-
ical black hole mass, and assign each of them an artificial black
hole mass drawn from a uniform distribution spanning log MBH =

7.1 − 8.4. In 100 realizations of such an experiment, our results are
essentially unchanged. An example is shown in Figure A7.

A6 Where are the super-Eddington type 1 Quasars?

If a significant fraction of our sample exhibit super-Eddington ac-
cretion, then it might be expected that some type 1 AGN should also
show super-Eddington accretion.

The fraction of type 1 super-Eddington AGN is uncertain, but
likely very small; less than ∼ 3% of the type 1 quasars in SDSS
DR7 have _4 > 1 (Shen et al. 2011, see also Vestergaard & Os-
mer 2009) and most other candidate super-Eddington systems are
narrow-line AGN (see main text for references). Such a small frac-
tion is however not in tension with our results. Several independent
lines of evidence imply high covering fractions at high accretion
rates, including e.g. Figure 4 of this work, high hydrogen columns
in highly accreting AGN (Ricci et al. 2021, e.g.), and several the-
oretical lines of evidence (summarized in §6). It is thus plausible
that the super-Eddington AGN have far fewer lines of sight to the
broad-line region, leading to few observed type 1 super-Eddington
AGN.

A7 Inclination angle bias

A bias in the inclination angle of the AGN torus relative to the
observer is unlikely to affect our results. There is no correlation
between inclination angle and corrected AGN luminosity. Further-
more, the CYGNUS inclination angles are broadly consistent with
those measured using other methods (EFS21). The sample also
contains both obscured and unobscured AGN spectral types, inde-
pendently implying a range in inclination angle.

A8 Transient Phenomena

A population of transients, e.g. AGN flaring, nuclear supernovae, or
tidal disruption events, are unlikely to be causing objects to appear
super-Eddington. The data used in the modelling were taken over
timescales of over ten years. They also sample emission from spatial
scales of tens of parsecs. Since transients are bright for at most a
few years, it seems unlikely that they could systematically affect
our results. Moreover, the modelling approach used in EFS21 has

previously successfully identified at least some of these transient
phenomena (Mattila et al. 2018).

A9 Host obscuration degeneracy

As discussed in e.g. EFS21, there is a degeneracy in multi-
component model fits; if the optical depth of the host galaxy model
is allowed to reach arbitrarily high values then the luminosity of the
AGN component can be raised to extreme values to compensate.
The host model in the fits is however limited to reasonable bounds,
based on comparisons to low-redshift disk galaxies (EFS21) so this
effect is unlikely to bias our results.

A10 Deviation from Thomson Scattering

The typical opacitymay be lower than theThomson scattering value,
but this appears unlikely as an alternative explanation for our results
since most alternative scenarios have higher opacities.
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Figure A7. Figures 4 lower and 5, made by generating artificial black hole masses for the 14 objects without dynamical masses (by drawing from a uniform
distribution over log MBH = 7.1 − 8.4) and adding them to both panels. The results are unchanged in both cases.
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