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ABSTRACT

Context. Hyperluminous infrared galaxies (HLIRGs) are shown to have been more abundant in early epochs. The small samples used
in earlier studies are not sufficient to draw robust statistical conclusions regarding the physical properties and the power sources of
these extreme infrared (IR) bright galaxies.
Aims. We make use of multi-wavelength data of a large HLIRG sample to derive the main physical properties, such as stellar mass,
star formation rate (SFR), volume density, and the contribution to the cosmic stellar mass density and the cosmic SFR density. We
also study the black hole (BH) growth rate and its relationship with the SFR of the host galaxy.
Methods. We selected 526 HLIRGs in three deep fields (Boötes, Lockman-Hole, and ELAIS-N1) and adopted two spectral energy
distribution (SED) fitting codes: CIGALE, which assumes energy balance, and CYGNUS, which is based on radiative transfer models
and does not adopt an energy balance principle. We used two different active galactic nucleus (AGN) models in CIGALE and three
AGN models in CYGNUS to compare results that were estimated using different SED fitting codes and a range of AGN models.
Results. The stellar mass, total IR luminosity, and AGN luminosity agree well among different models, with a typical median offset
of 0.1 dex. The SFR estimates show the largest dispersions (up to 0.5 dex). This dispersion has an impact on the subsequent analysis,
which may suggest that the previous contradictory results could partly have been due to the different choices in methods. HLIRGs
are ultra-massive galaxies, with 99% of them having stellar masses larger than 1011 M�. Our results reveal a higher space density of
ultra-massive galaxies than what was found by previous surveys or predicted via simulations. We find that HLIRGs contribute more
to the cosmic SFR density as redshift increases. In terms of BH growth, the two SED fitting methods provide different results. We can
see a clear trend in whereby SFR decreases as AGN luminosity increases when using CYGNUS estimates. This may possibly imply
quenching by AGN in this case, whereas this trend is much weaker when using CIGALE estimates. This difference is also influenced
by the dispersion between SFR estimates obtained by the two codes.

Key words. Galaxies: active – Galaxies: star formation – Galaxies: evolution

1. Introduction

Around half of the emitted energy coming from galaxies in the
Universe is absorbed by dust and then re-emitted at infrared (IR)
wavelengths (Dwek et al. 1998; Fixsen et al. 1998; Eales et al.
2010; Oliver et al. 2012; Casey et al. 2014). Since the first all-sky
survey carried out by Infrared Astronomical Satellite (IRAS), we
have uncovered many IR galaxies that are faint in optical surveys
(Neugebauer et al. 1984; Houck et al. 1985; Soifer et al. 1987;
Sanders & Mirabel 1996), emitting the bulk of their energy in the
IR from dust heated by young stars in dusty star-forming regions,
and/or from dust in a torus-like structure surrounding a central
supermassive black hole in active galactic nuclei (AGN). These
IR luminous galaxies are important for studying the cosmic star-
formation history and the co-evolution of black holes and host

galaxies because they play a key role in measuring star formation
and nuclear activity obscured by dust and are abundant at high
redshifts(Hughes et al. 1998; Barger et al. 1998; Daddi et al.
2005; Gruppioni et al. 2013; Madau & Dickinson 2014).

Such IR luminous galaxies can be separated into different
populations according to their IR luminosity, LIR, integrated
from rest-frame 8-1000 µm: luminous IR galaxies (LIRGs)
with LIR > 1011L�, ultraluminous IR galaxies (ULIRGs) with
LIR > 1012L�, and hyperluminous IR galaxies (HLIRGs) with
LIR > 1013L� (Rowan-Robinson 2000). While these IR lumi-
nous galaxies are relatively rare in the local universe, studies at
higher redshifts show a prominent population of LIRGs at z∼ 1
and ULIRGs at z∼ 2 (Chary & Elbaz 2001; Le Floc’h et al. 2005;
Magnelli et al. 2013; Schreiber et al. 2015). Previous studies
have mostly focused on LIRGs and ULIRGs, finding that LIRGs
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at z ∼ 1 and ULIRGs at z ∼ 2 show similar properties to lo-
cal normal star-forming galaxies, while only the starbursts lying
significantly above the SFR-M∗ main sequence (MS) correlation
(Brinchmann et al. 2004; Noeske et al. 2007; Elbaz et al. 2007)
can be regarded as true analogs of local IR luminous galaxies
(Schreiber et al. 2015). However, such HLIRGs are extremely
rare and IR luminous, which means that we need to probe large
volumes to find a significant number of these galaxies.

IRAS 10214+4724 was one of the first HLIRGs detected by
IRAS (Rowan-Robinson et al. 1991; Soifer et al. 1992), lying at
z = 2.286. Submillimeter observations revealed a significant de-
tection, suggesting that this source is undergoing extreme star-
burst activity (Clements et al. 1992), possibly supported by its
large molecular gas content (Solomon et al. 1992). Optical and
near-IR images have shown that this galaxy is gravitationally
lensed and has magnified brightness (Broadhurst & Lehar 1995;
Graham & Liu 1995). However, even after correcting for ampli-
fication, it still exhibits an intrinsic IR luminosity of 2 × 1013L�
(Eisenhardt et al. 1996). Highly polarized continuum and broad
emission lines suggest that IRAS 10214+4724 could contain a
hidden quasar (Goodrich et al. 1995).

Submillimeter observations play an important role in detect-
ing high redshift IR luminous galaxies because the rest-frame
FIR tail shifts to the longer wavelength submillimeter range.
SMM J02399-0136 at z ∼ 2.8 was the first submillimeter-
detected HLIRG, showing broad emission line widths as well
as line ratios indicative of a dust-reddened AGN (Ivison et al.
1998). Follow-up multi-wavelength data revealed a massive, ob-
scured starburst that dominates the FIR emission (Ivison et al.
2010).

The relative contribution of starburst and AGN to the lumi-
nosity of IR luminous galaxies is the subject of ongoing debate.
Early studies found an increase of AGN fraction as the total
energy output increases, based on AGN selections using opti-
cal classification (Veilleux et al. 1999) and mid-IR spectroscopy
(Tran et al. 2001).

Farrah et al. (2002) found that both the AGN and starburst
component are important when fitting the IR emission of a sam-
ple of 11 HLIRGs, with the AGN component varying in impor-
tance from 20% to 80%. Verma et al. (2002) reached a similar
conclusion by studying five HLIRGs detected by the Infrared
Space Observatory. Ruiz et al. (2013) found that AGN are domi-
nant based on MIR analysis using a sample of 13 HLIRGs. These
studies also showed that the starburst contribution is significant,
with a mean contribution of 30%, suggesting that both AGN and
starburst are contributing to the IR brightness, but their relative
dominance may vary a lot on an object by object basis.

A significant number of massive star-forming and quiescent
galaxies found at z> 3 (Spitler et al. 2014; Schreiber et al. 2018;
Wang et al. 2019b) may raise tension with the hierarchical clus-
tering scenario, in which small halos form earlier and coalesce
later to form large halos (e.g., White & Frenk 1991; Lacey &
Cole 1993; Navarro et al. 1997; Kauffmann et al. 1999; Cole
et al. 2000). Current galaxy formation models have not been
especially successful in producing a sufficient number of high-
redshift massive galaxies. Massive star-forming z ∼ 2 galaxies
are found to be common in ULIRG mode (Daddi et al. 2007a,b).
Therefore, HLIRGs, being both extremely IR luminous and mas-
sive, are expected to play an important role in understanding the
evolution of high redshift ultra-massive star-forming galaxies.

In this paper, we present the largest sample of HLIRGs, con-
taining 526 sources in the Boötes, Lockman-Hole (LH), and
ELAIS-N1 (EN1) fields. We study their properties and their na-
ture in a cosmological context. We briefly introduce our sam-

ple selection in Section 2 and describe our spectral energy dis-
tribution (SED) fitting methods in Section 3. Our results are
presented in Section 4, where we first compare estimates de-
rived from different SED fitting codes and AGN models. Then
we study the stellar mass properties of our HLIRG sample and
their co-moving volume density, followed by analyses of their
star-formation activity. We also study the AGN activity of our
HLIRG sample and the connection between AGN activity and
star-formation activity. Finally, we summarize our conclusions
in Section 5. Throughout this paper, we assume a flat ΛCDM
universe with ΩM = 0.286 and H0 = 69.3 kms−1Mpc−1. Unless
otherwise stated, we adopt a Salpeter (1955) initial mass func-
tion (IMF).

2. Data

In this section, we briefly describe how we built our HLIRG
sample. We note that the full details of the construction of our
parent sample are presented in Wang et al. (2021). In sum-
mary, our parent sample is based on a Herschel selection at
250 µm, which was then cross-matched to the radio 150 MHz
imaging data from the Low Frequency Array (LOFAR), specifi-
cally, the multi-wavelength photometry and redshift information
from the LOFAR Two-metre Sky Survey (LoTSS) Deep Fields
First data release (Duncan et al. 2021; Kondapally et al. 2021;
Sabater et al. 2021; Tasse et al. 2021), in order to find the right
multi-wavelength counterparts of the Herschel sources. Konda-
pally et al. (2021) provided robust cross-identifications and new
forced, matched-aperture multi-wavelength photometry for ra-
dio detected sources in three LOFAR deep fields. These authors
successfully identified multi-wavelength counterparts for > 97%
radio detected sources, using a combination of Likelihood Ratio
method (de Ruiter et al. 1977; Sutherland & Saunders 1992) and
visual classification. Duncan et al. (2021) presented consistent
photometric redshift estimates for sources in three deep fields,
using a hybrid methodology that combines template fitting and
machine learning. These photometric redshift estimates show
a 1.6-2% and 6.4-7% scatter from spectroscopic redshifts for
galaxies and AGNs, respectively. The outlier fractions (defined
as |∆z|/(1+spec-z)>0.15) are 1.5-1.8% and 18-22% for galaxies
and AGNs, respectively.

In order to find multi-wavelength counterpart for each Her-
schel source, we first cross-matched the Herschel-SPIRE blind
catalog to the LoTSS Deep Fields catalog and adopted a flux
density cut to select SPIRE blind sources, requiring a 250 µm
flux density higher than 35, 40, 45 mJy in EN1, LH, and Boötes
fields, respectively. Then we separated SPIRE blind sources into
a unique sample and a multiple sample, which corresponds to
single and multiple LOFAR counterparts within 18′′matching ra-
dius (Herschel 250 µm beam size), respectively. For the unique
sample, we can directly apply the Herschel fluxes from the blind
catalog. For the multiple sample, we need to de-blend the Her-
schel fluxes for each component corresponding to the same Her-
schel source. By exploiting the FIR-radio correlation (i.e., the
tight relationship between LOFAR 150 MHz and Herschel flux
densities, e.g., Gürkan et al. (2018); Wang et al. (2019a); Smith
et al. (2021)), we can estimate the expected Herschel fluxes for
the multiple sample. These expected fluxes serve as a prior in the
de-blending process using XID+ software (Hurley et al. 2017),
which is a probabilistic de-blending tool to calculate the de-
blended Herschel fluxes for the multiple sample.

After running a preliminary SED fitting procedure, we se-
lected 201, 269, and 72 HLIRGs that have total IR luminosity
LIR > 1012.95L� (i.e., a slightly lower threshold than typical
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HLIRGs) in the EN1, LH, and Boötes fields, respectively. We
further excluded three, ten, and three HLIRGs that have photo-
metric redshifts >6, considering the phot-z quality at such high
redshifts (see Duncan et al. 2021); this resulted in 198, 259,
and 69 HLIRGs in the EN1, LH, and Boötes fields respectively.
Wang et al. (2021) selected HLIRGs using an IR luminosity that
is strictly resulting from star formation. In this paper, we also in-
clude contribution from AGN and we slightly lower the thresh-
old of IR luminosity, resulting in 73, 95, 25 more HLIRGs in the
EN1, LH, and Boötes fields, respectively.

With this paper, we publish our sample of HLIRGs, together
with the derived physical properties. We list examples of our
HLIRGs in Table D.1 in the appendix. The full list of HLIRGs
will be given online. The data products include sky positions,
redshift (spectroscopic or photometric), and galaxy properties
such as the stellar mass, SFR, total IR luminosity, and AGN frac-
tion derived using different methods (see next section).

3. Methods

We employed two sets of SED fitting methods: Code Investi-
gating GALaxy Emission (CIGALE) and CYprus Models for
Galaxies and their NUclear Spectral (CYGNUS). CIGALE is a
widely adopted SED fitting codes that is based on the assump-
tion of energy balance. Energy balance means that the energy ab-
sorbed by dust in the ultraviolet (UV)-optical-near IR band is re-
emitted self-consistently in the mid- and far-IR range (Boquien
et al. 2019). There are other SED fitting methods that utilize
the same principle, such as MAGPHYS (da Cunha et al. 2008),
Le PhARE (Arnouts & Ilbert 2011), and Prospector (Leja et al.
2017). We chose CIGALE over MAGPHYS as the latter does
not include AGN models that are proven to be non-negligible
when fitting HLIRGs (e.g., Farrah et al. 2002, 2017; Symeoni-
dis & Page 2018). However, some recent studies have shown that
the energy balance principle may not properly account for the IR
luminosity of very dusty IR luminous galaxies because dust and
stellar distributions in these galaxies may not be well connected.
For example, Buat et al. (2019) studied a sample of 17 Atacama
Large Millimeter Array (ALMA) and Herschel detected sources
at z ∼ 2, finding that when fitting the stellar continuum with at-
tenuation laws, only one-third to half of the total dust emission
detected by ALMA and Herschel can be recovered. Considering
this potential issue, we also took advantage of CYGNUS, which
is based on radiative transfer models and does not adopt the en-
ergy balance principle. Another advantage is that CYGNUS can
account for a finer grid of parameters of the AGN model, while
CIGALE only provides limited options in the AGN module. The
AGN models in CYGNUS in this method have been proven to fit
extreme IR luminous galaxies successfully in both local (Farrah
et al. 2003; Efstathiou et al. 2014, Efstathiou et al. in prepara-
tion) and high-redshift systems (Farrah et al. 2017; Efstathiou
et al. 2013, 2021).

3.1. The CIGALE code

CIGALE was first written by Burgarella et al. (2005) and then
further developed by Noll et al. (2009). The fitting process is as
follows: stellar population models are built first and then red-
dened by dust. The absorbed energy is re-emitted in the IR band,
in which dust emission due to AGN is added. The best-fit model
is selected by directly comparing model fluxes and input obser-
vational data according to the goodness of fit. The galaxy prop-
erties are not estimated simply from the best-fit model but based

on a Bayesian-like approach to calculate the probability distri-
butions (Noll et al. 2009; Boquien et al. 2019). CIGALE has
been applied successfully in many studies, such as dust atten-
uation (Buat et al. 2012; Salim et al. 2018), the properties of
AGN host galaxies (Ciesla et al. 2015), the IRX-β relationship
in star-forming galaxies (Boquien et al. 2012), star-forming main
sequence (Johnston et al. 2015; Pearson et al. 2018a), SFR esti-
mators (Buat et al. 2014; Boquien et al. 2016), and the global
characteristic of millions of IR detected galaxies in the Her-
schel Extragalactic Legacy Project (HELP Małek et al. 2018).
Recently, the X-CIGALE version was released including the X-
ray domain to fit multi-wavelength data from X-ray to FIR (Yang
et al. 2020), however, we did not use this version of CIGALE in
this study.

We used a delayed-τ (almost linearly increase in SFR with
time, followed by a smooth decrease after t = τ) plus a starburst
star formation history (SFH) and Bruzual & Charlot (2003) sin-
gle stellar populations (SSPs), with a Salpeter initial mass func-
tion (IMF) and solar metallicity. The delayed- τ model is suc-
cessful in modeling both early-type (with small τ) and late-type
(with large τ) galaxies (Boquien et al. 2019). We added a recent
starburst component to model a young star-forming population.
We adopted a double power-law dust attenuation law based on
Charlot & Fall (2000), one power-law for the birth cloud (BC)
and the other for the interstellar medium (ISM). With this recipe,
young stars are attenuated twice: by the surrounding BC dust and
additionally by the dust in the ISM. In terms of dust emission,
we utilized the models present in Draine et al. (2014) as they
take into account a wide range of radiation fields and polycyclic
aromatic hydrocarbon (PAH) emission (Boquien et al. 2019).

In order to investigate the impact of different AGN templates,
we use two sets of AGN templates provided in CIGALE, both
based on theoretical models but assuming different distributions
for the dust in the torus. One is the Fritz et al. (2006, denoted
as the F06 model thereafter) smooth AGN templates assuming a
flared disk (having a simple structure with polar opening) torus
structure and a wide range of grain sizes of graphite and sili-
cate. The SEDs are derived by calculating 2-D radiative trans-
fer equations. The other set is the SKIRTOR clumpy AGN tem-
plates proposed by Stalevski et al. (2012, denoted as the S12
model thereafter), which consider a two-phase model with high-
density clumps and low-density medium filling between clumps
in their 3-D radiative transfer modeling. The smooth model re-
quires that the dust density can only vary continuously within the
torus while the clumpy model suggests that dust is distributed in
clumps. Nenkova et al. (2002, 2008a,b) claimed that a 3D ra-
diative transfer of a clumpy torus model can better reproduce
the observed properties of the silicate feature than that of a
smooth model, while 2D radiative transfer modeling provided
by Dullemond & van Bemmel (2005) disagrees with that claim.
Feltre et al. (2012) performed a thorough comparison between
the smooth models of Fritz et al. (2006) and the clumpy models
of Nenkova et al. (2002, 2008a,b), finding distinct SEDs even
with matched parameters. However, these differences are due to
model assumptions rather than to the issue of whether the dust
distribution is clumpy or smooth. In addition, ambiguities make
it hard to discriminate between these two models. In our work,
we provide CIGALE fitting results using both models. The pa-
rameter space in the two CIGALE runs is listed in Table E.1 in
the appendix.
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3.2. The CYGNUS code

CYGNUS is a collection of libraries of radiative transfer mod-
els combining AGN tapered disks and tori models (the height of
the disk increases as the distance from the center increases but
remains fixed to a constant value in the outer part; Efstathiou
& Rowan-Robinson 1995; Efstathiou et al. 2013, denoted as the
E95 model thereafter), starburst galaxies (Efstathiou et al. 2000;
Efstathiou & Siebenmorgen 2009), and host galaxies (Efstathiou
& Rowan-Robinson 2003; Efstathiou et al. 2021). We also in-
clude another two sets of AGN models in the SED fitting with
CYGNUS: the above-mentioned F06 and S12 AGN models.

These individual models have been used successfully in
various studies of, for instance, star-forming galaxies (Rowan-
Robinson et al. 1997), Seyfert galaxies (Alonso-Herrero et al.
2003), local LIRGs (Herrero-Illana et al. 2017) and ULIRGs
(Farrah et al. 2003), high-z submillimeter detected galaxies (Ef-
stathiou & Rowan-Robinson 2003), radiatively driven outflows
in QSOs (Farrah et al. 2012), high-z HLIRGs (Farrah et al. 2002;
Verma et al. 2002; Farrah et al. 2017), and so on. The starburst
models are a combination of the evolution of giant molecular
clouds as HII regions expand due to ionization, Bruzual & Char-
lot (2003) SSPs, and a detailed radiative transfer that accounts
for the effect of PAH and small grains. CYGNUS models the
starburst component with optically thick radiative transfer mod-
els. The models of Draine et al. (2014) used by CIGALE are
not computed with a radiative transfer code but assume optically
thin emission from the dust as they were designed to model the
emission of the Andromeda galaxy.

The host galaxy models are dominated by emission from
dust with low optical depth and cool (<30 K) temperatures (Ef-
stathiou & Rowan-Robinson 2003). In this work, we model the
host galaxy using libraries of spheroidal models computed at dif-
ferent redshifts as described in Efstathiou et al. (2021).

In Figure 1, we show three AGN models that we use in two
SED fitting methods, normalized at 20 µm. The E95 model en-
compasses a wider range of spectral shapes than the other two
AGN models in the longer wavelength range. Figure A.1 in the
appendix illustrates examples of best-fit SEDs using CIGALE
F06 and CYGNUS F06 models for the same galaxy. We show
example galaxies for which both SED fitting codes can fit well
(∼ 84% in the total sample); as well as where the CIGALE
model fails to provide good fits and CYGNUS can (∼ 8% in
the total sample); or neither provide a good fit (∼ 6% in the total
sample).

4. Results

4.1. Comparisons of galaxy properties from different SED
fitting tools and AGN models

In this section, we compare the galaxy properties derived from
different SED fitting methods and AGN models. In Figures 2,
3, 4, and 5, we only provide comparisons between the CIGALE
run using the S12 model and CYGNUS runs using three AGN
models; this is due to the similarities among the results obtained
in two CIGALE runs. In general, little to no systematic offset ex-
ists in all five fitting estimates between CIGALE and CYGNUS
runs, although they can span a broad range around the one-to-
one line.

The stellar mass estimates agree well among different mod-
els, with the maximum median difference ∼0.1 dex. Differences
arise due, in turn, to the differences in the SED fitting codes as
well as differences in the adopted AGN models. There are some

Fig. 1: Three AGN libraries (Efstathiou & Rowan-Robinson
1995; Fritz et al. 2006; Stalevski et al. 2012) used in our work,
normalized at 20 µm.

sources that have large error bars estimated in the CYGNUS
runs. This is because CIGALE uses a finer grid of parameters
in the stellar populations, while CYGNUS uses denser parame-
ters in AGN templates, resulting in some galaxies having stellar
masses that are not well constrained in CYGNUS.

In the SED fitting codes CIGALE and CYGNUS, there are
several SFR indicators based on different timescales. For ex-
ample, CIGALE provides instantaneous SFR, as well as SFRs
that are averaged over the last 10 Mega years and 100 Mega
years. It is widely accepted to use SFR averaged over the last
100 Mega years (hereafter denoted as SFR100Myr) to represent
a stable star-formation activity. CYGNUS also provides a SFR
that is averaged over burst age of the younger stellar population
(hereafter denoted as SFRburst age).We compare these two SFRs
(i.e., SFR100Myr and SFRburst age) with IR luminosity that is only
due to star formation in Figure B.1 in the appendix, finding that
SFRburst age shows a smaller scatter. This is expected as burst age
is usually less than 100 mega years. Using different SFRs may
influence some of our results. We briefly discuss this influence in
Appendix B. In our main text, to obtain a homogeneous param-
eter when making comparisons between both codes, we adopt
SFRs based on IR luminosity that is only due to star-formation
(i.e., excluding AGN contribution) using the law of Kennicutt
(1998):

S FR(M� yr−1) = 4.5 × 10−44LIR,S F(ergs s−1). (1)

The SFRs do not show significant median offset but they do have
a large 1-σ dispersion between CIGALE and CYGNUS runs.
In general, sources for which CYGNUS predicts a high AGN
fraction tend to have lower SFRs compared to CIGALE while
sources with low AGN fractions in CYGNUS have relatively
higher SFRs compared to CIGALE. Within the CYGNUS runs
with three AGN models, the E95 model shows a longest tail to-
ward low SFR end. We visually inspect the best-fit plots from
all CYGNUS runs and find that the E95 model tends to attribute
more IR luminosity to AGN contribution, which results in less
IR luminosity due to star formation – hence, lower SFRs. This
can also be seen in Figure 1 as the E95 model shows a more sig-
nificant component at longer wavelengths than the F06 and S12
models. This discrepancy between SFRs can influence the sub-
sequent analysis. Based on the currently available data, it is not
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Fig. 2: Comparisons of stellar mass estimates derived using the CIGALE S12 model and the three AGN models in the CYGNUS
runs (in the order of E95, F06, and S12). The histograms corresponding to the difference between the X- and Y-axis values are
inserted in each panel.

Fig. 3: Comparisons of SFR estimates derived using the total IR luminosity, excluding the AGN contribution between the CIGALE
S12 and the three AGN models in the CYGNUS runs. The colors denote AGN fractions derived using the three AGN models in
CYGNUS (left: E95; middle: F06; right: S12) and the sizes denote AGN fractions derived using CIGALE S12. The histograms
corresponding to the difference between the x- and y-axis values are inserted in each panel.

Fig. 4: Comparisons of total IR luminosity estimates derived using the CIGALE S12 and the three AGN models in the CYGNUS
runs.

possible to decide which code produces the more accurate SFR
estimates. We account for all five sets in the following analysis.

Total IR luminosity is the parameter estimated most consis-
tently among the various SED codes and AGN models. This is
expected as our Herschel data points sample the peak of the IR
spectrum, indicating that FIR observations are of vital impor-
tance in studying HLIRGs. We selected a subsample of HLIRGs
with an AGN fraction > 0.1 and reduced χ2 < 5 in SED fitting to
define a clean and safe AGN subsample in Figure 5. The AGN
fraction requirement is due to the fact that AGN luminosity is
only well constrained when AGN fraction has reached a large
enough value. In terms of AGN luminosity, CYGNUS run us-
ing the E95 model predicts slightly higher AGN luminosity than
all the other models. This also explains the larger dispersion of
the long tail in the SFR comparison: similar total IR luminos-

ity but higher AGN luminosity estimates naturally lead to lower
estimates of IR luminosity due to star-formation activity.

The mean difference and 1-σ scatter of estimates in the vari-
ous SED-fitting runs with different AGN models are listed in Ta-
ble 1. In the AGN luminosity subtable, we only include HLIRGs
satisfying AGN fraction > 0.1 and reduced χ2 < 5.

In the following subsections, we analyze the nature of our
HLIRG sample. First we study their stellar masses, investigating
their co-moving volume density at different redshifts and their
contribution to the cosmic stellar mass density. Then we focus
on their star-formation activity, mainly on their location relative
to the star-forming main sequence (MS) and their contribution
to the cosmic SFR density. Next we investigate their AGN activ-
ity by studying the BH growth rate as a function of redshift and
stellar mass. Finally, we concentrate on the relationship between
star-forming activity and BH growth in order to test whether
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Fig. 5: Comparisons of AGN luminosity estimates derived using the CIGALE S12 and the three AGN models in the CYGNUS runs.
Only sources having AGN fraction > 0.1 and reduced χ2 < 5 for both methods participate in this comparison.

Table 1: Median difference and 1-σ scatter between various combinations of models. Each value is calculated by the estimates
derived using the model in the given row divided by the estimates derived from the model in the given column. All are in a
logarithmic scale (in unit of dex).

Stellar mass
CIGALE F06 CIGALE S12 CYGNUS E95 CYGNUS F06 CYGNUS S12

CIGALE F06 -0.0050.090
0.148 0.0710.257

0.256 0.1280.273
0.286 0.0640.247

0.245
CIGALE S12 0.1070.232

0.239 0.1390.290
0.262 0.0970.219

0.246
CYGNUS E95 0.0120.164

0.074 0.0000.074
0.091

CYGNUS F06 -0.0110.066
0.172

SFR
CIGALE F06 -0.0150.038

0.187 -0.0180.529
0.199 -0.0580.159

0.208 -0.0950.128
0.193

CIGALE S12 0.0130.564
0.137 -0.0180.188

0.138 -0.0420.099
0.133

CYGNUS E95 -0.0160.051
0.292 -0.0200.042

0.506
CYGNUS F06 -0.0050.042

0.128
Total IR luminosity

CIGALE F06 CIGALE S12 CYGNUS E95 CYGNUS F06 CYGNUS S12
CIGALE F06 -0.0270.050

0.107 -0.0960.110
0.166 -0.0480.085

0.120 -0.0390.076
0.115

CIGALE S12 -0.0480.097
0.189 -0.0120.096

0.115 0.0040.072
0.108

CYGNUS E95 0.0180.158
0.033 0.0210.165

0.029
CYGNUS F06 0.0040.063

0.037
AGN luminosity

CIGALE F06 CIGALE S12 CYGNUS E95 CYGNUS F06 CYGNUS S12
CIGALE F06 -0.0410.213

0.184 -0.3350.358
0.394 -0.1560.222

0.269 -0.0420.249
0.255

CIGALE S12 -0.3020.281
0.425 -0.1170.203

0.277 -0.0280.184
0.155

CYGNUS E95 0.1690.158
0.209 0.1450.452

0.148
CYGNUS F06 0.0160.351

0.120

the BH-galaxy co-evolution theory still holds for these extreme
sources.

4.2. Stellar mass properties

In Figure 6, we show stellar masses derived from CIGALE run
using the S12 model versus redshift and the marginalized distri-
butions of both parameters. Our HLIRGs reside in a wide red-
shift range, from z ∼ 1 to z ∼ 6. The bulk of the HLIRGs
lies within 2 < z < 4, peaking at z ∼ 2, which coincides with
the peak of the cosmic SFR density (e.g., Madau & Dickinson
2014), but with a significant tail towards higher redshift. Stel-
lar mass estimates are between 1011M� and 1013M�(most mas-
sive galaxy nearby; Carrasco et al. 2010), with a median value
around 1012M�, suggesting that our HLIRGs are a good sam-
ple for studying ultra-massive galaxies in the early Universe. We
also plot the characteristic mass scales as a function of redshift
from past studies of the global stellar mass function. It is clear

that our HLIRGs are typically well above the characteristic mass
scales at all redshifts.

We ran a sanity check to validate the reliability of such ultra-
massive HLIRGs. We first select HLRGs that have good fits,
requiring reduced χ2 < 5 in results derived from all SED fit-
ting codes and AGN models. We apply a quality cut on pho-
tometric redshifts for HLIRGs that have photometric redshifts,
defined as (phot-zmax-phot-zmin)/2/(1+phot-z)<0.15, with phot-
zmax and phot-zmin representing the lower and upper bound of
the primary 80% highest probability density (HPD) credible in-
terval (CI) peak. In addition, we require reduced χ2 < 5 in the
fit from the photometric redshift estimation code. We also ex-
clude HLIRGs that have photometric redshift z > 4 and signif-
icant u band selection (>2-sigma) as they are unlikely to exist
considering intergalactic medium (IGM) absorption. In the end,
we selected a subsample of 93 HLIRGs, with 6 of them hav-
ing spectroscopic redshifts and the remaining 87 having photo-
metric redshifts. Their stellar mass versus redshift distribution
is represented as orange crosses in Figure 6. These HLIRGs,
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with good-quality photo-z estimates and SED fits, span a similar
stellar mass range as the entire sample, with a similar median
value around 1012M�. The comparisons in Figures 2, 3, 4, and
5, along with the following analysis, do not change much either.
We still focus on the entire HLIRG sample in the main text. We
further discuss the robustness of our stellar mass estimates and
show some examples of ultra-massive HLIRGs at high redshifts
in Section C of the appendix.

Another possibility of such ultra-massive (and extremely lu-
minous) HLIRGs is the lensing magnification effect, especially
for galaxies at high redshifts. Magnified fluxes due to gravi-
tational lensing will result in magnified luminosity and stellar
mass. Negrello et al. (2010) found that bright submillimeter
galaxies at z > 1 that have 500 µm flux densities above 100
mJy are strongly lensed. In Wang et al. (2021), we find that only
< 1% of our parent sample have 500 µm flux densities above
80 mJy. In our HLIRG sample, there are only three HLIRGs that
have such high flux densities at 500 µm beyond z > 1. Therefore,
we conclude that our HLIRG sample is not significantly affected
by contamination from lensed normal galaxies.

We investigate the co-moving volume density of our
HLIRGs at different redshifts and compare with global stellar
mass functions in observational studies (González et al. 2011;
Muzzin et al. 2013; Ilbert et al. 2013; Duncan et al. 2014; David-
zon et al. 2017; McLeod et al. 2021) and simulations (Fur-
long et al. 2015). These observational studies are based on UV
(González et al. 2011) or optical-NIR (Muzzin et al. 2013; Ilbert
et al. 2013; Duncan et al. 2014; Davidzon et al. 2017; McLeod
et al. 2021) selections. The Evolution and Assembly of Galax-
ies and their Environment (EAGLE) simulations used in Furlong
et al. (2015) also tuned their sub-grid physics to match the ob-
served stellar mass growth. All these literature mass functions
are converted to the Salpeter IMF that we used in this study.

Figure 7 shows that at the most massive end, the volume den-
sity of our HLIRGs is much higher than what has been reported
in previous studies of global stellar mass functions. And these
high volume densities of ultra-massive HLIRGs still hold when
only considering the subsample with good-quality photo-z es-
timates and SED fits. This implies that the HLIRGs may be a
dominant population in ultra-massive galaxies which have been
largely missed in previous surveys. At 3 < z < 4, observations
and simulations show a large discrepancy at the most massive
end. For example, Muzzin et al. (2013) reported a larger num-
ber density of massive galaxies. We integrate each global stellar
mass functions above 1011M� to study the number density of
massive galaxies at different epochs, and then compare them to
the number density of our HLIRGs with the same mass thresh-
old. As Figure 8 shows, our HLIRGs become more important
in terms of the total number density of massive galaxies as red-
shift increases. A consistent picture can be found in Martis et al.
(2016), in which above z ∼ 2, dusty star-forming galaxies domi-
nate the galaxy population with masses > 1010.3M�. Our sample
demonstrates that dusty star-forming galaxies play an important
role in the study of galaxy assembly in the most massive popu-
lation in the early Universe (see review Casey et al. 2014, and
references therein).

We also study the contribution of our HLIRG sample to the
cosmic stellar mass density. We adopt a widely used 1/Vmax
method (Schmidt 1968) to derive the total mass in each redshift
bin. The co-moving volume Vmax for each source in one cer-
tain redshift bin is calculated by Vmax = Vzmax − Vzmin, where
zmax is the minimum value between the upper boundary of that
redshift bin and the maximum redshift at which the source can
still be included in our study under the flux limit used to build

Fig. 6: Distribution of stellar mass estimates derived using
CIGALE run with the S12 model as a function of redshift. The
histograms show the distribution of both values and black solid
lines indicate the median value of stellar mass estimates and red-
shift. We also add characteristic stellar mass values from various
studies of the global stellar mass functions.

our parent sample (i.e., Herschel 250 µm flux of 35, 40, 45 mJy
for EN1, LH, and Boötes, respectively). We note here that we
only include 388 HLIRGs that are from the unique sample and
66 HLIRGs that are from the multiple sample which means one
Herschel source has more than one counterparts in the LOFAR
catalog. The remaining 72 multiple sources no longer satisfy our
selection criteria because their fluxes fall below the flux cut after
de-blending.

The left panel of Figure 11 shows the evolution of the stel-
lar mass density for our HLIRGs, compared with total galaxy
mass density up to z ∼ 4 in Muzzin et al. (2013) and z ∼ 5 in
McLeod et al. (2021); Davidzon et al. (2017) as well as Labbé
et al. (2010); González et al. (2011) at higher redshifts. All runs
with different models produce similar stellar mass densities as
a function of redshift, which first rises towards high redshift,
then plateaus around z ∼ 3, and slightly declines out to z ∼ 6.
Since cosmic mass density decrease as redshift increases, our
HLIRGs contribute more to the cosmic stellar mass density at
earlier epochs, increasing from < 0.1% at z ∼ 1 to ∼ 4 − 5% at
z ∼ 5 − 6.

One explanation of these ultra-massive HLIRGs we find in
our study is the survey size. Our study is based on three deep
fields that covers a wide area, reaching 26.65 deg2 in total.
The space density of ultra-massive HLIGRs above 1012M� is
6-9 (obtained from CIGALE and CYGNUS runs respectively)
galaxies/deg2. The number reduces to 1-2 galaxies/deg2 if we
consider the good-quality subsample. Previous studies of global
stellar mass function covered much smaller areas: Muzzin et al.
(2013), Ilbert et al. (2013) and Davidzon et al. (2017) selected
their sample from COSMOS filed (2 deg2); Duncan et al. (2014)
studied galaxies in CANDEL/GOODS-S field (170 arcmin2);
McLeod et al. (2021) was based on a raw survey area of 3 deg2.
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Fig. 7: Co-moving volume density of our HLIRGs in different redshift ranges compared with global stellar mass function mea-
surements from the literature based on observations (red, green, yellow, orange, and purple lines as well as black pentagons) or
simulations (black solid line). Error bars combine the Poisson error and the standard deviation among the three deep fields. Empty
markers represent a subsample with good quality in the photo-z estimates and SED fits.

Fig. 8: Number density of ultra-massive galaxies above 1011M�
as a function of redshift range compared with previous results in
the literature. We use the mean value and standard deviation of
number densities derived from the five models. Empty markers
represent a subsample with good quality in the photo-z estimates
and SED fits.

At most a few ultra-massive galaxies above 1012M� can be in-
cluded in such a small area. This demonstrates that a large sur-
vey size is important in building a large sample of ultra-massive
galaxies to benefit the study of galaxy evolution especially at
early epoch.

In summary, our HLIRG sample indicates that potentially
there are many more ultra-massive galaxies that have been
missed in surveys based on UV or optical-NIR data. In addi-
tion, HLIRGs contribute more to the cosmic stellar mass density
towards higher redshifts, from < 0.1% at z ∼ 1 to ∼ 4 − 5% at
z ∼ 5 − 6.

4.3. Star-forming activity

4.3.1. Location on the star-forming main sequence

Many studies have found a tight correlation (∼ 0.3 dex) between
galaxy stellar mass and SFR, which has been dubbed the star-
forming "main sequence" (MS) (Brinchmann et al. 2004; Noeske
et al. 2007; Elbaz et al. 2007). This relation extends to high red-
shifts with general trends showing that at a given stellar mass,
SFR increases with redshift (Daddi et al. 2007b; Rodighiero
et al. 2011; Whitaker et al. 2012; Magdis et al. 2010; González
et al. 2014; Wang et al. 2013; Salmon et al. 2015; Steinhardt
et al. 2014; Pearson et al. 2018b), probably owing to higher gas
fraction (Tacconi et al. 2013). We adopt the Speagle et al. (2014)
correlation which combined 64 MS relations in 25 studies with
redshift ranging from 0 to 6, providing a time-dependent form of
MS, to investigate the locations of HLIRGs with relative to MS
(represented by ∆MS =SFR-SFRMS ).

Figure 9 shows the ∆MS as a function of redshift for
CIGALE run with the S12 model (similar to the F06 model) and
CYGNUS run with the E95 model (similar to the F06 and S12
models). We chose the CIGALE S12 run over the F06 run be-
cause it typically shows a better fitting performance when we
visually inspect the best-fit templates. We chose the CYGNUS
E95 run over the other two runs because it has the largest devi-
ation when comparing CIGALE and CYGNUS (see AGN lumi-
nosity panel in Table 1), which is helpful in demonstrating the
differences when using different fitting methods. The majority
of our HLIRG sample has a positive value of ∆MS , meaning
that most HLIRGs are actively star-forming or in the starburst
regime. Those with large AGN contributions are more likely to
have smaller or negative ∆MS , suggesting they are undergo-
ing suppressed star formation, which is consistent with an AGN
quenching scenario. This trend is more obvious in results from
CYGNUS run with the E95 model as 82% of the HLIRGs ly-
ing below the MS have AGN fractions larger than 0.7. This may
also be affected by the fact that the E95 model assigns more IR
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Fig. 9: Distance to MS as a function of redshift for results from CIGALE run with the S12 model and CYGNUS run with the E95
model, color-coded by AGN fraction estimates. The solid and dashed lines are the location of the MS as determined in Speagle et al.
(2014) and the widely adopted 0.3 dex width of the MS, respectively.

Fig. 10: Median AGN fraction estimates of CIGALE and CYGNUS results as a function of ∆MS in different redshift bins. The
error bars indicate the upper and lower quartile within each ∆MS range. The black and green lines are polynomial fitting combing
the two CIGALE runs and the three CYGNUS runs, respectively.

luminosity to AGN and less to IR luminosity due to star forma-
tion, which results in lower SFRs. However, the other two AGN
models in the CYGNUS runs still show a similar trend, which is
consistent with the AGN quenching scenario. The subsample of
reliable phot-z estimates and SED fits shows a similar picture.

Figure 10 shows the distribution of AGN fraction estimates
in each ∆MS bin at different redshift ranges for all CIGALE and
CYGNUS runs. We also plot the fits for the two CIGALE runs
together and the three CYGNUS runs together, respectively. In
all redshift ranges, both CIGALE and CYGNUS estimates are
consistent with an AGN driven quenching phenomenon, with
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HLIRGs below the MS typically associated with large AGN
fractions and HLIRGs above the MS typically associated with
small AGN fractions. In addition, this trend becomes stronger
towards higher redshifts. According to the best-fit lines, there
may exit a weak rising tail toward the largest ∆MS bin except
the highest redshift range, in which the CIGALE runs lack data
and CYGNUS runs have only < 5 sources. However, we argue
that the weak rising trend in the largest ∆MS bins is not sta-
tistically significant. We also look into the median stellar mass
in each ∆MS bin, finding a decreasing trend as ∆MS bin in-
creases (maximum >1 dex between the first and the last ∆MS
bin). We cannot rule out the possibility that HLIRGs below the
MS are also affected by other factors connected to large stellar
mass, such as exhaust of gas supply or morphological quench-
ing (e.g., Martig et al. 2009). In any case, our results do show
a negative relationship between AGN activity and SFR and this
negative relationship is more prominent towards high redshifts.
These negative trends still hold in the subsample of reliable phot-
z estimates and SED fits, but with a weaker redshift evolution
due to poor statistics.

The connection between AGN activity and star-forming ac-
tivity is still widely debated. There is observational and theoret-
ical evidence that suggest that AGN can suppress the SFR (Di
Matteo et al. 2005; Croton et al. 2006; Sijacki et al. 2007; Cano-
Díaz et al. 2012; Farrah et al. 2012; Page et al. 2012) as well as
evidence to the contrary (Harrison et al. 2012; Bongiorno et al.
2012; Silk 2013). In our study, we find a downward trend be-
tween the AGN fraction and distance to the MS, which may be
consistent with an AGN quenching scenario. However, the main
weakness of our study is that both AGN fractions and SFR esti-
mates are derived from SED fitting to the same multi-wavelength
photometry rather than derived from completely independent ob-
servations.

4.3.2. Contribution to cosmic SFR density

In this subsection, we investigate the contribution of HLIRGs to
the cosmic SFR density. We adopted the same 1/Vmax method as
Section 4.2 and only include 388 and 66 HLIRGs in the unique
sample and the multiple sample, respectively. The right panel of
Figure 11 shows the contribution of our HLIRGs to the cosmic
SFR density in different redshift ranges. We also add the con-
tribution of LIRGs and ULIRGs from Le Floc’h et al. (2005);
Magnelli et al. (2011); Casey et al. (2012). Both Le Floc’h et al.
(2005) and Magnelli et al. (2011) used 24 and 70 µm selected
sources and Casey et al. (2012) used Herschel selected sources.
It is clear that the total SFR density of HLIRGs peaks at z ∼ 2−3,
when the cosmic SFR also reaches its peak, then becomes flat
and slightly drops at z > 5. Similar to the cosmic mass density,
since the cosmic SFR density shows a downward trend after its
peak, the contribution from HLIRGs rises from ∼ 0.5% to ∼ 4%
at z ∼ 5 (using black dashed line in Madau & Dickinson 2014).

In summary, our HLIRG sample agrees with the AGN
quenching scenario as AGN fraction increases with decreas-
ing distance to the star-forming MS. This trend is stronger at
higher redshift. Our sample confirms that toward higher redshift,
HLRGs contributes more to the cosmic SFR density.

4.4. AGN activity

In this subsection, we investigate AGN activity in our HLIRG
sample. We use the AGN bolometric luminosity to derive the
BH growth rate using the following formula (e.g., Mullaney et al.

2012):

ṀBH =
(1 − ε)Lbol

εc2 , (2)

where ε is the efficiency by which the accreting mass is
converted into energy. We adopted the widely used value of
0.1(Soltan 1982), meaning that radiation emitted by AGN comes
from the energy transferred from 10% of its accreting material.
Similar to AGN luminosity comparisons in Section 4.1, we se-
lected HLIRGs with their AGN fraction > 0.1 and we required
reduced χ2 ≤ 5 to build a clean and safe AGN sample.

Figure 12 shows the distribution of BH growth rate as a
function of redshift from CIGALE run with the S12 model and
CYGNUS run with the E95 model. The other three SED fitting
runs (i.e., CIGALE run with F06 model, CYGNUS runs with
F06 and S12 models) produce similar results. All results show an
increasing BH growth rate as redshift increases. This is expected
because our sample is flux-limited. Galaxies at earlier epochs
would be easier to detect if they are experiencing more rapid BH
growth and emit a larger amount of energy that is then absorbed
and re-emitted by dust.

Figure 13 shows the BH growth as a function of galaxy stel-
lar mass in different redshift ranges. The exact values of BH
growth rate vary among different SED runs in each redshift
range, however, neither of the five codes or models show any
clear evolution of BH growth as a function of stellar mass. In
the lowest redshift bin, we also make a comparison with the data
from Mullaney et al. (2012). Mullaney et al. (2012) studied a
sample of SF galaxies at z ∼ 1 and z ∼ 2 and used X-ray stack-
ing to derive average BH growth rate. They found an increasing
trend of BH growth as stellar mass increases in both redshift
bins. Our data probe a more massive range, which may imply
that towards the massive end, the BH growth rate may reach a
limiting value as stellar mass increases.

4.5. SF-AGN co-evolution

In this subsection, we study the correlation (if any) between the
host galaxy SFR and its BH growth rate. We first study the SFR
versus AGN luminosity distribution in different redshift ranges.
Then we investigate the ratio of BH growth rate to SFR as a
function of stellar mass in order to explore whether there exists
any trends. Increasing or decreasing trends would suggest that
as stellar mass increases, the central black holes grow relatively
faster or slower than their host galaxy, which are imcompatible
with the correlation between BH mass and host galaxy stellar
mass for galaxies with different stellar mass. Flat trend supports
that BH grows at a relative stable speed compared to the host
galaxy across all stellar mass range, which brings up the corre-
lation between BH mass and host galaxy mass.

Figure 14 shows the correlation between SFR and AGN lu-
minosity derived using CIGALE S12 and CYGNUS E95 SED
fitting results in different redshift bins. CIGALE S12 estimates
are more flat within each redshift bin, while CYGNUS E95 es-
timates show a large population of HLIRGs that have low SFRs
when AGN luminosities exceed 1013L�, consistent with an AGN
quenching scenario in galaxies hosting most luminous AGNs.
Similarly to Figure 9, this is also due to the fact that this model
tends to attribute more IR luminosity to AGN contribution result-
ing in lower SFR estimates (see Section 4.1). We also included
data from Harrison et al. (2012); Page et al. (2012); Rosario et al.
(2012); Stanley et al. (2015) that demonstrate a field-dependent
trend (i.e., different trends in different fields), as well as a down-
ward trend, upward trend, and flat trend, respectively. These
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Fig. 11: Contribution of our HLIRGs to the cosmic stellar mass density (left panel) and the cosmic SFR density (right panel). In the
right panel, black solid and dashed lines are taken from Hopkins & Beacom (2006) and Madau & Dickinson (2014), respectively.
Squares represent various studies of the global SFR density. Blue and red area and circles are contribution from LIRGs and ULIRGs
respectively, taken from Le Floc’h et al. (2005),Magnelli et al. (2011) (hatched area) and Casey et al. (2012) (circles). All data
points are converted to the Salpeter IMF.

Fig. 12: Distribution of BH growth rate versus redshift for our
HLIRG sample derived from CIGALE run with the S12 model
and CYGNUS run with the E95 model.

studies utilized X-ray detected AGNs that have lower bolomet-
ric AGN luminosities than our HLIRGs. We also add data from
more luminous QSO sample in Stanley et al. (2017) which found
a positive trend. Similarly to Figure 10, some degree of (anti-)
correlation may exist between AGN luminosity and SFR esti-
mates as they are both derived from fitting to the same multi-
wavelength photometry. However, CIGALE and CYGNUS re-
sults show different trends. It is not possible with currently avail-
able data to determine whether it is CIGALE or CYGNUS that is
correct or whether it is neither. We need more data in the longer
wavelength range to differentiate and derive more accurate mea-
surements of the AGN and SF contribution to the far-IR band.

Figure 15 shows the BH growth to SFR ratio as a function of
stellar mass at different redshifts. The CIGALE S12 results show
that the BH growth to SFR ratio is nearly flat across the stellar
mass range, similar to what has been found in Mullaney et al.
(2012) and consistent with the scenario of co-evolution between

AGN and host galaxies. In contrast, Aird et al. (2019) revealed a
positive trend in low-to-moderate mass galaxies. The results de-
rived from CYGNUS E95 results are more scattered, especially
for HLIRGs that have large AGN fractions at higher redshifts.
This is also due to the fact that CYGNUS produces much smaller
SFRs for these sources.

5. Conclusions

In this paper, we present our sample of 526 HLIRGs with red-
shifts 1 < z < 6 in the Boötes, Lockman-Hole, and ELAIS-N1
fields. We adopted two SED fitting methods, CIGALE – based
on energy balance – and CYGNUS – based on radiative transfer
models and no assumption of energy balance. We used two and
three different AGN models in CIGALE and CYGNUS, respec-
tively. We compare their estimates and study the properties of
our HLIRG sample, finding that:

– There is no significant systematic offset between CIGALE
and CYGNUS estimates for the majority of our HLIRGs in
any of the galaxy properties we investigated (stellar mass,
SFRs, IR luminosity, AGN luminosity). SFRs exhibit large
dispersion that leads to different trends in the analyses pre-
sented in this paper.

– Our HLIRGs are ultra-massive, with a median mass of
1012M�. There are potentially many more ultra-massive
galaxies than found in previous studies based on UV or
optical-NIR data and simulations. Our work suggests that as
redshift increases, these HLIRGs contribute more to the cos-
mic stellar mass density.

– There is an anti-correlation between AGN fraction and the
distance to star-forming MS (∆MS) in which high AGN frac-
tions are more likely to be linked to galaxies that lie below
the MS, while low AGN fractions are usually associated with
galaxies that lie above the MS, which is consistent with the
AGN quenching scenario. Similar to stellar mass density,
HLIRGs contributes more to the cosmic SFR density as red-
shift increases.
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Fig. 13: BH growth rate as a function of stellar mass over different redshift ranges. Blue squares are taken from Mullaney et al.
(2012) at z ∼ 2.

– There is a flattening trend of BH growth rate as stellar mass
increases, implying that our HLIRG sample may reach a
maximum value of BH growth rate. Due to the large dis-
persion of SFR estimates between CIGALE and CYGNUS
runs, we observe differences in the relationship between SFR
and AGN luminosity. CIGALE shows a relatively flat trend
at all redshifts while CYGNUS finds that SFR decreases as
AGN luminosity increases, which agrees with AGN quench-
ing. This large dispersion of SFR estimates also causes dif-
ferences in BH growth rate to SFR ratio as a function of stel-
lar mass. CIGALE runs exhibit a relatively flat trend, consis-
tent with the scenario in which BH co-evolves with its host
galaxy, while runs with CYGNUS exhibit a more scattered
distribution. These differences, resulting from the methods
used, may partly explain the contrasting results found in
some of the previous studies.

Our study finds that HLIRGs are ultra-massive, extremely
dusty star-forming, and experiencing very active black hole
accretion. They are essential to improving the understanding
of galaxy evolution in extreme conditions, especially at high
redshifts. In the future, we need more spectroscopic obser-
vations to confirm their redshifts, their hyper luminous and
ultra-massive nature, as well as to study their gas content and
gas kinematics, etc. We also need more photometric data in
the longer wavelength range to better distinguish the contri-
bution from star-formation activity and black hole accretion.
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Fig. 15: BH growth rate to SFR ratio as a function of stellar mass at different redshifts. The sizes indicate the AGN fractions. Black
asterisks are from Mullaney et al. (2012) and black solid lines are their fits. Green line is taken from Aird et al. (2019)
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685, 160
Neugebauer, G., Habing, H. J., van Duinen, R., et al. 1984, ApJ, 278, L1
Noeske, K. G., Weiner, B. J., Faber, S. M., et al. 2007, ApJ, 660, L43
Noll, S., Burgarella, D., Giovannoli, E., et al. 2009, A&A, 507, 1793
Oliver, S. J., Bock, J., Altieri, B., et al. 2012, MNRAS, 424, 1614
Page, M. J., Symeonidis, M., Vieira, J. D., et al. 2012, Nature, 485, 213
Pearson, W. J., Wang, L., Hurley, P. D., et al. 2018a, A&A, 615, A146
Pearson, W. J., Wang, L., Hurley, P. D., et al. 2018b, A&A, 615, A146
Rodighiero, G., Daddi, E., Baronchelli, I., et al. 2011, ApJ, 739, L40
Rosario, D. J., Santini, P., Lutz, D., et al. 2012, A&A, 545, A45
Rowan-Robinson, M. 2000, MNRAS, 316, 885
Rowan-Robinson, M., Broadhurst, T., Lawrence, A., et al. 1991, Nature, 351,

719
Rowan-Robinson, M., Mann, R. G., Oliver, S. J., et al. 1997, MNRAS, 289, 490

Ruiz, A., Risaliti, G., Nardini, E., Panessa, F., & Carrera, F. J. 2013, A&A, 549,
A125

Sabater, J., Best, P. N., Tasse, C., et al. 2021, A&A, 648, A2
Salim, S., Boquien, M., & Lee, J. C. 2018, ApJ, 859, 11
Salmon, B., Papovich, C., Finkelstein, S. L., et al. 2015, ApJ, 799, 183
Salpeter, E. E. 1955, ApJ, 121, 161
Sanders, D. B. & Mirabel, I. F. 1996, ARA&A, 34, 749
Schmidt, M. 1968, ApJ, 151, 393
Schreiber, C., Glazebrook, K., Nanayakkara, T., et al. 2018, A&A, 618, A85
Schreiber, C., Pannella, M., Elbaz, D., et al. 2015, A&A, 575, A74
Sijacki, D., Springel, V., Di Matteo, T., & Hernquist, L. 2007, MNRAS, 380, 877
Silk, J. 2013, ApJ, 772, 112
Smith, D. J. B., Haskell, P., Gürkan, G., et al. 2021, A&A, 648, A6
Soifer, B. T., Neugebauer, G., Matthews, K., Lawrence, C., & Mazzarella, J.

1992, ApJ, 399, L55
Soifer, B. T., Sanders, D. B., Madore, B. F., et al. 1987, ApJ, 320, 238
Solomon, P. M., Downes, D., & Radford, S. J. E. 1992, ApJ, 398, L29
Soltan, A. 1982, MNRAS, 200, 115
Speagle, J. S., Steinhardt, C. L., Capak, P. L., & Silverman, J. D. 2014, ApJS,

214, 15
Spitler, L. R., Straatman, C. M. S., Labbé, I., et al. 2014, ApJ, 787, L36
Stalevski, M., Fritz, J., Baes, M., Nakos, T., & Popović, L. Č. 2012, MNRAS,
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Appendix A: Examples of best-fit SEDs

Figure A.1 illustrates some examples of the best-fit SEDs from
CIGALE F06 and CYGNUS F06 runs for the same galaxy. There
are galaxies that both CYGNUS F06 and CIGALE F06 runs can
fit well, CYGNUS F06 run provides good fits while CIGALE
F06 run gives relatively poor fits and neither can fit well.

Appendix B: SFR on different timescales

In Figure B.1, we compare SFR100Myr and SFRburst age to IR
luminosity due to star formation (LS F) and SFR derived from
LS F (denoted as solid lines). We find the correlation between
SFRburst age and LS F is tighter which is expected since burst age
is usually shorter than 100 mega years, leading to less deviation
from what the LS F indicates. Some of AGN dominated sources
in CIGALE F06 run are more likely to occupy a bit above the
solid lines (i.e., higher than LS F derived SFR). In CYGNUS
E95 run, SFR100Myr is systematically lower than SFR derived
from LS F while SFRburst age is scattered around the solid liness.
Using SFR averaged over both timescales will bring contrast-
ing results in Figure 9 in which high-redshift AGN-dominated
sources in CIGALE will mainly reside in an area above the MS,
while in CYGNUS they predominantly occupy the area below
the MS. This suggests that besides the different methodology
adopted, using different SFR indicators may also result in dif-
ferences among observed trends.

Appendix C: Robustness of the stellar mass
estimates

Another possibility related to some of the ultra-massive galax-
ies could be due to incorrect photometric redshifts. We select
292 HLIRGs that have a secondary peak above 80% highest
probability density credible interval peak and run CIGALE with
F06 model again. They have poorer fitting results compared to
primary peak. The left panel of Figure C.2 shows the compar-
ison between stellar mass estimates under the primary phot-z
and secondary phot-z. 32 % (68%) of these HLIRGs have larger
(smaller) stellar mass estimates under secondary phot-z com-
pared to stellar mass estimates under primary phot-z respec-
tively. There is a 0.28 dex systematic offset and a 0.33 median
absolute deviation (MAD) between the two estimates. There are
extreme cases in which the stellar mass estimates using sec-
ondary phot-z are two magnitudes above or below the stellar
mass estimates using primary phot-z. We can see a long tail to-
wards low mass end in estimates under secondary phot-z. How-
ever, there are still 37% of HLIRGs have stellar mass estimates
above 1012M� under secondary phot-z, compared to 51% under
the primary pho-z.

Previous studies of global stellar mass function have
used multi-wavelength data that are typically shorter than
Spitzer/MIPS 24 µm. For example, Ilbert et al. (2013) included
Spitzer/IRAC data that only covered ∼ 0.1 deg2 in the center
of COSMOS field, Duncan et al. (2014) utilized IRAC 3.6 and
4.5 µm images which only covered rest-frame 0.9 µm at z ∼ 4.
We ran another CIGALE fitting with F06 model using data that
only include optical/NIR photometry (excluding bands longer
than IRAC) and compare the stellar mass estimates with that de-
rived using multi-wavelength photometry up to IRAC and MIPS
24 µm respectively. As the middle and right panels of Figure C.2
show, the stellar mass estimates using only optical/NIR data are
systematically lower than that derived using multi-wavelength
photometry up to IRAC and MIPS 24 µm, with a median value

of 0.29 and 0.31 dex respectively. In addition, they have larger
errorbars (median value of 0.2 dex compared with 0.09 and 0.08
dex respectively), which means they are relatively less well con-
strained well.

In Figure C.1, we show three examples of HLIRGs that have
good quality of phot-z and SED fits. They are all above z > 5 and
ultra-massive with stellar masses above 1012M� in all CIGALE
and CYGNUS runs.

Appendix D: Examples of HLIRG data products

In this section, we list six examples (two in each field) of our
HLIRGs. In each sample, we include the positions, redshifts,
and sources of redshift. The SED fitting results (i.e., stellar
mass, SFR, IR luminosity, AGN luminosity, AGN fraction, and
the goodness of fit) are following the order of CIGALE F06,
CIGALE S12, CYGNUS E95, CYGNUS F06, CYGNUS S12.
The full data products will be available online.
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Fig. A.1: Examples of the best-fit SEDs from CIGALE F06 (first row) and CYGNUS F06 (second row) runs for the same galaxy.
First column: Both CIGALE F06 and CYGNUS F06 runs provide good fits. Second column: CIGALE F06 run cannot fit in the FIR
band while CYGNUS F06 run gives a good fit. Third column: Both CIGALE F06 and CYNUS F06 runs fail to provide a good fit.
Arrows in CYGNUS are flux + 3×error bar when the detection is of low significance (<3 σ).

Appendix E: Parameters in SED fitting

In this section, we list the parameter space in CIGALE (Table
E.1) and CYGNUS (Table E.2), respectively.
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Fig. B.1: Comparisons of SFR on different timescales for CIGALE F06 (upper panel) and CYGNUS E95 (bottom panel) runs
respectively. Left: SFR averaged over 100 mega years compared with IR luminosity due to star formation (denoted as LS F), color-
coded by the AGN fraction. The solid lines indicate the LS F derived SFR. Right: SFR averaged over burst age compared with
LS F .

Fig. C.1: Three examples of HLIRGs that have good quality of phot-z and SED fits in CYGNUS E95 run.
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Fig. C.2: Comparisons of different stellar mass estimates using different redshift or photometric data. Left: Stellar mass estimate
comparison using the primary phot-z and secondary phot-z. Middle: Stellar mass estimate comparison using optical/NIR data only
and multi-wavelength photometry up to IRAC. Right: Stellar mass estimate comparison using optical/NIR data only and multi-
wavelength photometry up to MIPS.
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Table E.1: Parameter space in CIGALE

model parameter values
SFH e-folding time of the main population 500, 1500, 3500, 5500 Myrs

delayed τ+starburst age the main population 500, 1000,1700, 2300, 3500 Myrs
e-folding time of the late starburst population 10000 Myrs

age of the late starburst population 30,80,120 Myrs
mass fraction of the late starburst population 0.0,0.05, 0.1, 0.2, 0.25, 0.3

SSP IMF Salpeter
Bruzual & Charlot (2003) metallicity solar

dust attenuation V-band attenuation in the birth clouds 0, 0.1, 0.4, 0.7, 1.1, 1.5, 1.9, 2.5, 3, 3.5
double power-law power-law slope of the attenuation in the birth clouds -0.7

AvIS M/ AvBC 0.8
power-law slope of the attenuation in the ISM -0.7

dust emission Mass fraction of PAH 1.12
Draine et al. (2014) minimum radiation field 5,15,40

power-law slope α in dM/dU ∝ Uα 2
AGN templates Full opening angle of the dust torus 100◦

Fritz et al. (2006) viewing angle 10,30,40,60,70,90◦
AGN fraction 0.0,0.1, 0.2, 0.3, 0.45, 0.6, 0.75, 0.9, 0.99

AGN templates average edge-on optical depth at 9.7 micron 7, 11
SKITOR half opening angle 40 ◦

viewing angle 10, 30, 40, 60, 70, 90 ◦
AGN fraction 0.0,0.1, 0.2, 0.3, 0.45, 0.6, 0.75, 0.9, 0.99
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Table E.2: Parameters of the models used in this paper, symbol used, their assumed ranges and summary of other information about
the models. The Fritz et al. (2006) model assumes two additional parameters that define the density distribution in the radial direction
(β) and azimuthal direction (γ). In this paper we assume β = 0 and γ = 4. The SKIRTOR model (Stalevski et al. 2012) assumes
two additional parameters that define the density distribution in the radial direction (p) and azimuthal direction (q). In this paper we
assume p = 1 and q = 1. In addition, the SKIRTOR library we used assumes the fraction of mass inside clumps is 97%. There are
4 additional scaling parameters for the starburst, spheroidal, AGN and polar dust models, fS B, fs, fAGN and fp, respectively.

Parameter Symbol Range Comments

CYGNUS Starburst

Initial optical depth of giant molecular clouds τV 50-250 Bruzual A. & Charlot (1993); Bruzual & Charlot (2003)
Starburst star formation rate e-folding time τ∗ 10-30Myr Efstathiou et al. (2000), Efstathiou & Siebenmorgen (2009)
Starburst age t∗ 5-35Myr metallicity=solar

CYGNUS Spheroidal Host

Spheroidal star formation rate e-folding time τs 0.125-8Gyr Bruzual A. & Charlot (1993); Bruzual & Charlot (2003)
Starlight intensity ψs 1-17 Efstathiou & Rowan-Robinson (2003), Efstathiou et al. (2021)
Optical depth τs

v 0.1-15 metallicity=40% of solar

CYGNUS AGN torus

Torus equatorial UV optical depth τUV 250-1450 Smooth Tapered disks
Torus ratio of outer to inner radius r2/r1 20-100 Efstathiou & Rowan-Robinson (1995), Efstathiou et al. (2013)
Torus half-opening angle θo 30-75◦ Standard galactic dust mixture
Torus inclination θi 0-90◦

Fritz AGN torus

Torus equatorial optical depth at 9.7µm 0.1-10 Smooth Flared disks
Torus ratio of outer to inner radius 10-30 Fritz et al. (2006)
Torus half-opening angle 20-70◦ Standard galactic dust mixture
Torus inclination 0-90◦

SKIRTOR AGN torus

Torus equatorial optical depth at 9.7µm 3-11 Two-phase flared disks
Torus ratio of outer to inner radius 10-30 Stalevski et al. (2012), Stalevski et al. (2016)
Torus half-opening angle 20-70◦ Standard galactic dust mixture
Torus inclination 0-90◦
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