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ABSTRACT

Context. In the last decade several massive molecular gas reservoirs were found <100 kpc distance from active galactic nuclei (AGNs),
residing in gas-rich companion galaxies. The study of AGN–gas-rich companion systems opens the opportunity to determine whether
the stellar mass of massive local galaxies was formed in their host after a merger event or outside of their host galaxy in a close
starbursting companion and later incorporated via mergers.
Aims. Our aim is to study the quasar–companion galaxy system of SMM J04135+10277 (z = 2.84) and investigate the expected
frequency of quasar−starburst galaxy pairs at high redshift using a cosmological galaxy formation model.
Methods. We use archive data and new APEX ArTeMiS data to construct and model the spectral energy distribution of
SMM J04135+10277 in order to determine its properties. We also carry out a comprehensive analysis of the cosmological galaxy
formation model galformwith the aim of characterising how typical the system of SMM J04135+10277 is and whether quasar−star-
forming galaxy pairs may constitute an important stage in galaxy evolution. Finally, we compare our results to observations found in
the literature at both large and small scales (1 Mpc–100 kpc).
Results. The companion galaxy of SMM J04135+10277 is a heavily dust-obscured starburst galaxy with a median star formation
rate (SFR) of 700 M� yr−1, median dust mass of 5.1 × 109 M� and median dust luminosity of 9.3 × 1012 L�. Our simulations,
performed at z = 2.8, suggest that SMM J04135+10277 is not unique. In fact, at a distance of <100 kpc, 22% of our simulated quasar
sample have at least one companion galaxy of a stellar mass >108 M�, and 0.3% have at least one highly star-forming companion
(SFR > 100 M� yr−1).
Conclusions. Our results suggest that quasar–gas-rich companion galaxy systems are common phenomena in the early Universe and
the high incidence of companions makes the study of such systems crucial to understand the growth and hierarchical build-up of
galaxies and black holes.

Key words. quasars: individual: SMM J04135+10277 – galaxies: active – galaxies: high-redshift – galaxies: starburst –
galaxies: evolution – submillimeter: galaxies

1. Introduction

One of the many fascinating questions of astronomy is how
galaxies evolve and grow and in particular how local, mas-
sive galaxies formed. According to the correlation found bet-
ween the central super-massive black hole (SMBH) mass and
bulge mass or velocity dispersion of the bulge, the SMBH
and its host galaxy evolve together (e.g. Magorrian et al.
1998; Gebhardt et al. 2000; Merritt & Ferrarese 2001; Tremaine
et al. 2002; McConnell & Ma 2003; Häring & Rix 2004;
McConnell & Ma 2013). The exact origin of the MBH−Mbulge or
MBH−σ is not completely understood but it has its root in the fu-
elling and termination of star formation and black hole accretion.

The stellar mass of galaxies can grow either by quiescent
star formation through gas accretion onto the galaxies or by
starburst mode, where the star formation is likely triggered by

interactions and mergers of gas-rich systems (e.g. Daddi et al.
2010; Genzel et al. 2010; Rodighiero et al. 2011). Considering
the merger scenario, it is possible that in a fraction of local, mas-
sive galaxies part of their stellar mass was formed outside of
their host galaxy in a close starburst companion galaxy and was
later incorporated via mergers.

The study of high-redshift quasars and radio galaxies
is essential to understand the formation and evolution of
galaxies, since their SMBH undergoes a rapid growth (e.g.
Alexander & Hickox 2012, and references therein). Moreover,
one-third of optically selected quasars show signs of intense
star formation through the presence of cold dust (Carilli et al.
2001; Omont et al. 2001) and several high-redshift radio galax-
ies have luminous CO emission regions (e.g. Papadopoulos et al.
2000; De Breuck et al. 2005; Klamer et al. 2005; Gullberg et al.
2016). In some of these sources high-resolution observations
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revealed that the molecular gas reservoirs were associated with
close companion galaxies and not with the host galaxies of
the active galactic nuclei (AGNs). For instance, the quasar BR
1202-0725 (z = 4.7) has a gas-rich companion galaxy at 25 kpc
distance (Carilli et al. 2002; Salomé et al. 2012; Carniani et al.
2013), while the high-z radio galaxy (HzRG) B3 J2330+3927
(z = 3.09) has potentially two gas-rich companions at a distance
of 30 kpc (Ivison et al. 2012).

Another interesting source, and the subject of this pa-
per, is SMM J04135+10277 (z = 2.837), which is a sub-
millimetre bright type 1 quasar discovered by Knudsen et al.
(2003) with the Submillimetre Common-User Bolometer Ar-
ray (SCUBA) mounted on the James Clerk Maxwell Telescope
(JCMT). The quasar is gravitationally magnified by the fore-
ground galaxy cluster A478 with a gravitational magnification
factor of 1.3 (Knudsen et al. 2003). CO(3−2) and CO(1−0) ob-
servations showed that this galaxy has one of the most massive
molecular gas reservoirs seen in the high-z Universe (MH2 ∼

1011 M�, L′CO(1−0) = 1.84 × 1011 K km s−1 pc2; Hainline et al.
2004; Riechers et al. 2011). Moreover, the Spitzer Space Tele-
scope detected significant PAH emission, corresponding to a star
formation rate (SFR) of 1680 M� yr−1 (Lutz et al. 2008).

However, recent high-resolution observations using the
Combined Array for Research in Millimeter-wave Astronomy
(CARMA) interferometer revealed that the CO(3−2) emission is
not centred on the quasar itself but on an optically undetected
galaxy 5.2′′ (41.5 kpc) away from the quasar position (Riechers
2013). The molecular gas emission region is distributed over
1.7′′ (13 kpc) along its major axis but remains unresolved down
to 1.2′′ on its minor axis. While the submm continuum emission
is unresolved in the 15′′ beam of SCUBA, based on the CO(3−2)
detection it is most likely coming from the gas-rich companion
galaxy as well. It has been suggested that this system could rep-
resent an early stage of a wet-dry merger event, given the sep-
aration between the quasar and its companion galaxy and the
molecular gas distribution (Riechers 2013).

In this paper, we study the companion galaxy of the quasar
SMM J04135+10277 by constructing and modelling its spec-
tral energy distribution (SED). In addition to the observational
data, we carried out galaxy formation simulations to investigate
the expected frequency of such quasar–gas-rich galaxy pairs. In
Sect. 2 we present our observations and the archive data we used.
In Sect. 3 we present our observational results and the SED mod-
elling of the companion galaxy. In Sect. 4 we describe the details
and results of the galaxy formation simulations. In Sect. 5 we
discuss the observational and simulational findings and compare
them to other studies found in the literature. In Sect. 6 we present
our conclusions.

Throughout this paper we adopt WMAP7 cosmology with
H0 = 70.4 km s−1 Mpc−1, Ωm = 0.272 and ΩΛ = 0.728
(Komatsu et al. 2011).

2. Observation and data reduction

2.1. APEX ArTeMiS data

The Atacama Pathfinder EXperiment (APEX) ArTeMiS1 obser-
vation of SMM J04135+10277 was obtained during four nights
between 25 September and 5 October 2014. ArTeMiS is an ESO
PI bolometer camera operating in the submm range (200, 350,
450 µm) on APEX. The camera consists of Si:P:B bolometeres

1 Architectures de bolomètres pour des Télescopes à grand champ de
vue dans le domaine sub-Millimétrique au Sol.

arranged in 16× 18 sub-arrays (Revéret et al. 2014). The total
observing time at 350 µm was 14.3 h in spiral raster mapping
mode. The source was observed under good weather condi-
tions with precipitable water vapour between 0.3−0.5 mm. The
resulting images have an angular resolution of 8′′. The data
were reduced using the ArTeMiS data reduction package for
IDL provided by the ArTeMis team following the same method
as André et al. (2008). The data reduction includes: reduction
of skydip observations to obtain opacity information for each
scan; extinction correction, median baseline subtraction, corre-
lated median noise subtraction, unit conversion (Jy/beam), and
map building for each scan; and a combination of reduced scans.
HLTau was observed as flux calibrator, and the uncertainty of
flux calibration is ∼25%.

2.2. Optical and infrared archive data

2.2.1. Optical data

Part of the optical data was obtained from the Hubble Legacy
Archive2 (HLA), including pipeline processed, calibrated, com-
bined Wide-Field Planetary Camera 2 (WFPC2; Trauger et al.
1994) F555W, F606W and F814W images (project ID:7337, PI:
A. C. Fabian; Project ID:8301, PI: A. Edge). These HLA pro-
cessed images are astrometrically corrected by matching point
sources to the 2 Micron All Sky Survey (2MASS) catalogue.
The typical astrometric accuracy of the HLA-produced images
is ∼0.3′′ in each coordinate. The absolute photometry is good
within 0.03 mag according to the HLA website.

Additionally, we used the Canada France Hawaii Tele-
scope3 (CFHT) MegaPipe processed MegaPrime/MegaCam g-
and r-band data. The MegaPipe processed images have astro-
metric accuracy of 0.15′′ relative to external reference frames
and 0.04′′ internally. The photometric calibration of MegaPipe
images is good within 0.03 mag (Gwyn 2008). We combined the
available g- and r-band data in IRAF using the imcombine task.

The companion galaxy is not detected in any of the optical
images, only the quasar, thus we measured the noise around the
position of the companion galaxy and calculated 5σ upper lim-
its. We applied Galactic extinction correction to the optical data
(AV = 1.44 mag; Schlafly & Finkbeiner 2011). The resulting
flux densities are given in Table 1.

2.2.2. Infrared data

The mid-infared part of the SED is covered by Spitzer In-
frared Array Camera (IRAC; Fazio et al. 2004) Basic Cali-
brated Data (BCD) and post-BCD at 3.6−8.0 µm (project ID:
3720, PI: J. Huang) and Multiband Imaging Photometer for
Spitzer (MIPS; Rieke et al. 2004) BCD at 24 µm (project ID:
SMMJ0413/20631, PI: K. Knudsen). The far-infrared (FIR) data
were obtained from JCMT SCUBA 450 µm and 850 µm obser-
vations (Knudsen et al. 2003).

The pointing accuracy of the IRAC images is better than
0.5′′, while the MIPS 24 µm channel has an absolute pointing
accuracy of 1.4′′. The uncertainty of the flux calibration is better
than 10% for all the IRAC channels and for the MIPS 24 µm
band. In case of the 5.8 µm and 8.0 µm IRAC channels and
the MIPS 24 µm data we used the MOsaicker and Point source

2 http://hla.stsci.edu
3 http://www.cadc-ccda.hia-iha.nrc-cnrc.gc.ca/en/
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Table 1. Photometry results of SMM J04135+10277.

Observing band S Companion
a [µJy]

MegaPrime g <0.05
WFPC2 F555W <0.06
WFPC2 F606W <0.07
MegaPrime r <0.06
WFPC2 F814W <0.06
IRAC 3.5 µm 31.7± 3.2
IRAC 4.5 µm 44.1± 4.4
IRAC 5.8 µm 54.2± 5.7
IRAC 8.0 µm 80.1± 8.4
MIPS 24 µm <356
ArTeMiS 350 µm <100 mJy
SCUBA 450 µmb 55 mJy± 17 mJy
SCUBA 850 µmb 25 mJy± 2.8 mJy

Notes. The fluxes are not corrected for gravitational lensing magnifi-
cation. (a) In case of non-detection 5σ upper limit is shown. (b) From
Knudsen et al. (2003).

EXtractor package (MOPEX; Makovoz & Marleau 2005)4 to re-
duce and combine the BCD images.

We calculated the fluxes by aperture photometry with an
aperture of 2.4′′ for each IRAC channel and applied aperture cor-
rection according to the IRAC Instrument Handbook5. The As-
tronomical Point source EXtractor (APEX) module of MOPEX
was used to fit the point response function of the source and
measure the flux density for the MIPS 24 µm band.

The resulting flux densities are listed in Table 1. The flux
uncertainties include the statistical errors and the flux calibration
errors, added together in quadrature.

3. Results and analysis

3.1. Photometry results

The final ArTeMiS 350 µm map has an rms of 20 mJy after
Gaussian smoothing (Fig. 1). Even though there is a marginal
detection at the position of SMM J04135+10277, we treat it as a
non-detection given the increased rms around the source and we
calculate a 5σ upper limit.

The companion galaxy is only detected in the IRAC bands,
and for the optical bands we calculated 5σ upper limits. The non-
detection of the companion galaxy in the optical bands indicates
high visual extinction presented in the galaxy (AV ).

As the resolution of MIPS at 24 µm is 6′′ and the emission
is blended over the position of the quasar and the companion
galaxy, both of these sources might have contribution to the total
24 µm emission. Based on the flux ratio of the quasar and the
companion galaxy in the IRAC channel 3 and 4, which is 0.38
and 0.23, respectively, the estimated flux density of the compan-
ion galaxy is up to 25% of the total 24 µm emission, which gives
an upper limit of 356 µJy.

The CARMA detected huge molecular gas reservoir as-
sociated with the companion galaxy and the empirical rela-
tionship between LFIR–L′CO(1−0) for high-z, star-forming galax-
ies (Carilli & Walter 2013) indicates that the companion galaxy

4 Publicly available at http://irsa.ipac.caltech.edu/data/
SPITZER/docs/dataanalysistools/tools/mopex/
5 http://irsa.ipac.caltech.edu/data/SPITZER/docs/irac/
iracinstrumenthandbook/
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Fig. 1. ArTeMiS 350 µm contour map of SMM J04135+10277 over-
layed on the Spitzer IRAC 4.5 µm image in the case of Gaussian
smoothing with a kernel radius of 5 pixels. The blue and magenta circles
denote the quasar and its companion galaxy, respectively. The contour
levels are at 30, 35, and 40 mJy. The 8′′ beam size is indicated in the
bottom right corner.

must be very bright at FIR wavelengths (LFIR ∼ 1013 L�). There-
fore in case of the SCUBA 450 µm and 850 µm bands we make
the assumption that all the continuum emission is coming from
the companion galaxy, rather than the host galaxy of the quasar.

3.2. Spectral energy distribution modelling

To model the SED of the companion galaxy we used the mag-
phys code with high-z extensions (da Cunha et al. 2008, 2015)6.
The magphys code has the advantage of simultaneously fit-
ting the ultraviolet-to-mm SED of galaxies. The magphys code
models the star formation history, which is parameterised as a
continuous delayed exponential function; the dust attenuation,
using the two-component model of Charlot & Fall (2000); and
the metallicity of galaxies, and this code combines the stellar
emission with the dust emission using an energy balance tech-
nique. A Bayesian method is used to compare the SED models
with the observed SED of the galaxies. Although the fits are per-
formed excluding the optical upper limits, these are consistent
with the best fits we obtain (Fig. 2).

In Table 2 we summarise the median and 16th and 84th per-
centile ranges of the fitted parameters. Based on the magphys
fit the median visual extinction is high in the companion galaxy
(AV = 2.8 mag). The predicted median stellar mass and SFR of
the companion galaxy is M∗ = 7.4 × 1011 M� and 700 M� yr−1,
respectively. The median dust mass of the galaxy is 5.1×109 M�
with an averaged, luminosity-weighted dust temperature of 34 K
and dust luminosity of 9.3 × 1012 L�. As the non-detection in
the optical bands and the presence of a massive molecular gas
reservoir suggested, the SED modelling showed that the com-
panion galaxy of SMM J04135+10277 is a highly dust-obscured
starburst galaxy, reminiscent of submillimetre galaxies (SMGs).
Compared to the ALESS SMGs (da Cunha et al. 2015), the esti-
mated dust mass of 5.1×109 M� is an order of magnitude higher,
while the dust luminosity is higher by a factor of 2. The esti-
mated dust temperature of 34 K is consistent within uncertainties

6 Publicly available at http://www.iap.fr/magphys
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Fig. 2. Spectral energy distribution of the companion galaxy. The blue
curve indicates the dust attenuated magphys model of the SED.

Table 2. Results of the SED modelling.

magphys modela

log(M∗/M�) 11.87+0.18
−0.22

SFR [M�/yr] 700+405
−315

log(Mdust/M�) 9.71+0.15
−0.17

log(Ldust/L�) 12.97+0.16
−0.15

Tdust/K 34+9
−5

AV [mag] 2.8+0.4
−0.5

Notes. The fitted parameters are corrected for gravitational lensing
magnification (µL = 1.3; Knudsen et al. 2003). (a) The lower and upper
limits of the median values are given by the 16th and 84th percentile of
the likelihood distribution.

with the median dust temperature of the highest AV galaxies in
the ALMA survey (Tdust = 42 ± 2 K; AV > 1.9 mag). Although
the stellar mass is very high, it is not completely unexpected be-
cause of the very large molecular gas reservoir (MH2 ∼ 1011 M�,
Hainline et al. 2004; Riechers et al. 2011).

However, since the resolution of SCUBA does not allow us
to pinpoint the exact origin of the submm emission, the host
galaxy of the quasar could have some contribution to the 850 µm
emission. This means that the submm flux of the companion
galaxy could be lower than what we assumed in our SED mod-
elling, which in turn can influence the estimated properties of
the companion galaxy. Future ALMA observations of SMM
J04135+10277 will be able to resolve this system and put bet-
ter constrain on its properties.

4. How common is the case of SMM J04135+10277
at high redshift?

With the aim of investigating the expected frequency of
quasar−star-forming galaxy pairs in a cosmological set-up, we
use galform, which is a cosmological semi-analytic galaxy for-
mation model (Cole et al. 2000). Since there are only a small

number of known quasar−star-forming galaxy pairs, these simu-
lations are essential to determine the expected frequency of such
systems and their role in the evolution of galaxies. Moreover,
the system of SMM J04135+10277 has been proposed to rep-
resent an early stage of a wet-dry merger event in which the
host galaxy of the quasar is gas-poor or has significantly lower
gas mass than the companion galaxy (Riechers 2013); this is a
unique feature among the known high-redshift AGN–companion
galaxy systems. In the absence of high-resolution FIR surveys
of high-redshift quasars, the only way to test the occurrence fre-
quency of this system is to use numerical simulations.

4.1. Simulation description

galform uses analytic, physically motivated equations to fol-
low the evolution of baryonic component and generate merger
trees to trace the hierarchical structure formation governed
by gravitational instability (Baugh 2006; Benson 2010). For
this study we use the model described in Gonzalez-Perez et al.
(2014), which was developed using merger trees from the MS-
W7 simulation (Jiang et al. 2014; Lacey et al. 2016), which has
a volume of (500 Mpc h−1)3 and assumes the WMAP7 cosmol-
ogy (Komatsu et al. 2011). The detailed description of the model
can be found in Gonzalez-Perez et al. (2014) and Lagos et al.
(2014a). Below we provide a brief explanation of the physical
processes that are key to our investigation here.

Star formation. galform adopts a star formation law for the
disks of galaxies that relates the molecular gas surface density
with the SFR surface density using a constant molecular gas de-
pletion time, while during starbursts gas is converted into stars
on a timescale that is proportional to the dynamical timescale
of the bulge (model is described in detail in Lagos et al. 2011b;
and Lagos et al. 2011a). Thus, galform explicitely follows the
partition of the gas into its atomic and molecular phases in both
galaxy components, disk and bulge.

Black hole growth and AGN feedback. The galform model
includes a sophisticated model of AGN feedback, black hole
growth, and spin development; this model is described in de-
tail in Fanidakis et al. (2011, 2012). In short black holes (BHs)
release energy through accretion of gas, making them visible as
AGNs, and producing feedback. In galform, SMBHs grow in
three ways: (i) accretion of gas during starbursts triggered by
galaxy mergers or disk instabilities (starburst mode); (ii) accre-
tion of gas from the hot halo (hot halo mode); and (iii) BH-BH
mergers. The mass accreted onto the BH in a starburst is assumed
to be a constant fraction of the mass formed into stars, where the
corresponding fraction is an adjustable parameter. The same pro-
cesses that grow the mass of BHs can also change its spin. The
radiative efficiency and the capability of a BH to launch rela-
tivistic jets are a function of the BH spin, mass, and accretion
rate. Based on the latter model we calculate the optical and radio
luminosity of all AGN in galform.

Satellite orbits and dynamical friction. When galaxies become
satellites (i.e. cross the virial radius of a more massive galaxy
halo), their orbits are tagged to that of the sub-halos that host
them, until the sub-halo gets stripped. This usually happens
when the sub-halo is close to the centre of the host halo. Once
the sub-halos cannot be tracked anymore, we assume the orbits
of the satellite galaxies gradually decay towards the centre owing
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Fig. 3. Top panels: SFR-M? plane at z = 2.8
for the Gonzalez-Perez14 model. Both panels
show as coloured contours the number densi-
ties of quasars with luminosities in the Bj band
>1044.5 erg s−1 (left panel) and of all galaxies
in the model (right panel). Number densities
correspond to the number per volume, per unit
logM? and logSFR (as indicated by the colour
bar). The dashed black line indicates the main
sequence of star-forming galaxies at a redshift
2 < z < 2.5 (Tacconi et al. 2013). In addition,
we show in the right panel as black contours
the number density of all galaxies with SFR >
100 M� yr−1 that are at <250 kpc physical dis-
tance of a bright quasar (LBj > 1044.5 erg s−1).
Solid and dashed contours show the num-
ber densities of 10−5.9 and 10−5 Mpc−3 h3 dex−2.
These number densities are equivalent to ≈2
and ≈16 galaxies in the simulated volume, re-
spectively. This figure shows that the subset
of highly star-forming galaxies living nearby
bright quasars are about a tenth of all the
highly star-forming galaxies. In the right panel
we show two examples of quasar–companion
galaxy pairs indicated by empty (quasar) and
filled (companion) squares. These pairs are very
similar to SMM J04135+10277, they have an
integrated SFR > 300 M� yr−1 and the distance
between the components is <50 kpc. Bottom
panels: as in the top panels but for a variant of
the Gonzalez-Perez14.GRP model.

to energy and angular momentum losses driven by dynamical
friction with the halo material (Lacey & Cole 1993).

Processing of hot gas in satellite galaxies. The galform
model assumes that when galaxies become satellites (i.e. cross
the virial radius of a bigger halo) they instantaneously lose their
hot gas reservoir to the hot gas of the central galaxy (Larson et al.
1980; Balogh et al. 2000). Here we also investigate a variant
of this model that adopts gradual ram pressure stripping of the
hot gas in satellite galaxies (i.e. satellite galaxies are able to
retain their hot gas reservoir for longer; McCarthy et al. 2008;
Font et al. 2008). We refer to the galform model assuming
instantaneous stripping as Gonzalez-Perez14 and the variant
with gradual ram pressure stripping as Gonzalez-Perez14.GRP.
Lagos et al. (2014b) provide more details of this model.

4.2. Quasar−star-forming galaxy pairs in galform

We took the outputs of the simulation at z = 2.8 to find quasar–
companion galaxy pairs at different separations. We chose this
redshift to compare the predictions of the simulation with the

case of SMM J04135+10277. Specifically, we would like to de-
termine the probability of finding such systems at this redshift
and thus place SMM J04135+10277 in the context of the gen-
eral galaxy and quasar population at z = 2.8. The time slice
in the simulations is ∼200 Myr, corresponding to ∆z ∼ 0.2. We
performed the calculations using both the Gonzalez-Perez14 and
Gonzalez-Perez14.GRP models.

Characterising the quasar–galaxy pairs in galform. We cre-
ated a simulated quasar sample at z = 2.8 by taking all the
simulated galaxies that have an AGN with a luminosity LB j >

1044.5 erg s−1 (Fanidakis et al. 2012; we refer to these quasars
as bright quasars) similar to SMM J04135+10277 (LB j ∼ 2 ×
1045 erg s−1). In the simulated volume the number of bright
quasars is 175, 737 and 182, 147 in case of the Gonzalez-Perez14
and the Gonzalez-Perez14.GRP models, respectively. We se-
lected all galaxies with M? > 108 M� that reside at a physical
distance <1 Mpc from the quasar and named them companion
galaxies (we also calculate the frequency of quasars with more
massive companions; this is M? > 109 M� and M? > 1010 M�).
We pay special attention to those companion galaxies that have
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Fig. 4. Left panel: SFR-M? plane at z = 2.8 for the
Gonzalez-Perez et al. (2014) model. The coloured con-
tours show the number densities of quasars with lumi-
nosities in the Bj band >1044.5 erg s−1. The black con-
tours show the number densities of the subset of bright
quasars that have at least one companion galaxy with
SFR > 100 M� yr−1 at a physical distance <1 Mpc.
The red contour shows the subset of bright quasars
that have at least one companion galaxy with SFR >
100 M� yr−1 at a physical distance <100 kpc. Solid and
dashed contours, and the dashed black line same as
in Fig. 3. The figure shows that the subset of bright
quasars with nearby star-forming galaxies are typi-
cally on the main sequence of galaxies or below. Right
panel: as in the left panel but for a variant of the
Gonzalez-Perez14.GRP model.

SFR > 100 M� yr−1, which we refer to as bright companions.
Figure 3 shows the SFR-M? plane for our quasar sample and
for all galaxies in the Gonzalez-Perez14 model at z = 2.8. We
also show the number densities of highly star-forming galaxies
(SFR > 100 M� yr−1) that reside at a physical distance <250 kpc
of a quasar (right panel). Highly star-forming galaxies with a
nearby quasar exclusively are about a tenth of the entire highly
star-forming galaxy population, indicating that this phenomenon
is not rare in the semi-analytic model. Interestingly, we find
that 80% of our quasar sample that have bright companions at
<1 Mpc are on or below the main sequence7 (Fig. 4), which leads
to the companion galaxy having a higher star formation rate and
gas content than the quasar host itself in almost all of the cases
in the simulation. We come back to this point later.

Both the Gonzalez-Perez14 and Gonzalez-Perez14.GRP
models result in a very similar quasar simulated sample at z =
2.8, but this is not true when taking all the galaxies in the simu-
lation into account. In the right panels of Fig. 3 one can clearly
appreciate the effect the model of hot gas stripping of satellite
galaxies has on the galaxies that are below the main sequence of
galaxies. In fact, we see that many of the galaxies that are pas-
sive (i.e. lie below the main sequence) in the Gonzalez-Perez14
model become normal star-forming galaxies (i.e. lie on the main
sequence) in the Gonzalez-Perez14.GRP model (see Lagos et al.
2014a and Guo et al. 2016 for analyses of the effect on the gas
content and the frequency of passive galaxies).

Frequency of quasar–companion galaxy systems at z = 2.8.
At a physical distance of <1 Mpc, 36% of quasars have at least
one companion galaxy, while 10% of quasars have bright com-
panions at <1 Mpc, showing how common this phenomenon
is (Table 3). For companion galaxies of M? > 109 M� and
M? > 1010 M�, we find that 31% and 26% of quasars have at
least one companion galaxy at a physical separation <1 Mpc,
respectively. Moving towards smaller separations between the
quasar and its companions, the rates above decrease (see Fig. 5).
At a physical distance <100 kpc, 22% of the quasars have com-
panions and 0.3% have bright companions.

7 It is a well-known problem of semi-analytical models and hydro-
dynamical simulations that the main sequence is a factor of 2 offset
from the observed main sequence, while they are able to reproduce the
evolution of the density of stellar mass. For further details, see, e.g.
Mitchell et al. (2014), White et al. (2015).

Gas content and star formation rate. Motivated by the find-
ing of the CARMA CO(3−2) observations, which showed that
for SMM J04135+10277 all the previously detected extended
molecular gas reservoir is associated with a companion galaxy
rather than the quasar host, we also studied the subset of quasars
in the simulation whose host has a smaller molecular (MH2 ) and
atomic gas (MHI) reservoir than the integrated value of MH2 and
MHI of all the companions. This rate was calculated using dif-
ferent apertures around the quasars. Following the results from
CARMA, we speculate that the SCUBA detected submm emis-
sion (indicative of star formation) also comes from the compan-
ion galaxy of SMM J04135+10277 and not the quasar host. With
this in mind, we also calculated the number of quasars whose
host has a lower SFR than the integrated value of all the com-
panions at different apertures.

First we selected all quasar–companion galaxy pairs and
we found that in 35% of the cases the MH2 of the quasar host
is smaller than the integrated value of all the companions at
<100 kpc distance. Moreover, in 37% of the pairs the MHI of
the quasar host galaxy is also smaller than the integrated value
of all the companions. By tracking the distribution of the SFR in
apertures around quasars, we find that in 40% of the pairs, the
SFR of the quasar host is lower compared to the integrated value
of its companions at a separation of <100 kpc. Although we con-
sidered the integrated MH2 , MHI and SFR of all companions, at
small separations (e.g. 100 kpc) the majority of quasars in the
model have only one companion and, thus, this would observa-
tionally appear very similar to the SMM J04135+10277 system.

4.3. The case of SMM J04135+10277 in the simulations

The distance between the quasar and its companion galaxy in the
system of SMM J04135+10277 is ∼40 kpc (Riechers 2013). In
the simulation the smallest median separation between a quasar
and a companion galaxy is ∼30 kpc; below this distance it be-
comes difficult to properly resolve the distances. This distance
is determined by the transition of satellite galaxies from having
resolved halos to losing their halos from stripping. In our sim-
ulation the fraction of quasars that have companion galaxies at
a distance <50 kpc is 14% and 0.1% of our quasar sample have
bright, star-forming companions at this distance.

In order to make a one-to-one comparison between the model
predictions and SMM J04135+10277, we focus on the subset of
quasar−star-forming companion systems that have an integrated
SFR inside the aperture >500 M� yr−1 and compute their gas
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Fig. 5. Fraction of quasars with companions as a function of the aperture
used for the search. The black, blue and green lines show this fraction
in case of companions with different stellar masses (M? > 108 M�,
>109.5 M�, >1010 M�, respectively), while the red lines represent the
fraction of quasars with bright companions (SFR > 100 M� yr−1) as a
function of aperture, in the case of the Gonzalez-Perez14 (solid lines)
and Gonzalez-Perez14.GRP (dashed lines) models.

content and SFR. We find that the percentage of quasars whose
host has a smaller MH2 and MHI compared to the integrated value
of their companions is 72% and 40% at a distance of <100 kpc
and 67% and 35% at a distance of <50 kpc, respectively. This
means, that according to our simulation a substantial part of the
molecular gas of these systems lies in the companion galaxy and
not in the quasar host galaxy. This is similar to the characteristics
of SMM J04135+10277.

Interestingly, the percentage of quasars whose host has a
lower SFR than the integrated value of their companions in-
creases to 100% compared to all quasar–companion galaxy
pairs. This suggests that the case of SMM J04135+10277 not
only happens in the simulation, but it is also representative of
highly star-forming quasar–galaxy systems at z = 2.8. We sum-
marise the fraction of quasar–galaxy companion systems and the
calculated frequencies in Table 3.

5. Discussion

Compared to the few known quasar−star-forming companion
galaxy systems, the case of SMM J04135+10277 is peculiar
in the sense that the molecular gas mass of the companion
galaxy sigficantly exceeds that of the host galaxy of the quasar.
For example, the z = 4.7 source BR 1202-0725 is fairly sim-
ilar to the system of SMM J04135+10277 at first glance: it
contains an optically luminous quasar (SE component), an ob-
scured, submm bright companion galaxy (NW component), and
probably two other Lyα-emitting galaxies (Carilli et al. 2013).
Both components have high FIR luminosities (LFIR ∼ 1013 L�;
Iono et al. 2006), indicating SFRs higher than 1000 M� yr−1

(Iono et al. 2006; Salomé et al. 2012; Carniani et al. 2013). Al-
though the SFR and FIR luminosity of the companion galaxy
of SMM J04135+10277 is comparable to the NW component

of BR 1202-0725, it has an order of magnitude higher dust mass
and molecular gas mass. Moreover, the SE component of BR
1202-0725 is gas rich, while the host galaxy of the quasar in the
system of SMM J04135+10277 seems to be gas poor.

A more similar case to SMM J04135+10277 was reported
by Clements et al. (2009), who observed the quasar SDSS
160705+533558 (z = 3.65) using the Submillimeter Array at
850 µm. Clements et al. (2009) found extended submm emis-
sion (10−35 kpc) offset from the optical position of the quasar
by 10 kpc and concluded that this object might represent an
early stage of a merger event between the gas-poor host galaxy
of the AGN and a likely gas-rich, starburst galaxy with a
SFR ∼ 3000−8000 M� yr−1 and infrared luminosity LIR ∼

2−5 × 1013 L�. Given the high SFR and infrared luminosity of
this starburst galaxy, this case might be considered a scaled-up
analogue of SMM J04135+10277.

The main motivation and aim of our simulations was to deter-
mine the uniqueness of systems similar to SMM J04135+10277.
Based on our simulations performed at z = 2.8, 36% of quasars
have at least one companion galaxy in their <1 Mpc radius en-
vironment and 10% of our simulated quasar sample have bright
companion galaxies (SFR > 100 M� yr−1). This is in agreement
with observational results found in the literature for high-z AGNs
and quasars. For example, an order of magnitude overdensity of
luminous, star-forming galaxies was found in the 3.5 arcmin2

field around a z = 1.7 quasar by SCUBA (Stevens et al. 2004),
Priddey et al. (2008) discovered an excess of submm sources
around z > 5 quasars, and Stevens et al. (2010) reported higher
number counts of SMGs in the 2 arcmin diameter field of five
X-ray selected quasars compared to blank fields (1.7 < z < 2.8).
Such overdensity was discovered in case of HzRGs as well (e.g.
Ivison et al. 2000; Smail et al. 2003; Wylezalek et al. 2013a).

Jones et al. (2015) observed 30 obscured, presumably AGN-
dominated galaxies with JMCT SCUBA-2 and found a factor of
4–6 overdensity of submm sources in the 1.5 arcmin radius reach
of the primary galaxies compared to blank-field surveys. The
sample was selected based on their extremely red mid-infrared
SEDs and compact radio counterparts from the WISE all-sky in-
frared survey and NVSS/FIRST radio survey. This suggests that
at a scale of ∼10 Mpc, WISE/radio-selected AGNs are located in
overdense environments and might be useful as tracers of high-
density regions of dusty galaxies (z = 2−3).

At smaller scales, at <350 kpc distance, our simulations
show that 33% of the quasar sample have a companion galaxy
and 2.4% have bright companions, while at a distance of less
than 100 kpc these fractions are lower: 22% of the quasar sam-
ple have a companion and only 0.3% have bright companions at
z = 2.8. At even smaller scales (<50 kpc), such as in case of
SMM J04135+10277, 14% of our quasar sample have a close
companion galaxy and 0.1% have a bright, star-forming com-
panion (SFR > 100 M� yr−1). This fraction is not negligible and
might be important in terms of galaxy evolution, especially when
focusing on systems with high integrated SFR (&500 M� yr−1).
In most of these quasar−star-forming pairs in the simulation, the
star formation is dominated by the companion galaxy, a scenario
similar to SMM J04135+10277. As some of these close systems
(<50 kpc) will merge by z = 0, they are probably the progenitors
of local, massive ellipticals. The importance of our simulation is
that it provides important clues about the formation of massive
galaxies as we can find and study their progenitors.

The discovery of close quasar−star-forming galaxy systems
is challenging, since it requires high-resolution observations. But
as it has been seen in case of SMGs and dusty star-forming
galaxies (DSFG), where a significant fraction of these sources
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Table 3. Simulation results.

Instantaneous (Gradual) Ram Pressure Stripping
Distance <1 Mpc <350 kpc <100 kpc <50 kpc
Companiona 36% (36%) 33% (34%) 22% (28%) 14% (24%)
Companionb 31% (31%) 21% (21%) 8.2% (8.2%) 4.7% (4.8%)
Companionc 26% (25%) 14% (13%) 4% (3.6%) 2.2% (1.7%)
Bright companiond 10% (9%) 2.4% (2%) 0.3% (0.25%) 0.1% (0.1%)
MH2

e 93% (93%) 69% (71%) 35% (39%) 24% (30%)
MHI

e 94% (95%) 73% (75%) 37% (41%) 26% (32%)
SFRe 96% (96%) 78% (79%) 40% (43%) 28% (33%)

Quasar–companion galaxy systems with SFRintegrated > 500 M� yr−1

MH2
f 100% (100%) 95% (98%) 72% (72%) 67% (67%)

MHI
f 100% (100%) 88% (91%) 40% (67%) 35% (67%)

SFR f 100% (100%) 100% (100%) 100% (100%) 100% (100%)

Notes. (a) Percentage of quasars (LB j > 1044.5 erg/s) that have companion galaxies with M? > 108 M�. (b) Percentage of quasars (LB j > 1044.5 erg/s)
that have companion galaxies with M? > 109 M�. (c) Percentage of quasars (LB j > 1044.5 erg/s) that have companion galaxies with M? > 1010 M�.
(d) Percentage of quasars (LB j > 1044.5 erg/s) that have bright companion galaxies (SFR > 100 M� yr−1). (e) Percentage of quasar–companion galaxy
pairs where the H2 mass, HI mass and the SFR of the quasar host is smaller than that of the companion galaxies. Here the rates are calculated from
the sample of quasar–companion galaxy pairs at the given spherical aperture. ( f ) The same as in (e) but in case of quasar–companion galaxy pairs
that have an integrated SFR > 500 M� yr−1 inside the aperture.

resolved into two or more fainter components (Barger et al.
2012; Hodge et al. 2013; Karim et al. 2013; Miettinen et al.
2015; Bussmann et al. 2015), FIR-bright, Herschel detected
quasars could have unresolved companions as well. As our sim-
ulation showed, in more than 70% of quasar–companion galaxy
systems the host galaxy of the quasar has lower SFR than its
companion galaxies at <350 kpc and, in case of systems with
high integrated SFR inside the aperture (SFR > 500 M� yr−1)
this rate is 100% (Table 3). Therefore FIR observations of
quasars without sufficiently high resolution could be misleading
and the presence and contribution of companion galaxies to the
FIR emission cannot be excluded.

Indeed, at a scale of 150 kpc Silva et al. (2015) found a fac-
tor of 10 overdensity of neighbour galaxies around WISE/NVSS
selected dusty, luminous quasars at z ∼ 2, detected by ALMA
Band 7, compared to unbiased regions. Thirty-five percent of
their sample have companions within the ALMA primary beam
and no trend was found between the presence of the neighbours
and the redshift, total luminosity, 870 µm flux, and radio power
of the central, dusty quasar.

Moreover, in the last decade several bright, gas-rich compan-
ions of quasars and HzRGs have been discovered but typically at
higher redshifts (z > 2.8; e.g. De Breuck et al. 2005; Ivison et al.
2008, 2010, 2012; Wylezalek et al. 2013b; Husband et al. 2015).
Thus the case of SMM J04135+10277 is interesting but not
stand-alone and in the coming years more and more of these
AGN–companion galaxy systems will reveal themselves thanks
to the attainable resolution and sensitivity in our era.

6. Conclusions

In this paper we presented observational and modelling results
of the gas-rich companion galaxy of the high-redshift quasar
(z = 2.84) SMM J04135+10277. This galaxy is particularly
interesting, since it hosts one of the most massive molecular
gas reservoirs found in the high-z Universe (MH2 ∼ 1011 M�).
In order to investigate the expected frequency of such systems,
we used the results of a galaxy formation and evolution model,
galform. This model encapsulates the fundamental processes
of galaxy evolution in simple, analytical equations, including

the growth of black holes. We summarise our main results as
follows.

– We constructed the SED of the companion galaxy using
archive optical, infrared, and submm data and APEX
ArTeMiS 350 µm observations. We modelled the SED using
the magphys code with high-z extensions (da Cunha et al.
2008, 2015). Based on our study the companion galaxy
is a highly dust-obscured, starburst galaxy with a visual
extinction of AV = 2.8+0.4

−0.5 mag and SFR of 700+405
−315 M� yr−1.

– The estimated dust mass and dust luminosity of the com-
panion galaxy is 5.1+2.1

−1.7 × 109 M� and 9.3+4.2
−2.7 × 1012 L�,

respectively. Both the dust mass and dust luminosity are
higher compared to the average values found for the ALESS
SMGs (da Cunha et al. 2015). The estimated dust tempera-
ture (Tdust = 34+9

−5 K) is consistent within uncertainties with
the median dust temperature of the highest AV galaxies in
the ALMA survey.

– According to our simulation at a distance of <350 kpc
33% of our quasar sample have a companion galaxy
(M? > 108 M�) and 2.4% have bright companions
(SFR > 100 M� yr−1). At smaller scales (<50 kpc), such as
in case of SMM J04135+10277, 14% of our quasar sample
have companion galaxies and 0.1% have a bright, star-
forming companion. These results show that the presence of
galaxies around quasars is a common phenomenom and the
presence of companion galaxies with high SFR is possible.

– In two-third of quasar−star-forming galaxy companion
systems that have an integrated SFR of >500 M� yr−1

inside an aperture of <50 kpc, the companion galaxy has
higher molecular gas mass and in all of these systems the
companion galaxy dominates the SFR, just as in the case of
SMM J04135+10277.

– We compared our simulation results with observations of
high-z quasars and HzRGs and we found that our predic-
tions are in agreement with the observations both at large
and small scales. Our results suggest that quasar–gas-rich
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companion galaxy systems are common phenomena in the
early Universe and the high incidence of companions makes
the study of such systems crucial to understand the growth
and hierarchical build-up of galaxies and black holes.

Identification of close pairs of quasars and star-forming galax-
ies, such as studied in this paper, is challenging. While sensitive
single-dish telescopes have identified many FIR-bright quasars,
future high angular resolution observations with, for example
ALMA, will be necessary to quantify how large a percentage
of the star formation takes place in the quasar host compared to
companion galaxies.
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