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ABSTRACT
We report spatially resolved dust properties of the quasar host galaxy BRI 1335-0417 at redshift 𝑧 = 4.4 constrained by the
ALMA observations. The dust temperature map, derived from a greybody fit to rest-frame 90 and 161 `m continuum images,
shows a steep increase towards the centre, reaching 57.1 ± 0.3 K. Image decomposition analysis reveals the presence of a point
source in both dust continuum images at the same position as the highest temperature peak and the optical quasar position, which
we attribute to warm dust heated by an active galactic nucleus (AGN). We show that a model including this warm component
along with cooler dust heated by star formation describes the global SED better than a single component model, with dust
temperatures of 87.1+34.1−18.3 K (warm component) and 52.6

+10.3.
−11.0 K (cold component). The star formation rate (SFR) estimated from

the cold dust component is 1700+500−400𝑀� yr−1, a factor of three smaller than previous estimates due to a large AGN contribution
(53+14−15%). The unresolved warm dust component also explains the steep temperature gradient, as the temperature profile derived
after the point source subtraction is flat. We further show that AGN-host galaxy decomposition is critical for estimating SFR
distribution, as point source subtraction reduces the estimated central SFR surface density ΣSFR by over a factor of three. With
this correction, spatially resolved measurements of ΣSFR and the surface gas mass density Σgas form a roughly linear sequence
in the Kennicutt-Schmidt diagram with a constant gas depletion time of 50-200 Myr.

Key words: Active galactic nuclei(136) — Quasars(1319) — AGN host galaxies (2017) — Interstellar medium (847))

1 INTRODUCTION

Star formation activity in the Universe peaked at redshift 2 < 𝑧 < 4
marking a critical stage of galaxy formation (Shapley 2011; Madau
&Dickinson 2014), during which more massive galaxies are thought
to form their stellar mass earlier (Renzini 2006). Hyper-luminous in-
frared galaxies (HyLIRGs, defined as galaxies with 𝐿IR > 1013 𝐿�)
are among the most extreme galaxies found during this epoch, and
are thought to host star formation rates (SFR) of over 1000 𝑀�yr−1.
Such objects are suggested to form a majority of stellar mass in the
most massive elliptical galaxies in the local Universe over 100 Myr
(Narayanan et al. 2015). This extraordinary phase of star formation
and subsequent quenching largely decides the fate of early forming
massives galaxies and their central black holes. In this context, it rep-
resents the most important life event of massive galaxy formation.
However, we do not yet understand the detailed driving mechanism
of this extreme phase of star formation.
One possibility is the gas-rich major merger paradigm, which sug-

gests dynamic evolution of the system with rapid gas infall towards
the centre driven by collisions or external gravitational torques of
merging galaxies (Sanders & Mirabel 1996). The rapid radial inflow
then triggers a nuclear starburst and feeds gas onto the central black
hole activating an active galactic nucleus (AGN). The initially dust-
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obscured AGN removes gas and dust within∼ 100Myr after the peak
SFR (Hopkins 2012; Davies et al. 2007), at which point the AGN
becomes visible as an optical quasar (Hopkins et al. 2008a,b). The
powerful winds driven by the AGN and the burst of star formation
eventually eject the remaining galactic gas and prevent subsequent
accretion, leading to the rapid cessation of star formation (Silk &
Rees 1998; Somerville & Davé 2015). An alternative to gas-rich
major mergers suggested by recent studies is that continuous rapid
accretion of gas and satellite galaxies from the large gas reservoir of
the cosmic webmakes an important contribution to fueling starbursts
and the growing black holes (Umehata et al. 2019; Mitsuhashi et al.
2021; McAlpine et al. 2019). Large gas fractions produced by rapid
accretion cause the galactic disk to become gravitationally unstable
and form non-axisymmetric substructures (such as clumps, a bar, or
spiral arms; Hodge et al. 2019), which provide gravitational torques
to transfer angular momentum and induce a further inflow of gas
(violent disk instability; Dekel & Burkert 2014; Inoue et al. 2016).

In either scenario, the formation of the central black hole and the
buildup of stellar mass in the surrounding galaxy are co-regulated,
with AGN and star formation feedback acting together to produce
the observed tight correlation between central black hole masses
and host galaxy properties such as central velocity dispersion and
bulge stellar luminosity (e.g., Magorrian et al. 1998; Ferrarese &
Merritt 2000;Gebhardt et al. 2000). This remarkably tight correlation
may encapsulate a fossil record of their co-evolution (Kormendy &
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Ho 2013). Early, rapidly evolving galaxies at redshift 𝑧 > 2 are
presumably on their way to establishing this BH-host relationship
(Izumi et al. 2019; Pensabene et al. 2020). Studying them, therefore,
provides an important probe of the interconnection of AGN and the
surrounding star formation.
Our understanding of such starburst galaxies is primarily based on

their star formation rate. This quantity has been derived by assuming
the measured far-infrared (FIR; _rest > 100`m) emission is mainly
due to the cold dust component heated by young massive stars with
negligible contribution from the warm dust component heated by
AGN (which typically dominates at rest-frame mid-infrared, MIR,
5 < _rest < 30`m; Mullaney et al. 2011). FIR photometric data
are fitted with greybody functions to constrain the dust mass and
temperature,𝑀dust and𝑇dust, which together determine the functional
shape. The total infrared (TIR) luminosity 𝐿TIR is then derived by
integrating the function over the wavelength range of 8 `m to 1000
`m, and the star formation rate is derived using an 𝐿TIR to SFR
calibration (Kennicutt 1998). If there are photometric data points
available over rest-frame MIR to FIR, the standard procedure is to
decompose the SED into warm and cold dust components by multi-
component SED fitting and to estimate the SFR after removing the
contribution from thewarmdust presumably heated byAGN (Leipski
et al. 2014; Kokorev et al. 2021).
However, uncertainty regarding the potential contribution of AGN

heating to 𝐿TIR has hindered the understanding the exact nature
of high-redshift starburst galaxies. There is growing observational
evidence that the AGN contribution to 𝐿TIR is not negligible in all
galaxies, but instead increases with total galactic luminosity (Alonso-
Herrero et al. 2012; Nardini et al. 2010; Yuan et al. 2010; Stanley
et al. 2017). Therefore, particularly for the brightest 𝐿TIR population
of HyLIRGs, the nature of the heating source for the thermal dust
radiating at FIR wavelengths remains an open question (McKinney
et al. 2021; DiMascia et al. 2023)—does the AGNdominate only for
the central region? or does it heat the entire galaxy? (Symeonidis &
Page 2021). To date,most attempts to separate these components have
relied on spatially unresolved data, for which estimates of the AGN
contribution depend on assumptions (e.g., spectral templates) made
during SED modelling. Solving the problem requires a thorough
investigation of spatially resolved dust properties (e.g., temperature,
mass, and optical depth) and spatial separation of the star formation-
dominated host galaxy from the AGN-dominated central region. The
need for spatially-resolved studies is underscored by the case of the
heavily obscured nearby galaxy Arp 220, for which a significant
fraction of 𝐿TIR (33%) originates from a compact region with a dust
temperature of 𝑇dust = 200 K and a radius of 15 pc, suggesting a
significant AGN contribution to 𝐿TIR (Scoville et al. 2017).
Spatially resolved measurements such as those for Arp 220 are

challenging at high redshift. Deriving the temperature distribution
as a function of position requires multiple continuum band images
near the greybody peak. The most commonly-used instruments for
studying the thermal dust properties in the previous decade were
the Herschel photometers PACS (from 70 to 160 microns) and
SPIRE (from 250 to 500 microns), which provided a spatial reso-
lution (FWHM = 36 arcsec) sufficient only to resolve nearby galax-
ies (Galametz et al. 2012). Recently, however, the Atacama Large
Millimeter/submillimeter Array (ALMA) has started to provide fre-
quency coverage near the peak of the greybody function for 𝑧 > 4
galaxies) with enough angular resolution to permit spatially-resolved
analysis. While spatially resolved pixel-by-pixel temperature maps
for such high redshift galaxies are now attainable in principle, they
have not been achieved so far in practice, mainly because high an-
gular resolution observations with a sufficient signal-to-noise ratio

in at least two frequency bands are demanding even with ALMA for
relatively faint high-redshift galaxies (though for an exception see
Shao et al. 2022, who derive 1D radial profiles of the dust tempera-
ture, dust mass, and optical depth for a quasar host galaxy at redshift
𝑧 = 6 by fitting the dust SED to azimuthally averaged profiles at two
FIR continuum bands, and Walter et al. 2022 who reveal a high tem-
perature > 132K in the central region using a single-band spatially
resolved image.)
In this paper, we overcome this obstacle by deriving spatially-

resolved temperature maps for BRI1335-0417, a quasar host galaxy
at a redshift of 𝑧 = 4.4704, 1.4 Gyr after the Big Bang. This galaxy
is one of the brightest unlensed submillimeter sources known at
𝑧 > 4 (Jones et al. 2016), and is classified as a HyLIRG with an ex-
traordinary infrared luminosity of 3.1 × 1013𝐿�(Carilli et al. 2002).
It was originally identified as an optical QSO by optical imaging
and spectroscopy from the Automatic Plate Measuring survey (Ir-
win et al. 1991; Storrie-Lombardi et al. 1996). The optical QSO
position is right ascention (RA)= 204.51423285012 deg, Declina-
tion (Dec)= −4.54305097036 deg (ICRS) (Gaia Collaboration et al.
2016, 2021). The galaxy hosts a black hole with a mass suggested to
be 109.77𝑀� , shining at ∼ 36% of its Eddington luminosity (Shields
et al. 2006). The star formation rate of the galaxy was estimated to
be 5 ± 1 × 103𝑀� yr−1 from modelling of the spatially-unresolved
spectral energy distribution (SED)with thermal dust and synchrotron
emission components (Wagg et al. 2014), a rate high enough to de-
plete its total molecular gas reservoir of 1.0 × 1011𝑀� yr−1 (Jones
et al. 2016) in only ∼20 Myr.
Although such short depletion times are commonly attributed to

gas-richmajormergers, themorphology and kinematics of the galaxy
appear to be inconsistent with this scenario. Spatially resolved [C ii]
and dust continuum observations (∼ 1.3 kpc resolution) show clear
evidence for a rotating disk and spiral morphology (Tsukui & Iguchi
2021)with a further analysis of the gasmotion indicating the presence
of a compact mass structure in the centre of the galaxy. Indeed, BRI
1335-0417 is the highest-redshift galaxy thus far to show a spiral
morphology. The spiral structure is visible in [C ii] line and dust
emission, indicating that stars are forming in it. BRI 1335-0417 is
not the only extremely luminous high redshift galaxy to show a
surprisingly quiet and well-ordered morphology. Contrary to earlier
views that cold disks and spirals only begin to appear at 𝑧 < 2
(Elmegreen & Elmegreen 2014), ALMA and JWST observations
now suggest a surprisingly earlier epoch of galaxy settling at 𝑧 ∼
2 − 4, with cold gas disks found at 𝑧 ∼ 4 (ALMA; Neeleman et al.
2020; Rizzo et al. 2020, 2021; Lelli et al. 2021; Tsukui & Iguchi
2021), stellar spiral structure detected in passive galaxies at 1 < 𝑧 <

3 (JWST; Fudamoto et al. 2022), and grand design barred spirals
already in place at 𝑧 ∼2 (JWST; Guo et al. 2022).
This contradiction between the ultra-short depletion time and the

morphology of BRI 1335-0417 suggests that it is worth revisiting the
high SFR previously estimated from an unresolved SED by using the
spatially-resolved data to which we now have access. Doing so may
provide insight not just on this particular source, but more broadly
on the driving mechanism of high-𝑧 starburst, early build-up of black
holes and stellar bulges, and evolutionary links from the cold gas
disks at 𝑧 = 4 to stellar spirals at 𝑧 ∼ 2 − 3. With this motivation
in mind, this paper aims to (1) derive a resolved dust temperature
map and clarify the heating source of the dust, (2) separate the warm
dust heated by AGN and cold dust associated with the host galaxy
and (3) study the star formation rate distribution under the effects of
the central quasar in BRI 1335-0417. We present new Band 9 and
Band 4 ALMA observations in addition to the earlier Band 7 data
presented in (Tsukui & Iguchi 2021; PI=González López, Jorge).

MNRAS 000, 1–19 (2023)



QSO-host galaxy decomposition 3

Multiple continuum images provide a number of resolution elements
over the galaxy,making it possible to investigate the spatially resolved
physical properties of dust (such as temperature and optical depth.)
The paper is organized as follows. In Section 2, we describe the
observation and the data reduction. In Section 3, we present the
results of dust SED modelling applied to each pixel of the spatially
resolved continuum images. In Section 4, we describe our image
decomposition method (point source and host galaxy) followed by
the panchromatic SED modelling of BRI 1335-0417 with the help of
the decomposition results. In Section 5, we present the discussion of
the result. In Section 6, we summarize and conclude the paper.
Throughout the paper, we adopt a flat lambda cold dark matter

(ΛCDM) cosmology with a present-day Hubble constant 𝐻0 = 70
km s−1 Mpc−1, and a density parameter of pressureless matter
Ω𝑀 = 0.3, providing an angular size distance 𝐷A = 1375 Mpc
and a luminosity distance 𝐷L = 40202Mpc at the redshift of 4.4074.

2 OBSERVATIONS AND DATA REDUCTION

ALMA Band 4, Band 7, and Band 9 observations of BRI 1335-
0417 were carried out as part of the programs #2017.1.00394.S,
and #2018.1.01103.S (PI=González López, Jorge). These observa-
tions targeted emission lines, including CO(7-6) (Band 4) and [C ii]
(Band 7), along with underlying continuum emission at observing
wavelength 2080`m in Band 4, 869`m in Band 7, and 484`m in
Band 9, corresponding to rest-frame 385`m, 161`m, 90`m, respec-
tively. We performed standard calibration and data reduction using
the Common Astronomy Software Application (casa; CASA Team
et al. 2022) pipeline1. The flux and bandpass were calibrated using
the quasars J1337-1257 for Band 4 and Band 7, and J1256-0547 for
Band 9 data. The phase was calibrated using the quasars J1332-0509
for Band 4 and J1336-0829 for Band 7 andBand 9.We identified line-
free channels using the hif_findcont task in casa and additionally
removed channels affected by atmospheric absorption. We estimated
the flux density of the underlying continuum emission by fitting a
linear function to the identified line-free channels and subtracted
it from the data cube in the visibility plane. We then imaged the
line-free channels to produce continuum images and the continuum-
subtracted data to produce emission line cubes. The visibility data
were weighted using a Briggs weighting schemewith a robust param-
eter of 1.0 for the CO(7-6) line data cube to improve the sensitivity
and 0.5 for others, which provides a good compromise of spatial res-
olution and sensitivity (Briggs 1995). The resulting images and cube
information such as angular resolution and point source sensitivity
are summarized in Tab. 1. The emission line flux maps are made by
summing the velocity channels from −400 to 400km s−1. The mean
velocity and the velocity dispersion of the emission line are extracted
by fitting a single Gaussian to the spectrum at each pixel. We only
use pixels where the signal is detected more than 4 𝜎 over at least 4
channels.
In this paper, the same phase centre and pixel size are used to image

the visibility data so that all data products have the same pixel coor-
dinates, with absolute positional accuracy of 10 to 20 mas.2 Before
deriving the physical parameters using two or more images (e.g., dust

1 We used the same casa version as used in the quality assurance at the
ALMAObservatory, which is 5.1.1-5 for Band 7, and 5.4.0-70 for Band4 and
Band 9 data
2 ALMA Technical Handbook https://almascience.nrao.edu/
documents-and-tools/cycle9/alma-technical-handbook

SED modelling), we convolved images to have the same spatial res-
olution with the smallest common beam size, using common_beam
in the spectral-cube package. We similarly convolve all other data
products to the same resolution, so that physical parameters derived
from them (e.g., velocity dispersions derived from emission line
cubes) are resolution-matched. The mostly used matched resolution
of the [Cii] cube, rest-frame 161`m, and 90`m continuum images is
0.21"×0.18" at P.A.=114 deg (beam area of 1.92 kpc2, and effective
radius of 0.78kpc). The addition of the CO(7-6) cube to these data
worsens the matched resolution to 0.24"×0.18" at P.A.=94 deg (beam
area of 2.3 kpc2 and effective radius of 0.85kpc), which is only used
to show in Fig. 5.

3 SPATIALLY RESOLVED DUST PROPERTIES

3.1 The resolved FIR continuum and [C ii] emission

In Figure 1, we show continuum images of rest-frame 385`m,
161`m, 90`m, which we denote 𝐼_rest=385`𝑚, 𝐼_rest=161`𝑚,
𝐼_rest=90`𝑚, respectively in the paper, together with the total flux
and mean velocity and velocity dispersion derived from the [C ii]
and CO(7-6) line data. In all images of this paper, the RA and Dec
offsets are given relative to the position RA= 204.514232 deg and
Dec= −4.543055 deg, which coincides with the peak of the contin-
uum images and the quasar position within the positional accuracy of
ALMA. The continuum emission is more centrally concentrated than
the [C ii] line emission, as the 385`m, 161`m, 90`m continuum im-
ages and their contours are shown in log scale while the [C ii] image
is shown in linear scale (We also show linear-scaled continuum im-
ages below, in Section 4). This difference is commonly seen in other
spatially resolved observations of quasar host galaxies (e.g., Wal-
ter et al. 2022; Shao et al. 2022). As presented in Tsukui & Iguchi
(2021), both 𝐼_rest=161`𝑚 and [C ii] images show Z-shaped spiral
structures. The 𝐼_rest=90`𝑚 image also has a disk-like morphology
with a major axis similar to that in 𝐼_rest=161`𝑚, but a fainter spiral
arm feature. The 𝐼_rest=385`𝑚 has lower sensitivity in terms of the
SFR compared to other bands, so the emission is not detected in the
outer part of the galaxy. The mean [C ii] velocity map is qualitatively
consistent with the moment 1 map (intensity-weighted velocity of
the spectral line) presented in Tsukui & Iguchi (2021), but provides
more accurate measurements than the moment 1 map, which can
easily be affected by noise in the emission-free channels. The [C ii]
velocity dispersion map shows a triangle-shaped velocity-enhanced
region extending from the centre to the North-West direction. Such
an asymmetric structure cannot be explained by the velocity gradient
of a regularly rotating motion, suggesting that the origin may not be
gravitational.

3.2 Dust SED modelling

To derive dust properties from our observed spatially resolved FIR
fluxes, we use a greybody function to describe the flux. For a uniform
region of dust with an equilibrium temperature 𝑇dust at redshift 𝑧,
solving the equation of radiative transfer yields a predicted CMB-
subtracted flux within the ALMA beam (Walter et al. 2022)

𝐹a = Ω𝑎×[𝐵a (𝑇dust,z)−𝐵a (𝑇CMB,z)]×[1−exp(−𝜏a)] (1+𝑧)−3, (1)

where Ω𝑎 is the solid angle of the ALMA synthesized beam in
steradians, 𝐵a is the Planck function, 𝑇dust,z is the dust temperature,
and 𝑇CMB,𝑧 = 2.73(1 + 𝑧) K is the CMB temperature at redshift
𝑧 = 4.4704. 𝜏a is optical depth,which is related to the dustmass𝑀dust

MNRAS 000, 1–19 (2023)
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Data Rms noise Synthesized beam Subtended area per beam Rms noise in SFR
(`Jy beam−1) maj(")/min(")/P.A.(deg) kpc2 beam−1 𝑀� yr−1 kpc−2

𝐼_rest=385`m (Band 4) 6.58 0.21/0.14/85 1.52 11.8
𝐼_rest=161`m (Band 7) 25.9 0.19/0.16/75 1.56 7.5
𝐼_rest=90`m (Band 9) 186 0.21/0.16/-53 1.69 5.4

[C ii] 389 0.19/0.16/82 1.59 -
CO(7-6) 101 0.23/0.16/84 1.93 -

Table 1. ALMA observation data summary. The root mean square (rms) noise level is measured using the emission-free region of the images. Synthesized
beams are reported as (major axis, minor axis, and position angle). Rms noise in the unit of star formation rate is calculated by assuming optically thin greybody
emission with a dust temperature of 39K, a dust emissivity index 𝛽 = 2.14 (see Sect. 3.2), and a Chabrier (2003) initial mass function.

by 𝜏a = ^0 (a/a0)𝛽𝑀dust𝐴−1, where 𝐴 = Ω𝑎𝐷
2
A is the physical area

subtended by the beam, 𝛽 is the dust opacity index, and ^0 = 5.1 cm2
g−1 is the dust opacity at a reference frequency a0 = 1199.1 GHz
(Draine & Li 2007). Note that while the observed flux depends on
the actual dust temperature at the redshift of the source, 𝑇dust,𝑧 , for
convenience we compute and report the intrinsic dust temperature
corrected for the CMB heating, 𝑇dust, which is the temperature the
dust would have at redshift zero, whereCMBheating ismuch smaller.
These two temperatures are related by (da Cunha et al. 2013),

𝑇dust,𝑧 =
{
𝑇
𝛽+4
dust + 𝑇

𝛽+4
CMB,𝑧=0

[
(1 + 𝑧)𝛽+4 − 1

]} 1
4+𝛽

. (2)

3.3 Global SED of the galaxy

In Fig. 2 we show the total (spatially integrated over the galaxy)
SED of BRI 1335-0417 with our new flux measurements at rest-
frame 385`m, 161`m, 90`m. We measured the integrated SED by
summing over the 2"×2" region shown in Fig.1. The available data
points are listed in Table A.1. We excluded available photometric
measurements from the Herschel SPIRE 350`m and 500`m bands
because BRI 1335-0417 is not sufficiently separated from a nearby
bright source at Herschel’s angular resolution (see each photometric
image in Fig. A.1). To constrain the global dust properties of the
galaxy, we fit the SED with a single greybody in the optically thin
limit (𝜏a → 0, large Ω𝑎). In this limit, Eq. 1 becomes,

𝐹a = (1 + 𝑧)𝐷−2
𝐿 ^a𝑀dust [𝐵a

(
𝑇dust,z

)
− 𝐵a

(
𝑇CMB,z

)
] . (3)

In the fitting, we treat 𝑇dust, 𝑀dust, and 𝛽dust as free parameters.
We find that a single greybody fit cannot reproduce the flux ob-
served in theHerschel 160`m band (rest-frame 36 `m), where warm
dust is expected to dominate. Therefore, we repeat the fit with the
160`m band flux excluded; doing so yields a total dust mass of
1.9+0.3−0.3×10

9𝑀� , a dust temperature𝑇dust = 39.0+3.4−2.9K and an emis-
sivity index 𝛽 = 2.14 ± 0.17, which describes the power law slope
of the greybody function in the Rayleigh-Jeans tail (∝ _−2−𝛽 at
_ � 100`m). The derived emissivity index and the computed total
FIR luminosity 𝐿TIR = 2.7+0.4−0.3 × 10

13𝐿� are consistent with the
previously derived values for this galaxy, 𝛽 = 1.89 ± 0.23 (Wagg
et al. 2014) and 𝐿TIR = 3.1 × 1013𝐿� (Carilli et al. 2002). The
gas-to-dust mass ratio is found to be 54.2±9.3 if we adopt a gas
mass derived from CO (2-1) using the standard conversion factor
for SMGs 𝛼CO = 0.8 M� pc−2/ (K km s−1) (Jones et al. 2016) and
a ratio of r21 = 𝐿′

CO(2→1)/𝐿
′
CO(1→0) = 0.85 for SMGs (Carilli &

Walter 2013).

3.4 Intrinsic dust properties derived from the spatially resolved
dust SED

Spatially resolved images at different frequency bands allow us to de-
rive the intrinsic dust properties at each individual pixel. The galaxy
is spatially resolved with 14, 32, and 20 resolution elements detected
at ≥ 3 𝜎 significance in the rest-frame 385`m (Band 4), 161`m
(Band 7), and 90`m (Band9) continuum images, respectively. The
rest-frame 161`m and 90`m bands are close to the peak of the grey-
body, and their ratio is therefore sensitive to the dust temperature.
The spatially resolved rest-frame 385`m may help to constrain the
emissivity index 𝛽 or the SED slope at a longer wavelength. However,
the rest-frame 385`m data has the worst sensitivity in terms of the
minimal detectable SFR (see Tab. 1), and the 3𝜎 detected emission
area is smaller than in the other bands. Therefore, we choose to use
the best estimate of 𝛽 = 2.14 ± 0.17 obtained with the global SED
modelling as a fiducial value in this paper, and not to include the
rest-frame 385`m band for spatially resolved SED modelling. With
flux densities measured in two bands and the fiducial dust emissiv-
ity 𝛽 = 2.14 ± 0.17, we can fully constrain the two remaining free
parameters Σdust and 𝑇dust in equations 1 and 2. We propagate the
uncertainty on the spectral index, 𝛽 = 2.14 ± 0.17, to the derived
dust properties via Monte Carlo.
Figures 3 (A-C) show the best-fit dust temperature, the optical

depth of the dust at rest-frame 161`m (or the dust surface density
Σdust), and the integrated dust luminosity density maps of the galaxy,
respectively. We derive our 1 𝜎 confidence intervals on the fit pa-
rameters (𝑇dust and Σdust) by Monte Carlo resampling: we repeat
the fit 300 times using fluxes randomly drawn from a Gaussian dis-
tribution centred on the best fit measured value with a dispersion
equal to the 1𝜎 observational uncertainty, and a spectral index 𝛽

drawn from a Gaussian centred at 𝛽 = 2.14 with a dispersion of
0.17. We report the width of the central 68% of these 300 trials as
our 1𝜎 uncertainties on 𝑇dust and Σdust. We only show and use pixels
where the 68% confidence interval for the dust temperature is smaller
than 10K. Figures 3 (D-F) show how the measured flux densities at
rest-frame 161`m (black dot-dashed line) and 90`m (black dashed
line) band constrain dust physical parameters Σdust and 𝑇dust at fixed
𝛽 = 2.14, for three example regions: (D; left) the region with the low-
est temperature, (E; middle) the central region that has the highest
temperature, and (F; right) the region with the 2nd highest tempera-
ture. The intersection of the two black lines corresponds to the most
likely solution of Σdust and 𝑇dust and the resampled distributions are
shown in grey points. The dust temperature 𝑇dust and surface density
Σdust are correlated but still constrained around the intersection of
the isoflux lines of the two bands.
The temperature map reveals a central high-temperature region

surrounded by a low-temperature region. The highest temperature

MNRAS 000, 1–19 (2023)
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[ht!]

Band 4 (Irest,385𝝁m) Band 7 (Irest,161𝝁m) Band 9 (Irest,90𝝁m)

[CII] flux [CII] mean velocity [CII] velocity dispersion

CO(7-6) velocity dispersionCO(7-6) mean velocityCO (7-6) flux

(A) (B) (C)

(D) (E) (F)

(G) (H) (I)

Figure 1. ALMA observation for QSO source BRI 1335-0417 at redshift z∼4.4. The top panels show the continuum images at rest-frame 385`m (Band 4; A),
161`m (Band 7; B), and 90`m (Band 9; C) from left to right. The middle panels show the [Cii] integrated flux (D), mean velocity (E), and velocity dispersion
maps (F). The bottom panels show the CO(7-6) flux (G), mean velocity (H), and velocity dispersion (I) maps. The mean velocity and velocity dispersion at each
pixel are extracted by fitting a single Gaussian to the spectrum. We only use pixels where the signal is detected more than 4 𝜎 over at least 4 channels. The solid
line contours in (A-C) are plotted for 3𝜎 ×

√
3𝑛; 𝑛 = {0, 1, 2, 3, ...} to 27𝜎, 140.3𝜎, and 81𝜎, respectively. The solid line contours in D and G are plotted for

3𝜎 + 4𝑛; 𝑛 = {0, 1, 2, 3, ...} to 23 and 31 respectively. Dotted line contours in all flux maps show −3𝜎. Contours in velocity and velocity dispersion map are
shown every 20 km s−1, where plus and minus values are shown in solid and dotted lines, respectively. The size of the synthesized beam (FWHM) is shown in
the lower-left corner of each map.

peak coincides with the peak position of both dust continuum emis-
sion images 𝐼_rest=90`𝑚 and 𝐼_rest=161`𝑚. The dust temperature of the
central pixel is well constrained to be 57.1 ± 0.3 K, which is higher
than typical dust temperatures of quasar host galaxies (∼47K; Beelen
et al. 2006), indicating that the central high-temperature peak is likely
due to the dust heated by the AGN. The temperature map also shows
several high-temperature regions in the outer part of the galaxy. The
surface density or optical depth maps show that the central region is
moderately optically thick at rest-frame 161`m and optically thick
at rest-frame 90`m (𝜏 > 1). The surface density map shows the

southern spiral structure, which corresponds to the relatively low
temperature < 40K region in the temperature map.

We confirm that the absolute flux uncertainty does not change
the overall temperature distribution. Considering the worst possible
case, when the true Band 7 flux and Band 9 flux are 10% higher and
lower than the observed values, respectively, the temperature would
be underestimated by 2.7K in the median. In the converse scenario
where the true Band 7 flux and Band 9 flux are 10% lower and higher
than the observed values, the temperature would be overestimated
by 2.0K in the median. Therefore, the systematic error due to the
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Figure 2.The SEDof BRI 1335-0417 fittedwith a single greybody in the optically thin limit, with the best-fit parameters of𝑇dust = 39.0+3.4−2.9Kand 𝛽 = 2.14±0.17.
The available data points are listed in Table A.1, where the greybody fit is performed on bands longer than 160 `m (rest-frame 36 `m); we exclude the 160`m
data from the fit because a single greybody fit cannot reproduce it. The TIR luminosity derived from the fit is 𝐿TIR = 2.7+0.4−0.3 × 10

13𝐿� , consistent with the
previously reported value for this galaxy of 3.1×1013𝐿� (Carilli et al. 2002).

absolute flux uncertainty is estimated to be +2.7K/−2.0K. The flux
normalization errors only induce a pixel-to-pixel variation of 0.67 K
and 0.49 K, respectively.
Figure 4 shows the radial distribution of the temperature, computed

from data points extracted from the image (Fig. 3A). We calculate
the de-projected radius using the thin disk geometry proposed in
Tsukui & Iguchi (2021) (Position angle 7.6 deg, inclination 37.3
deg), derived from dynamical modelling of [C ii] emission kine-
matics with prior constraints from the axial ratio of the continuum
image and the kinematic position angle of [C ii] emission. The de-
rived dust temperature steeply decreases as a function of the galactic
radius from the centre to 2.5 kpc. At the outer disk (∼ 3 kpc), both
high- and low-temperature regions can be seen, and the temperature
difference is statistically significant, corresponding to the clumpy
high-temperature regions seen in the map. At a larger radius, the
temperature profile becomes flat with a median temperature of 38K
and a large spread of values from 30 to 45 K, roughly consistent
with the typical dust temperature of the high redshift starburst galax-
ies (Magnelli et al. 2012) at 𝐿TIR ∼ 1013𝐿� . The presence of the
high-temperature regions at a larger radius may be common in other
quasar host galaxies and is consistent with the observational signa-
ture of J0305-3150 at 𝑧 = 6.6, which shows an increase in the surface
brightness ratio 𝐼_rest=175`m/𝐼_rest=459`m with radius (Li et al. 2022),
for which the authors suggested two possibilities: radial increase of
the temperature or decrease of the opacity. We discuss the possible
origin of the outer-disk high-temperature regions in Sec. 3.5.
Figure 5 shows surface gasmass densities derived by three possible

gas mass tracers: emission lines of [C ii] and CO(7-6), and the SED-
derived dust mass. For the two former methods, we assume a constant
emissivity per unit mass, while for the latter we assume a constant
dust-to-gas ratio, and we normalize the profiles derived from each
method to be equal at ∼ 2kpc. Both the dust-derived and CO-derived

gas mass profiles are steeper than that estimated from the [C ii] line.
Based on global measurements of galaxies, Zanella et al. (2018)
proposed the [C ii] luminosity as a molecular gas mass tracer with
a mass-to-light ratio 𝑀gas/𝐿 [C ii] = 30𝑀�/𝐿� . However, our result
suggests that the gas mass profiles estimated from [C ii] do not agree
with either CO- or dust-based profiles under the assumption of a
spatially constant mass-to-light ratio for [C ii]. Possible explanations
for [C ii] showing a flatter profile than CO and dust are (1) [C ii] can
be emitted from various gas phases including warm ionized gas and
diffuse CO-dark gas, which are likely to extend to regions beyond
those that can be traced by CO emission (Pineda et al. 2013), (2)
in the central region the C+ abundance decreases because the high
surface density shields gas from UV photons, leading most carbon
to transition to CO (Narayanan & Krumholz 2017), and (3) the effect
of infrared background radiation as proposed byWalter et al. (2022).
The CO-derived gas mass profile shows a steeper profile than

the dust-derived one, especially in the central ∼1kpc. The excess in
the centre may be due to the radially different excitation conditions,
where the quasar radiation dominates in the central region and intense
star formation dominates in the outer part of the galaxy (Carilli &
Walter 2013). In addition to the excitation conditions, some of the
same mechanisms that flatten the [C ii] profile may steepen the CO
one: (1) the dust may trace not only molecular gas but also generally
more extended atomic gas (Orellana et al. 2017); (2) in the central
region the CO abundance may be enhanced by increased shielding
against dissociating UV photons (Narayanan & Krumholz 2017).
However, in contrast to [C ii], the infrared background radiation
effect proposed by Walter et al. (2022) is not significant for CO(7-6)
because the dust continuum optical depth at the CO(7-6) frequency
is < 0.1.
In addition to the normalized profiles shown in Figure 5, we can

also examine the absolute surface densities. If we derive the molec-
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Figure 3. The upper panels show the spatial distribution of the best-fit dust temperature (A), optical depth at _rest = 161`m or dust mass surface density (B),
and surface density of the integrated total IR luminosity over 8-1000`m, ΣTIR(𝐿� kpc−2) (C). The lower panels show the isoflux lines of the measured flux
density (_rest = 161`m ; dot-dashed line, _rest = 90`m; dashed line) in the parameter space Σdust and 𝑇dust, for three example regions: (D) the region with the
lowest temperature, (E) the central region with the highest temperature, and (F) the region with the second highest temperature. The regions (D-F) are indicated
with blue ellipses in panels (A-C) and labels in panel (B). The intersection of the two black lines corresponds to the most likely solution (blue solid lines), while
the blue shades enclose the 68th percentile of the resampled distribution (grey points) reflecting the noise in the data and the confidence interval for the fiducial
dust emissivity 𝛽 = 2.14 ± 0.17 derived in the global SED fitting (Fig. 2). Contours in (A) are shown every 5K from 30K to 55K. Contours in (B) are shown
every 0.1 from 0.1 to 0.5. Contours in (C) are shown for 1011, 1011.5, 1012, and 1012.5𝐿�kpc−2. The size of the synthesized beam (FWHM) is shown in the
lower-left corner of (A-C).

ular gas mass profile using 𝛼CO = 0.8 M� pc−2/ (K km s−1) and
r21 = 𝐿′

CO(2→1)/𝐿
′
CO(1→0) = 0.85 as we did for our total molecular

mass estimate, we automatically obtain the same estimate of the total
molecular gas mass as Jones et al. (2016), 1.03 ± 0.07 × 1011𝑀� .
To match the CO-estimated and dust-estimated gas masses at 2kpc
would require a gas-to-dust ratio 44 ± 24, with a relatively large error
bar due to the large dispersion of the derived dust mass. This gas-to-
dust mass ratio is consistent within the uncertainties with that derived
from the whole-galaxy SED fit (see Fig. 2). Further exploration of
gas emissivities per unit mass in various tracers is beyond the scope
of this work, but this spatially resolved analysis does highlight that
assumptions of a constant emissivity break down when applies to
spatially-resolved data. (See Appendix C of Herrera-Camus et al.
2021 for further discussion of [C ii] emissivity per unit mass in the
optically thin limit and negligible background emission).

3.5 The correlation of the temperature map and velocity
dispersion map

In Fig. 6 we compare the dust temperature and velocity dispersion
maps overlaid with low and high-temperature peaks. We see that
high-temperature peaks coincide with regions of enhanced velocity
dispersion extending from the centre to the north-west direction,
while low-temperature peaks coincide with low velocity dispersion

regions along the disk major axis. Such anisotropic distributions
preferentially aligned with the disk minor axis may indicate that an
outflow from the central region heats up the dust and enhances the
velocity dispersion. In a nearby luminous infrared galaxy, NGC6240,
Saito et al. (2018) find a similar bipolar distribution for the high
velocity dispersion CO emission, which coincides with the spatial
distribution of H𝛼, near-IR, and X-ray emission. To examine the
potential bulk gas motion due to the outflow which deviates from
the mean line of sight motion in BRI 1335-0417, we fit the [C ii]
spectrum at each position of the high-temperature peaks. The spectra
can be fitted with only a single Gaussian component and do not
require any additional components given the current noise level of
the data.

Another possible origin of the correlated enhancement of the tem-
perature and gas velocity dispersion is energy injection by intense star
formation. Using AO-assisted Keck observations, Oliva-Altamirano
et al. (2018) suggested a spatial correlation between the peaks of
the Pa𝛼 velocity dispersion and SFR for a relatively low redshift
galaxy sample (𝑧 = 0.07 to 0.2). If this scenario is correct, we ex-
pect high velocity dispersion, high-temperature regions to show high
gas densities in order to host and sustain the intense star formation;
these regions might include giant star-forming clumps or interacting
satellites. Neither the derived dust mass surface density (see Fig. 3B)
nor the observed [C ii] and CO(7-6) maps (see Fig. 1) show such
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Figure 4. Radial profile of the temperature of BRI 1335-0417. The black
points with error bars show temperature values, 3 data points per beam
extracted from the temperature map (Fig. 3A) with a regular grid aligned
with the central pixel. The grey-shaded region encloses 68% of all available
pixels in radial bins with a width of 1/3 of the beam FWHM. The grey line
indicates the median in each bin. The horizontal axis shows the distance from
the galactic centre (dust peak position) assuming the disk geometry presented
in Tsukui & Iguchi (2021).
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Figure 5. Radial profile of normalized gas mass surface densities of BRI
1335-0417. The black points with error bars and black shade show gas surface
density assuming the constant gas-to-dust ratio, extracted in the same way
as Fig. 4 from the dust surface density map (Fig. 3B). We also show two
additional gas mass estimates from [C ii] (blue shade) and CO(J=7→6) (red
shade) using a constant mass-to-light ratio. All the profiles are normalized to
1 at a radius of ∼2kpc.

a distinct dense region, though they may show a broader triangle
shape. However, Tadaki et al. (2018) identified 200pc-scale clumpy
structures in a highly star-forming submillimeter galaxy at redshift
𝑧 = 4, both in the CO line and dust continuum. Whether similar
small-scale clumpy structures occupy the temperature-enhanced re-
gions in our target cannot be addressed with the current data due to

sensitivity and resolution limits. To further constrain this scenario,
higher-resolution data capable of tracing denser gas are required.
As a final remark on the analysis in this section, note that the

measured flux of an individual pixel represents the integrated value
weighted by the beam, so the derived temperature and optical depth
need to be considered as the luminosity weighted spatially averaged
solutions over the region subtended by the beam (∼1.8 kpc2).
As we will see in the next Section, there is a central unresolved

component and an extended component in the dust continuum im-
ages, and the central unresolved component coincides with the high-
temperature peak position. If the central unresolved component is
due to the warm dust heated by the AGN, the derived high tempera-
ture is just due to the result of forcibly fitting two dust components
with different temperatures with a single greybody function. This
contamination is potentially significant out to the beam FWHM in
radius. Similarly, we may overestimate the SFR in this area if we
naively convert from our derived spatially resolved TIR luminosity
to SFR, ignoring the possibility that the warm dust can contaminate
our measurement. Therefore, it is important to decompose the im-
age into the unresolved and the extended component and remove the
effect of the unresolved component to correctly estimate the SFR
distribution in the galaxy. We do exactly this in the next section.

4 AGN-HOST GALAXY DECOMPOSITION

4.1 Image decomposition of Band 7 and Band 9 continuum
images

In the previous section, we show that the dust temperature shows a
steep increase up to ∼ 57K, which is much higher than the typical
dust temperature assumed for quasar hosts (47K; Beelen et al. 2006)
and is presumably due to the heated dust by the central AGN. The
observed dust continuum images (Fig.1) show a strongly peaked
structure in the centre as well as a disky structure with spiral- and
bar-like features in the outer part, suggesting the presence of a distinct
central unresolved component and a resolved extended component.
The former is likely to be associated with the warm dust heated by the
central AGN and the latter with the cold dust heated by star formation
in the host galaxy.
For these reasons, we decompose the continuum image into an un-

resolved AGN component and an extended host galaxy component
using the observed [C ii] moment0 map as a template tracing the
dust distribution heated by the star formation in the galaxy. This sim-
ple but easy-to-interpret approach has several advantages: (1) there
is only one parameter (total flux), (2) the [C ii] emission captures
disk substructures like arms and a bar that are also seen in the dust
continuum map, and that are not easily representable by an analytic
model, and (3) there is independent evidence that [C ii] is a good
overall neutral gas tracer (Herrera-Camus et al. 2018); we expect
this gas to form stars at a rate roughly proportional to the density
(Krumholz et al. 2011), and there is good evidence that [C ii] di-
rectly correlates with star formation (De Looze et al. 2011). [C ii]
in this galaxy also has rotating disk kinematics and a nearly expo-
nential profile typical of disks (Sersic index 𝑛 ∼ 0.9) (Tsukui &
Iguchi 2021). Given these considerations, our decomposition model
includes the following components: (1) a component proportional
to the point spread function of the observation 𝐼PSF to reproduce
the unresolved emission, (2) a component with the same spatial dis-
tribution as the observed [C ii] intensity map representing a disky,
star-forming component that exhibits spiral and bar-like structure,
𝐼disk, and (3) a circular Gaussian component, convolved by the point
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Dust temperature [CII] velocity dispersion

Figure 6. The temperature map (left) and velocity dispersion map (right) as shown in Fig. 3A and Fig. 1F, respectively. The identified high- and low-temperature
peaks (magenta and cyan crosses) are overlaid on the maps. The size of the synthesized beam (FWHM) is shown in the lower-left corner of each panel.

spread function of the observation, 𝐼Gauss, which we include in case
the central compact region includes emission that is extended rather
than truly point-like (e.g., a nuclear starburst), and thus is partially re-
solved by the ALMA beam. The model with these three components
is described as

𝐼model =𝐼PSF (𝑐𝑥, 𝑐𝑦, 𝑓a,point)
+ 𝐼Gauss (𝑐𝑥, 𝑐𝑦, 𝜎Gauss, 𝑓a,Gauss)
+ 𝐼disk ( 𝑓a,disk),

(4)

where the model has only 6 parameters: the central coordinates of
the PSF and Gaussian components (𝑐𝑥, 𝑐𝑦), the intrinsic size of the
Gaussian 𝜎Gauss (standard deviation), and the total flux of each com-
ponent 𝑓a,point, 𝑓a,Gauss, and 𝑓a,disk. We create the spatial template
for the disk component 𝐼disk from the [C ii] moment map as follows:
first, we convolve the [C ii] cube to the same resolution as the ob-
served continuum image we are fitting, and then we make a [C ii]
moment map by the masked moment method (Dame 2011; convolu-
tion with a kernel of 2 times the beam size and 2 times the spectral
channel width, then masking with a threshold set to the rms of the
original cube) to reduce the bias introduced by the presence of noise
in the [C ii] moment map. This bias pushes the best-fit model toward
lower 𝑓a,disk values because larger 𝑓a,disk values amplify the noise
present in the [C ii] moment map, giving an additional penalty in 𝜒2;
convolution and masking suppress this noise in the spatial template
and therefore suppress the bias.
We fit 𝐼model to the observed Band 7 and Band 9 continuum images

with simple 𝜒2 minimization. For both the Band 7 image 𝐼_rest=161`m
and the Band 9 image 𝐼_rest=90`m, evaluation of the Bayesian in-
formation criterion (BIC) indicates that this three-component fit is
preferred over any alternatives omitting one of the components. Full
details of the fitting procedure and the BIC calculation are provided
in Appendix A. Figures 7 and 8 show the original image (A), the best-
fit PSF model (B), the Gaussian model (C) and the [C ii] model (D),
the best-fit residual (E) for Band 7 and Band 9 continuum images,
respectively (see Fig. 1 for the same images in log scale).
In Table 2, we show the best-fit parameters we derive. We derive

the uncertainty on these parameters by Monte Carlo resampling with
noise which has realistic spatial correlations. Our procedure to make
this estimate is to: (1) measure the autocorrelation function (ACF)

of the noise map in the primary beam uncorrected Band 7 and Band
9 continuum images, (2) randomly generate noise maps with the
same correlation properties characterized by the noise ACF using the
ESSENCE package (Zmuidzinas & Gao 2022; Tsukui et al. 2023),
(3) repeat the fitting procedure 300 times with different random
realizations of the noise. We then take the 68% confidence interval
on the resulting distribution of parameters as our confidence interval
in Table 2.

Our fits pass several consistency checks. First, the measured to-
tal flux 𝑓a,total from the observed images and the model total flux
𝑓a,model = 𝑓a,point + 𝑓a,Gauss + 𝑓a,disk agree within the statistical
uncertainty for both images. Second, the centre position of the point
source and Gaussian components coincides with the location of the
optical quasar position and the highest peak in the continuum images
and temperature map within the uncertainties. Third, the sizes of the
additional Gaussian components that we derive independently by fit-
ting the two continuum images are consistent within the uncertainty.
We speculate that this component is likely needed to compensate
for the central decrease in the [Cii]/FIR mentioned in Section 3. We
do see some correlated residuals in the residual map of 𝐼_rest=161`m
(Fig. 7), which shows a positive residual at the location of the south-
ern arm but not the northern arm. This indicates that dust continuum
emission is enhanced relative to [C ii] emission in the southern arm
but not in the northern arm. The residual of 𝐼_rest=90`m also shows
a positive residual in a similar position, but without a clear spiral
structure (Fig. 8). This result may be interpreted as the two arms
having different ISM properties (opacity, temperature, metallicity,
etc.). However, despite this feature, our simple model with only 6
parameters describes well the overall morphology of the continuum
emission without any other significant structures in the residual.

Figure 9 shows the surface brightness profile of the Band 7 and
Band 9 continuum images and their best-fit decomposed components.
The contribution of the point sources to the integrated flux over the
image is small, 15% and 21% in rest-frame 161`m and rest-frame
90`m, respectively (Table 2). However, the point source dominates
the flux in the central pixel (flux in the central resolution element, or
beam area), contributing 49.8+1.5−1.3% and 56.7

−6.1
+4.5% in 𝐼_rest=161`m

and 𝐼_rest=90`m, respectively. The best-fit model profile is slightly
higher than the dust continuumprofile at the outskirts of the galaxy (∼
0.6 arcsec, Fig. 9 (left)). This indicates the [C ii] model component is
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more extended than the FIR emission, even after the central compact
point source and the compact Gaussian component are removed.
This is consistent with the presence of extended [C ii] halo structures
extending farther than the underlying FIR emission (out to ∼10kpc)
in other star-forming galaxies at a similar redshift (e.g., Fujimoto
et al. 2019, 2020; however for a contrary view see Novak et al. 2020,
who find no evidence for halo structures in quasar host galaxies
at z>6 using stacking analysis). The relatively short (1h) Band 7
observation relying on the brightness of the source is not sensitive
enough to probe the faint structure out to 10 kpc in BRI 1335-0417.
Note that in what follows, we use only the point source fluxes 𝑓a,point
and the measured total fluxes 𝑓a,total from the images, not the fluxes
of the individual Gaussian 𝑓a,Gauss or [C ii] disk components 𝑓a,disk,
or the total model fluxes 𝑓a,model. Therefore, the slight model-data
offset in the surface brightness profile at the outer part of the galaxy
does not affect our subsequent results.

4.2 SED fitting using the image decomposition result

In the previous section, we found that an unresolved component is
required to reproduce the dust continuum images, and we decom-
pose the images into a sum of this component and the rest of the
galaxy. In this subsection, we model the SEDs of the unresolved
component (AGN-heated dust), with flux 𝑓a,point, and the rest of the
galaxy, with flux 𝑓a,total − 𝑓a,point (cold dust heated by the star for-
mation in the disk). We use the fluxes of the unresolved components
𝑓_rest=161`𝑚,point and 𝑓_rest=90`𝑚,point to constrain the AGN-heated
warm dust contribution to the FIR part of SED, along with total flux
measurements at various wavelength bands listed in Table A.1. Note
that we do not use the fluxes of the rest of the galaxy 𝑓a,total− 𝑓a,point
as independent data points, since they are already constrained im-
plicitly by the total flux measurements 𝑓a,total and point source flux
measurements 𝑓a,point. We consider several possible approaches to
fitting the resolved and unresolved components described below.
We first model the FIR part of the SED with two greybody func-

tions in the optically thin limit (Eq. 1, 𝜏 � 1), one for theAGN-heated
dust and the other for the cold dust heated by star formation. Although
detailed AGN dust torus models exist to describe the warm dust com-
ponent heated by AGN (Hönig & Kishimoto 2017; Stalevski et al.
2016), the spatial extent and geometry of tori are highly uncertain for
high redshift quasars. This motivates us to consider a simpler model
where we fit the AGN-dust component with a greybody spectrum in
the optically thin limit but with a free dust emissivity index 𝛽. This
model has 6 free parameters (𝑇dust, 𝑀dust, 𝛽dust for each compo-
nent). We compute the distribution of their posteriors for a uniform
prior distribution using the emcee package (Foreman-Mackey et al.
2013). Figure 10 shows the SED decomposed into the AGN-heated
dust component and the host galaxy. Figure A.6 shows the posterior
distribution of the model parameters, indicating that all model pa-
rameters are well-constrained. From this fit, we find that the SFR of
the host galaxy is 1.5+0.3−0.2 × 10

3𝑀� yr−1 based on the FIR luminos-
ity of the cold dust component, which is more than 3 times smaller
than the previous estimate 5.04 ± 1.30 × 103𝑀� yr−1 (Wagg et al.
2014). This is due to the high AGN contribution, 63+15−16%, to the
FIR luminosity, which is neglected in the previous study. The AGN-
heated dust component has a temperature 𝑇dust = 95.60+37.33−25.81 K,
which is consistent with the high temperature reported for the centre
of high redshift quasars found in earlier high-resolution observations
(∼200 pc; Walter et al. 2022; Shao et al. 2022). However, from this
fit, we also find that the temperature of the cold dust component is
𝑇dust = 29.3+4.5−3.6 K, which is lower than the temperature 29 − 47K
with a median value of ∼ 38K at the outer part of the galaxy (Fig. 4).

This is expected due to the optically thin assumption we adopted in
the SED modelling, which yields systematically lower temperatures
than fits that allow the dust to have finite optical depth (Cortzen et al.
2020).
Improving this aspect of our fit motivates our second fitting

method, wherein we modify our model by introducing an additional
free parameter for the dust optical depth 𝜏a at 161`m, which we
denote 𝜏161`m, for the cold dust component. We fit the model again
with the same procedure for the above optically thin case, but with
a prior constraint that the cold dust temperature cannot exceed the
warm dust temperature. Figure A.7 shows the posterior distribution
of themodel parameters, which are summarized in Tab. 3.3 Including
a finite optical depth increases our best-fitting cold dust temperature
to 52.6+10.3−11.0 K. This confirms that relaxing the optically thin assump-
tion provides a dust temperature consistent with the spatially resolved
result, while at the same time not significantly changing the overall
functional shape of two greybody functions or the parameters derived
from them such as the SFR and the AGN luminosity. The updated
SED fit is shown in Fig. A.8. The derived range of optical depth
𝜏161`m from 0 to 0.0146 is much smaller than the spatially resolved
result with the median value of 0.1556. The optical depth derived
by the spatially integrated SED assuming single temperature 𝑇dust
may have much less physical meaning than the optical depth derived
in the spatially resolved image (Fig. 3B) because the galaxy shows
a significant variation of non-linear parameters such as temperature
and optical depth over the galaxy. This may illustrate that the optical
depth 𝜏a measurement becomes inaccurate if the dust temperature
and opacity structure are smaller than the integration aperture.
From this fit we also obtain dust emissivity indices 𝛽dust =

0.91+0.56−0.49 and 𝛽dust = 2.56
+0.37
−0.30 for the warm and cold components,

respectively. Our finding of a shallow index 𝛽 ∼ 1 for the warm
component and a steeper index 𝛽 ∼ 2.5 for the cool component is
consistent with the large range of 1 . 𝛽 . 2.5 suggested by the
observations and models of infrared to sub-millimeter dust emission
and laboratory experiments (e.g., laboratory experiments: Mennella
et al. 1998; Agladze et al. 1996, models; Pollack et al. 1994, obser-
vations: Galametz et al. 2012; Dupac et al. 2003). In agreement with
our results, these studies suggest that 𝛽dust anti-correlates with the
dust temperature 𝑇dust; 𝛽 ∼ 1 for small grains, primarily radiating
in MIR bands, and 𝛽 ∼ 2 for large grains, which can archive lower
equilibrium temperature and thus radiate their energy in FIR bands
(da Cunha et al. 2008).
Our third fitting approach is to model the panchromatic SED from

the rest UV to FIR bands using the more realistic galaxy SED fitting
code stardust (Kokorev et al. 2021), which assumes three compo-
nents; a QSO template dominating in the rest-frame UV to optical
bands (Shen 2016), an AGN-heated dust component (Mullaney et al.
2011) dominating in the rest-frame MIR bands, and a cold dust com-
ponent of the host galaxy dominating in the FIR bands (Draine &
Li 2007). We modified the code to accept spatial constraints: point
source fluxes at _rest = 161`m and _rest = 90`m which constrain
the AGN-heated dust components similar to the two greybody com-
ponents fit4. Figure 11 shows the best-fit SED decomposed into the
QSO component (AGN-heated dust) and the host galaxy component
(cold dust associated with the star-forming host galaxy). The SFR

3 Note that, since the posterior distribution for 𝜏161`m remains significantly
above zero all the way down to 𝜏161`m = 0, for this parameter report only
a best-fit value and an upper limit 𝜏161`m < 0.0146 (84th percentile of the
posterior distribution), not a lower limit.
4 The modified stardust code will be available at the GitHub repository
https://github.com/takafumi291, upon the publication
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(A) (B) (C) (D) (E)

Figure 7. Decomposition of the rest-frame 161`m continuum image: (A) the original image on a linear scale; (B) the best-fit point source component; (C) the
best-fit circular Gaussian component; (D) the best-fit [Cii] component; (E) the residual (data − model). The intensity scale for all maps is in units of the rms
noise 𝜎 of the continuum image (A). We show the size of the synthesized beam (FWHM) in the lower-left corner of each panel.

(A) (B) (C) (D) (E)

Figure 8. Decomposition of the rest-frame 90`m continuum image. Same as in Fig. 7 except showing Band 9 results.

Parameters Band 7 (_rest = 161`m) Band 9 (_rest = 90`m)

x offset of the centre (R.A), 𝑐𝑥 (mas) 19.6±0.5 9.6±1.6
y offset of the centre (Dec.), 𝑐𝑦 (mas) 13.6±0.6 1.3±1.4
Point source flux, 𝑓a,point (mJy) 3.09+0.09−0.08 10.87+0.85−1.18
Gaussian flux 𝑓a,Gauss (mJy) 7.4+0.18−0.14 16.83+1.08−1.06
[Cii] template flux 𝑓a,disk (mJy) 10.26+0.25−0.36 27.62+2.32−2.19
Gaussian size 𝜎Gauss (pc) 787+18−17 777+66−75

Model total flux 𝑓a,model (mJy) 20.76±0.36 55.32±2.69

Derived parameters

Measured total flux 𝑓a,total (mJy) 20.54±0.27 52.92±2.13

Table 2. The best-fit result of the image decomposition. The x and y offset of the centre of the point source and Gaussian is denoted relative to the image centre
coordinate (RA, Dec)=(204.514231deg, −4.543055deg), which corresponds to the highest peak pixel of the temperature. The offset of the quasar position from
the centre is RA= 14.5mas and Dec= 4.5mas, consistent with that of the point source component within the ALMA’s positional uncertainty. Model total flux
𝑓a,model is the sum of each component flux 𝑓a,point + 𝑓a,Gauss + 𝑓a,disk. Measured total flux 𝑓a,total are measured from the images, same as listed in Table A.1.

and AGN contribution to 𝐿TIR we derive from this fit are consistent
with those we obtain from the two-component greybody fit (Tab. 3).
Our stardust calculation also finds that a QSO template without
dust extinction (𝐴V = 0) fits the data better than a template including
extinction, which may indicate that the QSO has already cleared dust
at least from the line of sight between us and the central accretion
disk. We also consider a fit from stardust using a stellar spectrum
template instead of a quasar template for the UV-to-optical part of
SED, but this results in a 𝜒2 value that is larger by 536, with 21
degrees of freedom. This difference in 𝜒2 is highly significant and
strongly favours the quasar template. Moreover, the stellar template
fit produces an estimated stellar mass of ∼ 1012𝑀� , which easily
exceeds the dynamical mass. This confirms that the UV to optical
part of the SED is dominated by AGN emission, supporting our inter-
pretation that the compact dust component identified at the position
of the highest temperature peak is predominantly heated by AGN.

For completeness, we also perform stardust SED fitting with-
out using the image decomposition results, 𝑓_rest=161`𝑚,point and
𝑓_rest=90`𝑚,point, to constrain the AGN-heated dust contribution to
the FIR SED. In this case, stardust provides a best-fit model with a
SFR of 5260±31𝑀� , much higher than that derived when including
the spatially-resolved constraints; moreover, the 𝜒2 value of this fit
(𝜒2 = 282, DOF=21) is no worse than that derived including the spa-
tially resolved data. We show the fit in Fig.A.9, and visual inspection
confirms that the fit to the global SED is no worse than the one shown
in Figure 11 derived using the spatially decomposed constraints. This
demonstrates that spatially resolved information at rest-frame ∼ 90
to 161`m band is required to constrain and remove the AGN-heated
dust component in order to estimate SFR accurately; it is not possible
to make this correction with unresolved photometric data alone.
Themost important conclusion from the discussion above is that all

three methods of SED modelling that include the spatially-resolved
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Figure 9. The surface brightness profiles for rest-frame 161`m (left) and 90`m (right) continuum images. Blue points with an error bar show the azimuthally-
averaged surface brightness profile of the continuum image, while lines show the best-fit decomposed model, including the point source (dotted grey line),
Gaussian (dot-dashed grey line), and [Cii] (dashed grey line) components, and their sum (black solid line). These profiles are derived using Photutils code (Larry
Bradley et al. 2019) as follows. We first fit elliptical isophotes to the dust continuum images, where the four parameters describing each ellipse (2-dimensional
centre position, position angle, and ellipticity) are left free. We then measure azimuthally-averaged surface brightness along each of the best-fitting ellipses. The
error bars on the data points include uncertainties in the ellipse fitting due to spatially correlated noise in the images.
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Figure 10. The far infrared spectral energy distribution of BRI1335-0417 (black points, see Table A.1) with the best-fit model (grey) composed of two greybody
spectra: a warm dust component heated by the AGN (red) and a cold dust component associated with the host galaxy (green). Both components are assumed to
be optically thin. In addition to the total photometric points, we used point source fluxes, 𝑓_rest=161`𝑚,point and 𝑓_rest=90`𝑚,point (red points) measured by the
image decomposition to constrain the flux contributed by the AGN-heated warm dust component (Tab. 2).

constraints provide consistent estimates of the AGN contribution to
𝐿TIR, and therefore for the host galaxy SFR. As final values for the re-
mainder of this paper, we adopt the best-fit model parameters derived
from the two greybodies fit with a free optical thickness 𝜏_rest=161`m
for the cold component (fourth column of Tab. 3); this is a conser-

vative choice since it includes the widest range of possible model
uncertainties. Our fiducial estimates are therefore 𝑇dust = 87.1+34.1−18.3,
𝛽dust = 0.91+0.49−0.49, and 𝑇dust = 52.6

+10.3
−11.0 K, 𝛽dust = 2.56

+0.37
−0.30 for

the warm and cold components, respectively. The former is con-
sistent with expectations for small dust primarily radiating in the
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Figure 11. The UV to Radio spectral energy distribution of BRI1335-0417 (black points, see Table A.1) with the best-fit stardust model (Kokorev et al.
2021) composed of a quasar template (blue solid line: UV to optical), AGN-heated hot and warm dust template (red solid line: near-IR to mid-IR), and cold
dust associated with the host galaxy (green solid line: FIR). In addition to the total photometric points, we used point source fluxes, 𝑓_rest=161`𝑚,point and
𝑓_rest=90`𝑚,point (red points) measured by the image decomposition to constrain the flux contributed by the AGN-heated warm dust component (Tab. 2).

Parameters unit Two greybodies Two greybodies Stardust
cold dust opacity assumption thin thick thin

log10 𝑀dust(warm dust) (𝑀�) 7.98+0.13−0.13 8.02+0.13−0.13
𝑇dust(warm dust) (K) 96.0+38.9−25.9 87.1+34.1−18.3
𝛽dust (warm dust) 0.85+0.56−0.49 0.91+0.49−0.49

log10 𝑀dust(cold dust) (𝑀�) 9.48+0.14−0.15 9.00+0.16−0.13 9.39 ± 0.03
𝑇dust(cold dust) (K) 29.3+4.5−3.6 52.6+10.3−11.0 37.8 ± 0.6a
𝛽dust (cold dust) 2.75+0.46−0.40 2.56+0.37−0.30
𝜏_rest=161`m 0.0072 (< 0.0146)

Derived parameters

Total 𝐿IR (1013𝐿�) 3.9+1.3−0.8 3.8+0.9−0.6 5.4 ± 0.1
AGN 𝐿IR (1013𝐿�) 2.4+1.3−0.9 2.0+1.1−0.7 3.6 ± 0.1

Host galaxy 𝐿IR 1013𝐿� 1.5+0.3−0.2 1.7+0.5−0.4 1.77 ± 0.02
SFR (103𝑀� yr−1) 1.5+0.3−0.2 1.7+0.5−0.4 1.77 ± 0.02

AGN fraction in 𝐿IR 0.62+0.11−0.13 0.53+0.14−0.15 0.67 ± 0.01

𝜒2 (DOF) 0.98 (4) 0.66 (3) 284.19 (23)

Table 3. The derived parameter with SEDmodelling. aThe stardust code also returns the average radiation field intensity 〈𝑈 〉 = 66.0±6.4 (= 𝐿dust/𝑀dust/125),
which is a proxy of the luminosity-weighted dust temperature𝑇dust. The temperature is converted by using the 〈𝑈 〉 = (𝑇dust/18.9𝐾 )6.04 following Magdis et al.
(2017).

MIR (da Cunha et al. 2008), while the latter is consistent with the
typical temperatures and dust opacity indices of high-redshift star-
burst galaxies (Magnelli et al. 2012), bolstering our interpretation of
these two components as primarily AGN-heated and primarily star
formation-heated.

4.3 AGN-subtracted dust properties

Armed with our successful decomposition of the emission into a
point-like AGN component and an extended star formation compo-
nent, we are now also in a position to construct a map of the spatially-
resolved dust properties in the galaxy with the AGN contamination

removed. To this end, we start from the rest-frame 161`m and 90`m
continuum images, and in each pixel, we subtract our best-fitting
model estimate of the contribution from the point-like AGN-heated
dust. We then repeat the fitting procedure presented in Section 3 on
the point source-subtracted images. This procedure yields a map of
properties for the cold dust component alone, rather than the un-
known admixture of cold and hot components we obtain in Section
3. Figures 12 (A-C) show the temperature map, dust optical depth,
and surface density of the SFR, respectively, derived in this manner.
We again use Monte Carlo simulations to propagate the uncertain-
ties, including not only the noise in the image and the uncertainty
in the fiducial dust emissivity index 𝛽 = 2.14 ± 0.17 as in Section
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3, but also our uncertainties on the properties of the point source
component (see Table 2).
Figure 13 shows the one-dimensional dust temperature profile of

the cold dust and the star formation density estimated after the warm
dust component is removed. The temperature still shows a slight
increase toward the centre, but does not show the steep temperature
gradient seen in the results without the subtraction. The flat dust
temperature indicates that the steep gradient in Fig. 4 is entirely due
to thewarm dust heated by theAGN, suggested by the compact nature
and the two-component dust SED fitting (Figs. 10 and 11), providing
further confidence for the successful subtraction of the warm dust
component heated by the central AGN.
Figure 14 shows a comparison of the SFR surface densityΣSFR es-

timated from the FIR luminosity derived with and without removing
the warm dust component heated by AGN (Figs. 3C and 12C). ΣSFR
is derived by (ΣTIR/𝐿�kpc−2) × 10−10𝑀�kpc−2yr−1 assuming the
Chabrier (2003) initial mass function, where ΣTIR is measured for
the cold dust component after subtracting the unresolved warm dust
component from the images (Fig.12C). We see that if one does not
remove the component, the central SFR surface density can be over-
estimated by over a factor of 3 at currently-available resolutions, and
that the point source AGN-heated dust contaminates the derived dust
physical properties out to ∼1 synthesized beam FWHM in radius
(∼ 1.3 kpc). In future higher-resolution observations, the contami-
nated region would presumably be smaller, but the contribution of
the AGN-heated warm dust would be correspondingly larger in the
central resolution elements, leading to an even larger overestimation
of the central SFR surface density.
Figure 15 compares the SFR surface density estimated from the

point source-subtracted FIR luminosity with that estimated from the
[C ii] luminosity using the calibration of De Looze et al. (2011). As
expected from the central decrease in [C ii]/𝐿TIR, the [C ii] lumi-
nosity under-predicts the SFR surface density in the central region.
In the outer parts of the galaxy, the predicted SFR density from the
[C ii] line luminosity agrees well with that derived from 𝐿TIR. As a
consistency check, we also compute the total SFR from the resolved
map by integrating over it, using SFRs derived from [C ii] in pixels
where dust-based estimates are unavailable because the 68% confi-
dent interval on 𝑇dust is > 10 K (white regions in the image). The
resulting integrated SFR is ∼ 1476𝑀� yr−1, consistent with the SED
modelling result 1700+500−400𝑀� yr−1.

5 DISCUSSION

The decomposition of BRI 1335-0417’s emission into AGN- and star
formation-powered components has implications both for the inter-
pretation of the source itself and future studies of similar systems.
We explore these in turn.

5.1 Implications for the dynamics and history of BRI 1335-0417

Our analysis allows us to draw a number of conclusions about the
structure formation of BRI 1335-0417. First, our results suggest that
the galaxy has an extended disk and a compact bulge both actively
forming stars. Part of the evidence is dynamical: Tsukui & Iguchi
(2021) conclude based on [C ii] kinematics that a compact mass
< 1.3 kpc in size resides in the centre of the galaxy. Our work here
adds morphological evidence on top of this: both the 𝐼_rest=161`𝑚
and 𝐼_rest=90`𝑚 images require a compact Gaussian component with
an effective radius 𝑅𝑒 of ∼ 0.9 kpc (calculated as 0.5×FWHM from
the sizes obtained in Tab. 2) in addition to a nearly exponential

[C ii] disk template. The most natural explanation for the combined
dynamical and morphological evidence is the presence of a compact,
massive nuclear region that is actively star-forming. However, the
fact that the rest-frame UV to optical part of the SED is best fit by
a QSO template without dust extinction also suggests that the AGN
of BRI 1335-0417 has cleared dust along our line of sight to the
central accretion disk (e.g., Fujimoto et al. 2022), so gas is actively
being ejected, and the central region may be in the last throes of
star formation. Thus we conclude that BRI 1335-0417 may be in
the transition from a QSO phase to being a passive bulge-dominated
galaxy (Hopkins et al. 2008a,b). With the compact star formation
and the extended disk star formation, the galaxy may evolve into the
passive bulged-disk system (Fudamoto et al. 2022) unless the galaxy
is affected by external perturbation such as mergers.

Our results also explain the organized disk rotation in the galaxy.
In Figure 16, we show pixel-by-pixel measurements of Σgas vs. ΣSFR
(i.e., the Kennicutt-Schmidt diagram) for BRI 1335-0417. The gas
mass is derived by converting the spatially resolved dust mass surface
density in Fig. 3B to a total mass surface density assuming the same
gas-to-dust ratio of 54.2 ± 9.3 estimated in Sec. 3. We find that
most pixels are located in the starburst regime characterized by gas
depletion times of 50-200 Myr (Genzel et al. 2010), much less than
the ∼ 1 Gyr values typically found for main sequence star-forming
galaxies at redshift of 1-3 (Tacconi et al. 2013). If the starburst is
triggered by a gas-rich major merger, which violently disturbs the
gas kinematics, it may take at least one orbital period for the gas to
settle into organized disk rotation. The 50-200 Myr depletion time
is comparable to the ≈ 120 Myr orbital period at the disk effective
radius derived from [C ii] kinematics (Tsukui & Iguchi 2021). This
explains why the galaxy has had time to settle into relaxed, disk-like
kinematics, at least in the centre where the orbital period is shortest;
the outer disk, where the orbital time is longer, is also rotating, but
shows significantmorphological disturbance (Tsukui& Iguchi 2021),
consistent with a system age near the upper end of the depletion time
range.

It is worth noting that our estimated gas depletion times are much
larger than the previous estimates by Jones et al. (2016), who not only
found a much higher SFR due to AGN contribution, but also adopted
a size of 1.8 kpc2 for the area of the star-forming disk based on the 44
GHz continuum, much smaller than the size revealed in our spatially
resolved maps. Both factors contribute to an underestimate of the
depletion time. Using this underestimate leads to the conclusion that
the system must be less than one dynamical time old, which is hard
to reconcile with the kinematics as noted in Sec. 1. Our increased
depletion time resolves this discrepancy.

Finally, we note that Fig. 16 also shows that the central region of
the galaxy has shorter gas depletion time on average than the disk
(outer) part of the galaxy, while the outer part has a larger scatter
in depletion time. The large scatter reflects the high/low-temperature
regions aligned with the minor/major axis (Fig. 6), and suggests
that the SFR in part of the outer disk may be locally enhanced by
cold gas/satellite accretion from a preferential direction, or by the
AGN wind to the perpendicular direction to the disk as discussed in
Sec. 3.5. This combined with the shorter depletion time in the centre
suggests that the galaxy may quench star formation inside out to form
a bulge-disk system (van Dokkum et al. 2015; Tacchella et al. 2015)
due to the combination of the removal of the gas by the AGN wind,
earlier consumption of the gas in the centre, and/or gas supply from
ongoing gas/satellite accretion supporting the star formation in the
disk.
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(A) (B) (C)
Dust temperature Optical depth or dust mass FIR luminosity

Figure 12. The best-fit dust temperature (A), optical depth at Band 7 continuum _rest = 161`m or dust mass surface density (B), and surface density of the
integrated total IR luminosity over 8-1000`m, ΣTIR(𝐿� kpc−2) (C). These are derived by fitting a greybody function at each pixel of the dust continuum images
𝐼_rest=90`𝑚 and 𝐼_rest=161`𝑚 after subtracting the point source (AGN-heated dust) contribution. The colour scales and contour levels are the same as in Fig. 3 in
order to aid in comparison. The size of the synthesized beam (FWHM) is shown in the lower-left corner of (A-C).
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Figure 13. Radial profile of the temperature of BRI 1335-0417, derived after
subtracting the point source component (AGN-heated dust) shown in blue
points and blue shade extracted from Fig. 12A in the same way as Fig. 4.
The grey shade shows the radial profile derived before subtracting the point
source component (same as the grey shade Fig. 4).

5.2 Implications for future studies of high-redshift starbursts
and QSO hosts

In BRI 1335-0417, the warm dust component heated by AGN con-
tributes only a small fraction of the total observed flux, ∼15% and
∼21% at _rest = 161`m and _rest = 90`m, respectively. However,
ignoring this component leads to a factor of three overestimate of the
total SFR (see Fig. 2 and Fig. 10), because the warm dust compo-
nent has high temperature, 𝑇dust = 87.1+34.1−18.3, and thus contributes
a substantially larger fraction of the inferred total TIR luminosity
(𝐿TIR ∝ 𝑇

4+𝛽
dust ). The warm dust component also contributes a sig-

nificant fraction of the flux within the central resolution element,
leading to a factor of ∼ 4 overestimate of the local SFR density (see
Fig. 14), and contaminates the SFR density estimate out to roughly
the FWHM of the beam in radius. Thus the point source subtraction
is crucial for accurate estimates of both the total SFR and its spatial
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Figure 14. Radial profile of star formation surface density ΣSFR of BRI
1335-0417, derived after subtracting the point source component (AGN-
heated dust) shown in blue points and blue shade. The points and shades
are extracted from Fig. 12C in the same way as Fig. 13 after converting the
surface TIR luminosity density to SFR density (see text). The grey shade
shows the radial profile of ΣSFR derived without subtracting the point source
component, derived by converting ΣTIR as shown in Fig.3C to ΣSFR.

distribution, even when the AGN contribution to the observed bands
is relatively small.
Nor does higher resolution remove this need. In a higher-resolution

observation, the region contaminated by the AGN is smaller, but
the AGN contribution is correspondingly greater because the rela-
tive fraction of the extended cold dust component becomes smaller
in the central beam. As an extreme example of this, Walter et al.
(2022) reported 200 pc resolution observation towards the quasar
J234833.34–305410.0 at redshift 6.9 and estimated the dust temper-
ature of the central resolution element (radius of 110pc) to be >132K,
and the star formation rate density to be 25500𝑀�yr−1kpc−2 with
the assumption that the AGN is negligible. The effective radius of the
resolution element 110 pc is much smaller than our study (𝑟 = 720
pc). As the authors discussed, the compact emission from the AGN-
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Figure 15. Radial profile of star formation surface density ΣSFR of BRI
1335-0417 derived from 𝐿TIR shown in Fig. 12C, compared with the star
formation surface density derived from [C ii] line luminosity 𝐿[C ii] using
the calibration of De Looze et al. 2011.

heated dust may dominate in the central resolution element. Our
findings here strongly support that conjecture.
In this paper, we decompose the AGN and star formation contri-

butions using ALMA observations of the FIR part of SED, where the
ratio of AGN to galactic luminosity is less extreme than at rest-frame
UV to optical, where the black hole accretion disk greatly outshines
the host galaxy (Marshall et al. 2020). Recently Ding et al. (2022)
demonstrated that James Web Space Telescope (JWST) data in rest-
frame optical also enable the decomposition of the surface brightness
distribution into the point source AGN component and extended host
galaxy stellar component. The separation of AGN-host galaxies with
JWST, coupled with decomposition in the FIR and SED modelling
such as that we have demonstrated here, will provide measurements
of the already-formed stellar masses in addition to the SFR. These
complementary measurements will provide the information crucial
to understanding how the galaxy-BH relation is set in the early uni-
verse.

6 CONCLUSION AND SUMMARY

We present ∼1kpc ALMA imaging of the dust continuum, [C ii]
emission, and CO(7-6) emission of a 𝑧 = 4.4 quasar host galaxy,
BRI1335-0417. Due to the unique brightness of the galaxy, the ob-
servations provide a number of resolution elements across the galaxy,
allowing us to study the spatially resolved ISM properties of the host
galaxy, and to disentangle the light coming from the unresolved,
AGN-powered region from that produced by star formation in the
surrounding galaxy. Our main findings and their implications are the
following.

• Using the spatially resolved continuum images 𝐼_rest=161`𝑚 and
𝐼_rest=90`𝑚, but without first separating the AGN and galaxy compo-
nents, we constrain the shape of the greybody for individual pixels
and derive the dust temperature, optical thickness, and dust mass sur-
face density. The central resolution element is found to be optically
thick 𝜏a ∼ 0.6 at _rest = 161`m and 𝜏a ∼ 1.3 at _rest = 90`m.
The temperature shows a steep radial gradient towards the centre,
reaching 57.7 ± 0.4 K, which is higher than the typical temperatures

of 47K and 40K for quasar host galaxies and star-forming galaxies,
respectively.

• The pixel-by-pixel temperature distribution image shows that
high-temperature peaks are preferentially alignedwith the diskminor
axis. The anisotropic distribution coincides with the high velocity
dispersion region of [C ii], both ofwhich showa conical shape aligned
with the disk minor axis. With current data, we cannot conclude
whether the feature is due to the AGN wind heating the dust (Saito
et al. 2018) or to the presence of a star-forming region driven by
anisotropic cold gas supply from gas/satellite accretion (Dekel et al.
2009).

• Image decomposition analysis reveals the presence of a point
source in the two dust continuum images 𝐼_rest=161`𝑚 and 𝐼_rest=90`𝑚,
whose positions coincide with the highest temperature, the peak of
the dust continuum image, and the optical quasar position. The point
source contribution to the total flux is small, ∼15% and ∼21% for
𝐼_rest=161`𝑚 and 𝐼_rest=90`𝑚, respectively. However, in the central
resolution element, the contribution is much larger, 49.8+1.5−1.3% and
56.7−6.1+4.5% for the respective images to the flux.

• We model the FIR SED assuming that the point-source flux
comes from a warm dust component heated by the AGN, and the re-
mainder comes from cold dust component heated by the star-forming
host galaxy. The decomposed fluxes constrain the AGN-heated warm
dust contribution to the FIR part of the SED, which is usually as-
sumed to be dominated by the cold dust heated by star formation. We
estimate temperatures of 𝑇dust = 87.134.1−18.3 K and 𝑇dust = 52.6

+10.3
−11.0

K for the warm and cold components, respectively. We estimate the
SFR from the FIR luminosity of the cold component, finding a SFR
of 1700+500−400𝑀� yr−1. This is a factor of three less than the previously
estimated value 5040 ± 1300𝑀� yr−1 due to the high AGN fraction
in the FIR luminosity 53+14−15%.

• The SED fit suggests that there are two dust components with
different temperatures in the central resolution element in the images.
The central temperature of 57 ± 0.3 K we obtain without decompos-
ing the AGN and star formation components should be interpreted
as the luminosity-averaged solution within the beam, which results
from fitting these two dust components with a single greybody func-
tion. After removing the point source (warm dust component) com-
ponent from the images, we remeasure the dust properties for the
star formation-heated cold dust component only. This fit shows a
nearly flat temperature profile with a slight increase toward the cen-
tre, suggesting that the steep temperature gradient found in the one-
component fit is entirely due to the unresolvedwarm dust component.
The single-component fit overestimates the central SFR density by a
factor of 4 as a result.

• Our estimates of star formation surface density ΣSFR after AGN
subtraction and gas surface density Σgas for individual pixels show
a roughly linear sequence with a gas depletion time of 50-200Myr.
This places the galaxy in the starburst regime, clearly separated from
main-sequence galaxies at 𝑧 ∼ 1 − 3 with gas depletion times of ∼1
Gyr, but makes it a typical starburst rather than an extreme outlier.

Through this study, we demonstrate a method to constrain the SED
shape of an unresolved warm dust component heated by AGN and an
extended cold dust component in the host galaxy by combining spa-
tially resolved information in two images 𝐼_rest=161`𝑚 and 𝐼_rest=90`𝑚
with integrated UV to FIR SED analysis. This method provides the
total spatially resolved SFR, with contamination from warm dust
heated by the AGN removed allowing us to study how quasar activity
affects stellar mass build-up. Our method and recently demonstrated
AGN-host galaxy decomposition with JWST (Ding et al. 2022) pro-
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Figure 16. The star formation rate surface density ΣSFR and the gas surface density Σgas relation (Kennicutt–Schmidt diagram). Left: The black points indicate
our spatially resolved measurements of BRI 1335-0417, where 3 pixels are extracted per beam, compared with the star-forming main sequence at redshift of
1-3 (Tacconi et al. 2013) and starburst galaxies at redshift of 1-3 (Genzel et al. 2010). The red cross shows the previous estimate for BRI 1335-0417 (Jones
et al. 2016), refined by our new spatially resolved SFR estimate with the AGN-heated dust component removed. Right: Same as the black points in the left, but
colour-coded with the radial distance from the centre.

vide complementary measurements crucial to understanding how the
galaxy-BH relation is set in the early universe.
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(A) (B) (C)
Herschel SPIRE 250 𝝁m Herschel SPIRE 350 𝝁m Herschel SPIRE 500 𝝁m

Figure A.1. Herschel SPIRE images at 250 `m (A), 350`m (B), and 500`m (C) bands for BRI 1335-0417. The blue cross shows the source position of BRI
1335-0417. The blue ellipse at the left corner of each panel is the size of the point spread function (FWHM). At 250`m with the highest resolution, the galaxy
is separated from the nearby bright source at East. At 350`m, 500`m bands, the galaxy is not separated from and can be contaminated by the neighbouring
bright source. Therefore, we did not include the fluxes of 350`m and 500`m for our SED modelling.
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Figure A.2. The reduced chi-square values (left) and Bayesian information criterion (BIC: right) for all combinations of model components used to fit Band 7
continuum image, 𝐼_rest=161`𝑚.
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Figure A.3. Same as Fig. A.2 for Band 9 continuum image, 𝐼_rest=90`𝑚.
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Figure A.4. The residual of observed data minus best-fit model for all combinations of model components used to fit the Band 7 continuum image, 𝐼_rest=161`𝑚.
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Figure A.5. The same as Fig. A.4 for the Band 9 continuum image, 𝐼_rest=90`𝑚.
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Figure A.6. Posterior probability distributions of the dust mass 𝑀dust, dust temperature 𝑇dust and dust emissivity 𝛽dust of two greybody functions fitted to FIR
part of the SED, sampled using emcee code (Foreman-Mackey et al. 2013). The colour in the sampled distribution indicates the relative log-likelihood of the
sample; blue shows the least likely to white the most, while black shows the even less likely points with Δ𝜒2 > 9, corresponding to 3𝜎 confidence interval in
𝜒2 statistics. The derived parameters are summarized in Tab.3.
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Figure A.7. Same as Fig A.6 for two greybody functions with free optical depth at rest-frame 161`m, 𝜏161`m for the cold dust component. We used prior on
the temperature of the warm dust component does not exceed the cold dust component. The derived parameters are summarized in Tab.3.
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Figure A.8. Same as Fig 10, but for the fit relaxing the optically thin assumption with the free optical depth at rest-frame 161`m, 𝜏_rest=161`m. Optically
thin case is included in the range of the confidence interval of the model fitting. The overall shape of the model does not change and thus provides consistent
parameters such as SFR, and AGN fraction with the optically thin case (see Tab. 3).
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Figure A.9. The UV to Radio spectral energy distribution of BRI1335-0417 (black points, see Table A.1) with the best-fit stardustmodel(Kokorev et al. 2021)
without using point source fluxes (red points) at rest-frame 161`m and 90`m as AGN-heated dust component. The best-fit model returns the SFR estimate of
5260±31𝑀� yr−1 much higher than 1770±20𝑀� yr−1 estimated using point source fluxes at rest-frame 161`m and 90`m bands as emission fromAGN-heated
dust.
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Instrument Wavelength (micron) Flux(mJy) Flux uncertainty (mJy) Sources

Pan-STARRS1-g 0.477 0.0099 3.100e-04 (Chambers et al. 2016)
Pan-STARRS1-r 0.612 0.053 1.300e-03 (Chambers et al. 2016)
Pan-STARRS1-i 0.747 0.102 1.000e-03 (Chambers et al. 2016)
Pan-STARRS1-z 0.865 0.118 1.000e-03 (Chambers et al. 2016)
Pan-STARRS1-y 0.960 0.123 3.000e-03 (Chambers et al. 2016)
VISTA-Y 1.018 0.143 4.000e-03 (Lasker et al. 2021)
2MASSJ 1.239 0.133 5.000e-03 (Lasker et al. 2021)
2MASSH 1.649 0.141 8.000e-03 (Lasker et al. 2021)
2MASSKs 2.163 0.135 8.000e-03 (Lasker et al. 2021)
WISE W1 3.350 0.140 7.000e-03 (Lasker et al. 2021)

Spitzer IRAC3.6 3.600 0.141 3.759e-04 SEIP
Spitzer IRAC4.5 4.500 0.114 4.042e-04 SEIP
WISE W2 4.600 0.116 0.011 (Lasker et al. 2021)

Spitzer IRAC5.8 5.800 0.151 1.487e-03 SEIP
Spitzer IRAC8.0 8.000 0.280 2.782e-03 SEIP
Spitzer MIPS24 24.00 1.484 0.215 SEIP

HERSCHEL PACS 70 70 6.768 3.606 HPPSC
HERSCHEL PACS 160 160 20.976 7.838 HPPSC
HERSCHEL SPIRE 250 250 37.6 7.900 HPPSC

ALMA 484 52.9 5.7 Our work
ALMA 869 20.5 2.1 Our work
ALMA 1110 9.0 0.9 Lu et al. 2018

IRAM interferometer 1350 5.6 1.1 Guilloteau et al. 1997
ALMA 2012 1.17 0.12 Lu et al. 2018
ALMA 2080 1.00 0.10 Our work
VLA 6813 0.040 0.007 Wagg et al. 2014
VLA 61685 0.076 0.011 Carilli et al. 1999
VLA 203940 0.220 0.043 Carilli et al. 1999

Table A.1. The data points used in this paper. From the left column, the name of the instrument, central wavelength in microns, measured flux, flux uncertainty,
and sources. SEIP denotes Spitzer Enhanced Imaging Products (SEIP) Source List (doi: 10.26131/IRSA3) and HPPSC denotes the Herschel/PACS Point Source
Catalogue (Marton et al. 2017). For ALMA photometric points, the absolute flux uncertainty (10% of the flux) is added in the quadrature with the statistical
uncertainty.
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