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A B S T R A C T 

The large total infrared (TIR) luminosities ( L TIR 

; � 10 

12 L �) observed in z ∼ 6 quasars are generally converted into high 

star-formation rates (SFRs; � 10 

2 M � yr −1 ) of their host galaxies. Ho we ver, these estimates rely on the assumption that dust 
heating is dominated by stellar radiation, neglecting the contribution from the central active galactic nucleus (AGN). We test the 
validity of this assumption by combining cosmological hydrodynamic simulations with radiative transfer calculations. We find 

that, when AGN radiation is included in the simulations, the mass (luminosity)-weighted dust temperature in the host galaxies 
increases from T ≈ 50 K ( T ≈ 70 K) to T ≈ 80 K ( T ≈ 200 K), suggesting that AGN ef fecti vely heats the bulk of dust in the host 
galaxy. We compute the AGN-host galaxy SFR from the synthetic spectral energy distribution by using standard SFR – L TIR 

relations, and compare the results with the ‘true’ values in the simulations. We find that the SFR is o v erestimated by a factor 
of ≈3 ( � 10) for AGN bolometric luminosities of L bol ≈ 10 

12 L � ( � 10 

13 L �), implying that the SFRs of z ∼ 6 quasars can be 
o v erestimated by o v er an order of magnitude. 

Key words: galaxies: ISM – (galaxies:) quasars: general – methods: numerical – radiative transfer. 
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 I N T RO D U C T I O N  

n the last two decades hundreds of quasars have been discovered 
ithin the first Gyr of the Universe (e.g. Yang et al. 2020 ; Wang

t al. 2021 ). These objects are po wered by accreting supermassi ve
lack holes (SMBHs; 10 8 –10 10 M �, e.g. Wu et al. 2015 ), shining as
ctive galactic nucleus (AGN). Observations in the local Universe 
eveal that black hole (BH) masses correlate with the host-galaxy 
roperties (e.g. Magorrian et al. 1998 ; Ferrarese & Merritt 2000 ;
ebhardt et al. 2000 ; Marconi & Hunt 2003 ; G ̈ultekin et al. 2009 ),

uggesting a co-evolution between the galaxy and the central SMBH 

e.g. Kormendy & Ho 2013 ; Harrison 2017 ), possibly mediated by
 form of feedback from the AGN via energy/momentum injections 
n to the surrounding gas (e.g. Silk & Rees 1998 ; King 2003 ). In
his picture, AGN activity might also regulate the star formation in 
he host galaxy (e.g. Carniani et al. 2016 ; Harrison et al. 2018 ).
 connection between the two quantities is also suggested by the 

imilar shape of the BH accretion density and star-formation rate 
SFR) density across cosmic time (e.g. Aird et al. 2015 ). 

In the latest years, ALMA and NOEMA observations have 
rovided the opportunity to study the properties of the interstellar 
edium (ISM) in several z ∼ 6 bright quasar-host galaxies via 

heir [C II ]158 μm and CO emission, as well as the underlying dust
ontinuum (e.g. Gallerani et al. 2017 ; Decarli et al. 2018 ; Venemans
t al. 2018 ; Carniani et al. 2019 ; Venemans et al. 2020 ; Neeleman
 E-mail: fabio.dimascia@sns.it 
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t al. 2021 ). These studies revealed the presence of large molecular
as reservoirs ( M gas � 10 10 M �), dust masses ( M dust ≈ 10 7 –10 8 M �),
nd ongoing SFRs as high as ≈10 2 −10 3 M � yr −1 (e.g. Decarli et al.
018 ; Venemans et al. 2020 ) in the host galaxies. 
These estimates rely on the assumption that the far-infrared (FIR)

mission is mainly due to stellar light reprocessed by dust. The
IR photometry is generally fitted with a grey-body function (e.g. 
arniani et al. 2019 ), from which the dust mass M dust is determined,
hereas the dust temperature T dust is assumed to be in the range
f 40–60 K. The total infrared (TIR) luminosity, L TIR , is then
omputed by integrating the grey-body function in the wavelength 
ange 8 −1000 μm, and an SFR–L TIR calibration (e.g. Kennicutt &
vans 2012 ) is used to infer the SFR in the host galaxy. This
omputation is very sensitive to the value of T dust , which is often
et a priori because in most cases only one or a few FIR photometric
ata points are available (e.g. Venemans et al. 2020 ). 
Recently, Walter et al. ( 2022 ) obtained high-angular resolution 
easurements of the [C II ] emission and underlying dust continuum

n the z = 6.9 quasar J2348–3054. From the fit of the spectral energy
istribution (SED) they derived T dust = 84 . 9 + 8 . 9 

−10 . 5 K, and then inferred
n SFR of 4700 M � yr −1 . This estimate is a factor of ≈10 higher
han the one suggested by the [C II ]–SFR relation in Herrera-Camus
t al. ( 2018 ). They also found T dust ≥ 134 K in the innermost region
 ≈110 pc), implying an extreme SFR density of 10 4 M � yr −1 pc −2 ,
hich is only marginally consistent with the Eddington limit for 

tar formation (Thompson, Quataert & Murray 2005 ). The authors 
rgued that this result might also be explained by a contribution from
he central AGN to the dust heating in the innermost ≈100 pc. 
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Numerical simulations constitute a complementary tool to in-
estigate the dust properties in the ISM of galaxies, thanks to the
ossibility to support them with radiative transfer (RT) calculations
e.g. Behrens et al. 2018 ). Recently, McKinney et al. ( 2021 ) simulated
 post-merger dust-enshrouded AGN, representative of submillimeter
alaxies at z ∼ 2–3. They find that AGN can dominate the dust
eating on kpc scales, boosting the IR emission at λ � 100 μm
typically associated with dust-reprocessed stellar light) by up to a
actor of 4. As a consequence, standard FIR-based calibrations would
 v erestimate the SFRs by a comparable factor. This finding is also
upported by empirical works suggesting that the AGN contribution
o the IR emission increases as a function of AGN power in z � 2.5
ources, questioning the extreme SFRs ( � 1000 M � yr −1 ) inferred
or the IR-brightest sources (Symeonidis & Page 2021 ; Symeonidis
t al. 2022 ). 

In this work, we test the goodness of the assumption that dust
eating is dominated by stellar radiation in high- z quasar hosts
xploiting numerical simulations. In Di Mascia et al. ( 2021 , hereafter
M21 ), we studied the AGN contribution to the dust heating in z
6 galaxies by post-processing the cosmological hydrodynamical

imulations by Barai et al. ( 2018 , hereafter B18 ), with the RT code
KIRT (Baes & Camps 2015 ; Camps et al. 2016 ). We found that

n normal star-forming galaxies the dust temperature distribution is
onsistent with typical values adopted (40–50 K) in the SED fitting
f z > 5 sources. Ho we ver, in runs including AGN radiation the
ust temperature increases to T dust > 100 K in the regions closest
 ≈200 pc) to the AGN, consistent with the finding by Walter et al.
 2022 ). We expand our previous work by analysing the synthetic
EDs predicted by our simulations to investigate whether the SFR

nferred from the IR emission is o v erestimated when the AGN
ontribution is not accounted for. 

 N U M E R I C A L  M E T H O D S  

he numerical model adopted in this work is similar to DM21 and
e briefly summarize it below. 

.1 Hydrodynamical simulations 

e adopt the suites of cosmological hydrodynamic simulations
tudied in B18 and in Valentini, Gallerani & Ferrara ( 2021 , hereafter
21 ). These simulations make use of a modified version of the

mooth particle hydrodynamics N -body code GADGET-3 (Springel
005 ) to follow the evolution of a ∼10 12 -M � dark matter (DM) halo
n a zoom-in fashion from z = 100 to z = 6. A flat Lambda cold
ark matter cosmology is assumed, with: �M, 0 = 0.3089, �� , 0 =
.6911, �B, 0 = 0.0486, and H 0 = 67 . 74 km s −1 Mpc −1 (Planck
ollaboration XIII 2016 ). The two suites differ for the particle

esolution and subgrid physics implemented, as follows. 

.1.1 B18 simulations 

n B18 , a DM halo of M h = 4.4 × 10 12 M � at z = 6 (virial
adius R 200 = 73 pkpc) 1 is chosen inside a comoving volume of
500 cMpc) 3 for re-simulation in a zoom-in region of (5.21 cMpc) 3 .
he highest resolution DM and gas particles in the zoom-in region
ave a mass of m DM 

= 7.54 × 10 6 M � and m gas = 1.41 × 10 6 M �,
NRAS 518, 3667–3674 (2023) 

 Throughout this paper ckpc refers to comoving kpc and pkpc to physical 
istances in kpc. When not explicitly stated, we are referring to physical 
istances. 
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espectively. Gravitational forces are softened on a scale of ε =
 h −1 ckpc, which corresponds to ≈210 pc at z = 6. The physics of the
SM is described by the multiphase model of Springel & Hernquist
 2003 ), assuming a density threshold of n SF = 0.13 cm 

−3 for star
ormation and a Chabrier ( 2003 ) initial mass function in the mass
ange of 0.1–100 M �. The code accounts for radiative heating and
ooling, for stellar winds, supernova feedback, and metal enrichment.
tellar evolution and chemical enrichment are computed following
ornatore et al. ( 2007 ). 
BHs are included in the simulation by placing a M BH = 10 5 -

 

−1 M � BH seed at the centre of an M h = 10 9 - h −1 M � DM halo, if it
oes not host a BH already. BHs can grow either by gas accretion or
ia mergers with other BHs. The former process is modelled via the
ondi–Hoyle–Littleton scheme (Hoyle & Lyttleton 1939 ; Bondi &
oyle 1944 ; Bondi 1952 ), and the accretion rate is capped at the
ddington rate Ṁ Edd . A fraction of the accreted rest-mass energy is

adiated away with a bolometric luminosity: 

 bol = εr Ṁ BH c 
2 , (1) 

here c is the speed of light and εr = 0.1 is the radiati ve ef ficiency.
GN feedback from the accreting BHs is modelled by distributing
 fraction εf = 0.05 of the energy irradiated by the BHs on to the
urrounding gas in kinetic form. In this work, we consider the runs
GNsphere and AGNcone from B18 , in which AGN feedback is
istributed in a spherical symmetry and in a bi-cone with an half-
pening angle of 45 ◦, respectively. 

.1.2 V21 simulations 

n V21 , a DM halo of M h = 1.12 × 10 12 M � is chosen for the zoom-
n simulation inside a comoving volume of (148 cMpc) 3 . A zoom-in
egion of size (5.25 cMpc) 3 is chosen for re-simulation, with the
ighest resolution particles of the zoom-in simulation having a mass
f m DM 

= 1.55 × 10 6 M � and m gas = 2.89 × 10 5 M �, respectively.
he gravitational softening lengths employed are εDM 

= 0.72 ckpc
nd εbar = 0.41 ckpc for DM and baryon particles, respectively,
he latter corresponding to ≈60 pc at z = 6, i.e. a factor of ≈3
ower than in B18 . Instead of the multiphase model by Springel &
ernquist ( 2003 ), the ISM is described by means of the MUlti Phase
 article Inte grator subresolution model (e.g. Murante et al. 2010 ;
alentini et al. 2020 ). It features metal cooling, thermal and kinetic
tellar feedback, the presence of a ultraviolet (UV) background,
nd a model for chemical e volution, follo wing Tornatore et al.
 2007 ). In particular, star formation is implemented with an H 2 -based
rescription instead of a density-based criterion, as in B18 . 
A fraction of the accreted rest-mass energy is radiated away from

he BHs according to equation ( 1 ), assuming a radiati ve ef ficiency of
r = 0.03. A fraction εf = 10 −4 of the radiated luminosity L bol 

s thermally coupled to the gas surrounding the BHs, and it is
sotropically distributed into the gas. BHs with M BH = 10 5 h −1 M �
re seeded in a 10 9 -h −1 M � BH-less DM halo, and they grow by
ccretion and mergers. In this work, we make use of the fiducial run
f the suite by V21 , which we will refer to as AGNthermal . 

.2 Radiati v e transfer 

or each snapshot of the hydrodynamical simulations we identify all
he AGNs with L bol > 10 10 L � as per equation ( 1 ). We choose for the
T post-processing a number of snapshots sufficient to well sample

he AGN luminosity range between 10 10 and 10 14 L �. We select for
ach RT simulation a cubic region of 60-kpc size ( ∼50 per cent of the



Is the SFR in z ∼ 6 quasars overestimated? 3669 

Figure 1. Maps of rele v ant properties relative to a representative snapshot, the z = 6.1 one of the run AGNthermal . Left-hand panel: Surface density distribution 
of the dust component within the computational box of 60-kpc size. The coloured circles indicate the 2.5-kpc region around each quasar host with L bol > 

10 10 L �, which we use to compute the dust temperature probability distribution function (PDF) in Section 3.1 and the synthetic SEDs in Section 3.2 . Middle 
panel: UV emission predicted by our RT calculations around source A in a smaller region of 6-kpc size. The radius of 2.5 kpc is shown with a dashed red line. 
Right-hand panel: Same as the middle panel, but for the TIR emission. 
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irial radius), centred on the centre of mass of the most massive halo.
e choose snapshots from different simulations in order to make 

ur results not biased by the subgrid physics and AGN feedback 
rescription implemented. 2 By choosing multiple snapshots for each 
un, we aim to make our results more general and not depending on
he specific gas/stellar morphology and AGN/star-formation activity 
f a single snapshot. The selected snapshots are post-processed with 
KIRT 

3 (Baes & Camps 2015 ; Camps et al. 2016 ). For the RT set-up,
 dust component and the radiation sources need to be specified. 

Given that the processes related to the dust production and de- 
truction are not explicitly followed in the hydrodynamic simulations 
dopted in this work, the dust distribution is assumed to track the
ne of the metals. We assume a linear scaling (e.g. Draine et al.
007 ) parametrized by the dust-to-metal ratio f d = M d / M Z , where
 d is the dust mass and M Z is the total mass of all the metals in each

as particle. This parameter acts as a normalization factor for the 
 v erall dust content. In order to make our results less dependent on
he specific choice of this parameter, we adopt two values for f d : a

ilky Way (MW)-like value, f d = 0.3, and a lower value, f d = 0.08,
ound to reproduce the observed SED of a z ∼ 8 galaxy (Behrens
t al. 2018 ). We adopt dust optical properties of the Small Magellanic
loud (SMC; Weingartner & Draine 2001 ). We assume gas particles 
otter than 10 6 K to be dust-free because of thermal sputtering (e.g.
raine & Salpeter 1979 ). 
Dust is distributed in the computational domain in an octree 

rid, whose maximum number of levels of refinement for high-dust 
ensity regions is chosen according to the spatial resolution of the 
ydrodynamic simulations. For the runs from B18 , we adopt eight 
evels of refinement, achieving a spatial resolution of ≈230 pc in 
he most refined cells, comparable with the softening length in the 
ydrodynamic simulation ( ≈210 pc at z = 6); for the runs from
 Different feedback prescriptions can significantly affect the gas/metals 
istribution and the star formation, as already shown in the original work 
y B18 and V21 , and also in DM21 (see their fig. 1) and Vito et al. ( 2022 ). 
 Version 8, http://www.skirt.ugent.be . 

A  

c  

A
 

o  

a

21 , we adopt 10 levels of refinement, with the highest resolved
ells having a size of ≈59 pc, consistent with the softening length
 ≈87 pc at z = 6). For illustration purposes, in Fig. 1 we show the
ust surface density distribution for the snapshot at z = 6.1 of the run
GNthermal , which we consider as a representative case. Within the
imulated computational box, three quasar-host galaxies with L bol > 

0 10 L � are present, and are labelled in the figure. 
We make use of the stellar synthesis models by Bruzual & Charlot

 2003 ) to implement the stellar radiation, according to the mass,
ge, and metallicity of each stellar particle. For the BHs, we use the
omposite power-law AGN SED we introduced in DM21 , which is
erived on the basis of several observational and theoretical works 
Shakura & Sunyaev 1973 ; Fiore et al. 1994 ; Richards et al. 2003 ;
azonov, Ostriker & Sunyaev 2004 ; Piconcelli et al. 2005 ; Gallerani
t al. 2010 ; Lusso et al. 2015 ; Shen et al. 2020 ). The AGN SED reads 

 λ = c i 

(
λ

μm 

)αi 
(

L bol 

L �

)
L � μm 

−1 , (2) 

here i labels the bands in which we decompose the spectra and
he coefficients c i are determined by imposing the continuity of the
unction based on the slopes αi , as detailed in table 2 in DM21 .
n particular, we make use of the fiducial AGN SED, characterized 
y an UV spectral slope αUV = −1.5. The SED is then normalized
ccording to the bolometric luminosity of the AGN (see equation 1 ).
he radiation field is sampled by using a grid composed of 200

ogarithmically spaced bins, co v ering the rest-frame wavelength 
ange [0 . 1 −10 3 ] μm , with 10 6 photon packets launched from each 
ource per wavelength bin. 

In order to isolate the contribution of the AGN to dust heating,
e perform each RT run with and without AGN radiation: We refer

o the first group of simulations as AGN on , and to the second as
 GN off . The runs A GN off and AGN on share the same dust/stellar
ontent and distribution: They differ from each other solely in the
GN contribution to the radiation field. 
As an illustrative case, we show in the middle and right-hand panels

f Fig. 1 the UV (0 . 1 −0 . 3 μm) and TIR (8 −1000 μm) emission in
 zoomed region around source A. 
MNRAS 518, 3667–3674 (2023) 
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Figure 2. Left-hand panel: PDF of the mass-weighted (red) and luminosity-weighted (blue) dust temperature (see Section 3.1 ) of the computational cells within 
2.5 kpc from a representative AGN (i.e. source A in Fig. 1 ) in the AGN off case. The red and blue solid lines mark the median values of the mass-weighted 
and luminosity-weighted PDFs, T d, M 

and T d, L , respectively. The black solid line indicates the value of T SED derived from the SED fitting (see Section 3.2 ). 
Right-hand panel: Same as the left-hand panel, but for the AGN on case. For comparison, we also show in this panel the values of T d, M 

, T d, L , and T SED for the 
AGN off case with dashed lines, adopting the same colour legend as in the left-hand panel. 
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 AG N  C O N T R I BU T I O N  TO  DUST  H E AT I N G  

e now investigate the contribution of the AGN radiation to the dust
eating, by comparing the dust temperature distribution of the AGN
n and AGN off runs. We first analyse the actual dust temperature
n the host galaxies in Section 3.1 ; then we discuss in Section 3.2
he dust temperature that would be inferred for our quasar hosts by
reating our synthetic SEDs as mock observations. 

.1 Physical dust temperature 

or each RT run, we select the region within 2.5 kpc around each
GN, which encloses the AGN host. This size is comparable to

he galaxy sizes in the simulations and to the dust continuum
ize of the majority of the quasar hosts observed at z ∼ 6 (e.g.
enemans et al. 2020 ). The dust masses in the AGN hosts are in the

ange of 3.1 × 10 6 –2.0 × 10 8 M �, whereas the AGN bolometric
uminosities are L bol = 10 10 –10 14 L �. We compute the PDF of the
ust temperatures in this region for the AGN off and AGN on runs as
one in DM21 . For each AGN, we consider the cells in the dust grid
ithin 2.5 kpc from the BH, and we compute the mass-weighted dust

emperature PDF 〈 T d 〉 M 

by weighting the dust temperature in each
ell T d, i with its dust mass M d, i . We also compute the luminosity-
eighted dust temperature PDF 〈 T d 〉 L , assuming that each cell emits

s a grey-body L TIR , i ∝ M d , i T 
4 + βd 

d , i , where βd is the dust emissivity
ndex (see Section 3.2 ), which for this calculation is set to βd = 2. 4 

inally, we compute the median values of the PDFs within the 2.5-
pc regions, 〈 T d 〉 M 

and 〈 T d 〉 L , and we indicate these medians with
 d, M 

and T d, L , respectively. The latter is expected to be dominated
y the hottest regions in the AGN proximity, whereas the former
hould be more representative of the bulk of the dust in the ISM.
s an example, in Fig. 2 , we compare the PDFs in the AGN off and
GN on cases derived for the representative quasar host also used in
ig. 1 . The presence of AGN radiation shifts the dust temperature
istribution towards higher values. This effect is significant for the
NRAS 518, 3667–3674 (2023) 

 We verified that varying 1.5 < βd < 2.5 does not change significantly our 
esults. 

t  

B  

r  

a  

e

uminosity-weighted distribution; ho we ver, it is also noticeable in
he mass-weighted one. 

In order to analyse in a more systematic way the effect of the
GN radiation on the dust temperature distributions, we compare the
edian values of the weighted PDFs for all of the considered AGN

ff and AGN on cases in Fig. 3 . We find that although T d, L < 70 K in
he AGN off cases, in agreement with the values usually assumed in
bservations to derive M d and SFR, it increases up to T d, L ≈ 250 K
n the AGN on runs, when AGN radiation is accounted for, showing
 strong trend with AGN luminosity. This result is consistent with
hat found in Di Mascia et al. ( 2021 ): AGN radiation can ef fecti vely
eat dust in the ISM on ≈200-pc scales from the AGN. 

A similar trend is also found for the mass-weighted dust tem-
erature, even if less pronounced. In fact, while T d, M 

� 50 K in
he AGN off runs, it increases up to T d, M 

≈ 80 K in the AGN on
uns. This result has important consequences: It implies that AGN
an heat the bulk of the ISM dust in their host galaxies, not only
n their proximity. The behaviour of T d, M 

is also found to correlate
ith the AGN luminosity. In both the mass-weighted and luminosity-
eighted distributions, the median dust temperatures in AGN on runs

tart to deviate (see Fig. 3 ) from the AGN off values already at L bol 

10 12 L � for most of the AGN hosts. For L bol � 10 13 L �, T d, M 

ncreases by 20 −50 per cent . This is a significant effect: Since the
IR luminosity scales approximately as L TIR ∝ T 

4 + β

dust (where β ≈
 is the dust emissivity index, see Section 3.2 ), a 50 per cent boost
rom the AGN radiation results in a 10-fold increase of the total IR
uminosity. Given that most of the quasars detected at z > 6 have
olometric luminosities larger than 10 13 L � (e.g. Yang et al. 2021 ),
ur calculations suggest that AGNs dominate the dust heating in the
ajority of these sources. 

.2 Dust temperature inferred from the SED 

e derive the synthetic SED of each AGN host by considering
he radiation emitted within 2.5 kpc from the position of the
Hs, consistently with the analysis in Section 3 . The SED of a

epresentative quasar host is shown in Fig. 4 . We then treat the SEDs
s mock observations and we perform an SED fitting of the FIR
mission. 

art/stac3306_f2.eps
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Figure 3. Comparison of different proxies of dust temperature distribution between the AGN off and AGN on cases for all the considered AGN and snapshots. 
Left-hand panel: Median of the luminosity-weighted dust temperature T d, L . Middle panel: Median of the mass-weighted dust temperature T d, M 

. Right-hand 
panel: SED-derived dust temperature T SED (see Section 3.2 ). Each run is colour-coded according to the AGN bolometric luminosity. The dashed red lines mark 
the locus where temperatures in the AGN on and AGN off cases are equal. 

Figure 4. SED emitted from the 2.5 kpc-sized area selected around a 
representative quasar host (source A in Fig. 1 ). The solid red line shows 
the flux for the AGN on RT run and the grey solid line the AGN off case. The 
black dashed line indicate the SED fit of the rest-frame FIR part of the SED 

performed according to the modified blackbody function (equation 3 ). The 
black circles indicate the points of the SED used for the fit. 
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The dust emission in the optically thin limit can be expressed as
e.g. Carniani et al. 2019 ) 

 

obs 
νobs 

= 

1 + z 

d 2 L 

M dust κν B ν( T SED ) , (3) 

here S obs 
νobs 

represents the observed flux at the observed frequency 
obs and B ν( T SED ) is the blackbody emission at the dust temperature
 SED . We underline that T SED should not be interpreted as a ‘true’
ust temperature of the dust component in the galaxy, which has 
nstead a complex multitemperature distribution (see appendix A in 
ommovigo et al. 2021 for an in-depth discussion). The dust opacity 

ν is usually expressed as a power law κ0 

(
λ0 
λ

)β
, with the parameters 

0 , λ0 and the dust emissivity index β derived from theoretical models 
e.g. Weingartner & Draine 2001 ; Bianchi & Schneider 2007 ) or
rom observations (e.g. Beelen et al. 2006 ; Valiante et al. 2011 ). We
dopt the dust opacity κν appropriate for the SMC dust model from
eingartner & Draine ( 2001 ), the same used in the RT simulations.

his leaves the dust mass M dust and the dust temperature T dust as the
nly free parameters. In most observations of z ∼ 6 quasar hosts,
nly one or a few data points in the rest-frame FIR are available (e.g.
enemans et al. 2020 ), without probing the SED peak; therefore, the
stimate of T SED is very uncertain, with few notable exceptions (e.g.
ensabene et al. 2021 ). In order to a v oid this problem, we consider the
IR portion of our synthetic SEDs at λobs > 200 μm (corresponding

o more than 70 bins of the wavelength grid), which is the wavelength
ange typically probed by z ∼ 6 quasar observations, and we assign
 10 per cent error to the flux at each wavelength, in order to mimic
he typical experimental uncertainties (e.g. Venemans et al. 2020 ). 

In Fig. 2 , we mark the value of T SED for the representative quasar
ost shown in Fig. 1 . T SED has an intermediate value between 〈 T d 〉 M 

nd 〈 T d 〉 L . It also tends to be more similar to the median of the mass-
eighted distribution rather than to the luminosity-weighted one in 

he AGN on cases. In the right-most panel of Fig. 3 , we show how the
easured values of T SED change when including AGN radiation for 

ll the simulated quasar hosts. We find a significant increase of the
stimated T SED when AGN radiation is included, from T SED � 60 K
n the AGN off to T SED ≈ 90 K in the AGN on runs. In particular, we
otice that all the simulated galaxies with T SED � 60 K are among
GN on runs, suggesting that galaxies with T SED � 60 K are likely
GN-powered. A trend with the AGN bolometric luminosity is also 
resent, with the most luminous AGN showing the largest increase 
f T SED . This result is consistent with the behaviour of the mass-
eighted and luminosity-weighted PDFs shown in Fig. 3 , as T SED 

artly reflects the actual dust temperature distribution in the AGN 

ost. Therefore, the correlation found in Fig. 3 is a direct consequence
f the AGN heating of the ISM dust in the simulated galaxies, as seen
n the behaviour of T d, L and T d, M 

(left-hand and middle panels of
ig. 3 ). 
In Fig. 5 , we show the ratio of the values obtained for these three

ndicators of the dust temperature distribution. As expected, all the 
atios increase with L bol , with the shallowest (steepest) rise for the
ass-weighted (luminosity-weighted) median; T SED is intermediate 

etween the two. In particular, we note that for the brightest AGN,
 bol � 10 13 L �, the SED-derived dust temperature T SED increases by
 factor of almost 2, similarly to the median of the mass-weighted
 d, M 

. 

 SFR  ESTIMATE  F RO M  T H E  FIR  

he analysis in Section 3 shows that in the simulated z ∼ 6–7
alaxies, AGN radiation can contribute significantly to dust heating, 
ffecting the temperature of the bulk of the dust in the ISM. Given
hat the SFR estimates in high- z quasar hosts are based on the
ssumption that stellar radiation is the only source of dust heating in
he host galaxy, we investigate the impact of the AGN contribution
MNRAS 518, 3667–3674 (2023) 
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M

Figure 5. Ratio of the AGN on to AGN off runs for the median of the 
luminosity-weighted temperature T d, L (blue circles), the median of the mass- 
weighted temperature T d, M 

(red circles), and T SED (green circles) as a 
function of the bolometric luminosity of the AGN. 
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5 We use the results from Madau & Dickinson ( 2014 ) – see their Fig. 4 – to 
correct the conversion factor, in order to take into account the different initial 
mass function adopted in the simulations (Chabrier 2003 ) with respect to the 
one used in the Kennicutt & Evans ( 2012 ) calibration (Kroupa & Weidner 
2003 ). 
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n the inferred SFR values. We now take advantage of our RT
imulations by using our synthetic SEDs as mock observations as
n Section 3.2 . Then, we estimate the SFR in the host galaxy from
he FIR luminosity, assuming that dust is heated only by stars. Finally,
e compare the inferred SFR with the actual SFR in the quasar hosts,
hich is known from the hydrodynamic simulations. 
For each simulated AGN host, we estimate the SFR from our

ynthetic SEDs as follows. We compute the total IR luminosity L TIR 

y integrating equation ( 3 ) over the wavelength range 8 −1000 μm.
hen, we make use of the SFR FIR –L TIR calibration in Kennicutt &
vans ( 2012 ), based on Murphy et al. ( 2011 ). This relation provides
NRAS 518, 3667–3674 (2023) 

igure 6. Ratio of the total SFR (estimated via FIR SED fitting, as explained in S
f the AGN. The blue dashed line indicates the exponential fit as in equation ( 4 ). T
ight hand shows the distribution of the SFR SED to SFR true ratio for the AGN on a
istribution of the SFR estimates of the AGN off runs is consistent with the actual S
n estimate of the obscured SFR, i.e. the stellar radiation that is
bsorbed by dust, assuming that dust heating is purely due to stars .
e perform this computation both for the AGN off and the AGN on

uns, in order to quantify the AGN contribution to the SFR estimate.
For AGN off runs we also include the unobscured SFR, by adopting

he SFR UV –L FUV calibration from Kennicutt & Evans ( 2012 ). 5 The
ontribution of SFR UV is not accounted for in the AGN on runs,
onsistently with observational works, since the UV emission is
xpected to be dominated by the quasar. We note that accounting also
or SFR UV would increase the discrepancies between the inferred
FRs in the AGN on and AGN off cases, thus reinforcing our
onclusions. 

We compare the SFR inferred from the SED as described abo v e
ith the actual SFR in the AGN hosts, which is known from the
ydrodynamical simulations. The SFR is computed in the region
ithin 2.5 kpc from the position of each BH in order to be consistent
ith the synthetic SED. We consider the SFR averaged over the
ast 100 Myr, which we found to provide the best agreement with
he UV calibration in the AGN off runs. Fig. 6 presents the ratio
f the SED-based SFR to the true SFR as a function of the AGN
olometric luminosity. For the runs without AGN radiation the SFR
stimated from the SED fitting is o v erall in agreement with the actual
FR in the AGN hosts (see black histogram in the right-hand panel
f Fig. 6 ). This consistency check demonstrates that our procedure
ection 4 ) to the true SFR in the AGN hosts as a function of the luminosity 
he upper inset shows the distribution of AGN luminosities. The inset on the 
nd AGN off runs in red and black histograms, respectively. We note that the 
FR. 

18/3/3667/6825514 by guest on 08 D
ecem

ber 2024

art/stac3306_f5.eps
art/stac3306_f6.eps


Is the SFR in z ∼ 6 quasars overestimated? 3673 

c  

A
 

t  

s  

a
o  

fi  

A  

d  

t
t
s
f

 

a

T  

�  

c  

1  

fi
t  

t

J  

S
a
r

5

W
s  

t  

g
w
A  

h
 

o  

≈  

t
o

K  

q
t
o
1  

t  

l
 

t
w
n
a
s
c

A

S  

1
n
e
H
d  

i  

c
a
s
b
F  

3
l  

A  

2  

V  

n
o
N

D

T  

r

R

A  

A
B
B  

B  

B  

B  

B
B
B
B
C  

C
C
C
D
D
D
D
F
F  

G
G  

G
G
H

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/518/3/3667/6825514 by guest on 08 D
ecem

ber 2024
orrectly reco v ers the SFR in the host galaxy if dust heating due to
GN radiation is negligible. 
In the AGN on runs, the SFR inferred from the SED tends

o o v erestimate the actual SFR, with a discrepancy that becomes
ignificant (a factor ≈3) at bolometric luminosities L bol = 10 12 L �,
nd approximately an order of magnitude of discrepancy for most 
f the runs at L bol � 10 13 L �. This behaviour is consistent with our
ndings in Section 3 , in particular with the trend of T SED between
GN on and AGN off runs as a function of AGN luminosity. As
iscussed in Section 3 , an increase by a factor of ≈2 in the dust
emperature results in ≈10-fold increase in the TIR luminosity. Given 
hat the IR luminosity is assumed to come from dust-reprocessed 
tellar light only, also the inferred SFR increases by the same 
actors. 

We fit the relation log (SFR SED /SFR true ) versus log ( L bol /L �) with
 power-law expression, finding 

log 

(
SFR SED 

SFR true 

)
= 7 . 68 × 10 −14 

[
log 

(
L bol 

L �

)]11 . 7 

. (4) 

his relation quantifies the o v erestimate of the SFR in AGN hosts at z
 6, as a function of their bolometric luminosity. It can be applied to

orrect the SFR in quasar hosts with observed luminosity in the range
0 10 � L bol /L � � 10 14 , and a well-constrained T SED from the SED
tting. We assign a 0.15-dex uncertainty to this expression based on 

he scatter between the same run performed with different values of
he dust-to-metal ratio. 

As a practical case, we apply this correction to the quasar 
2348 −3054, recently studied in Walter et al. ( 2022 ). Instead of
FR ≈ 4700 M � yr −1 , we find an SFR ≈ 370 M � yr −1 , in broad 
greement with the [C II ]-inferred SFR ≈ 530 M � yr −1 from the 
elation by Herrera-Camus et al. ( 2018 ). 

 C O N C L U S I O N S  

e investigated whether stellar radiation can be considered the main 
ource of dust heating in z ∼ 6 quasar hosts, and the reliability of
he SFR inferred from the TIR (8 −1000 μm) emission in these
alaxies. We combined cosmological hydrodynamic simulations 
ith RT calculations, and simulated each galaxy with and without 
GN radiation, in order to isolate the AGN contribution to dust
eating. 
We find that AGNs with L bol � 10 13 L � ef fecti vely heat the bulk

f the dust in the ISM on galaxy scales, and not only the dust on
100 pc from their surroundings. As a result, the actual IR emission

hat comes from dust-reprocessed stellar light can be significantly 
 v erestimated. 
We quantify this effect by applying the SFR–L TIR relation by 
 ennicutt & Ev ans ( 2012 ) to the synthetic SEDs of the simulated
uasar hosts, and compare the results with the ‘true’ SFR in 
he hydrodynamic simulations. We find that the SFR tends to be 
 v erestimated by a factor of ≈3 ( ≈30) for L bol ≈ 10 12 L � ( L bol ≈
0 13 L �, see Fig. 6 ). We also provide a simple relation (equation 4 )
hat quantifies the o v erestimate of the SFR in terms of the AGN
uminosity. 

We note that our results might be sensitive to the spa-
ial resolution of the hydrodynamic simulations adopted in this 
ork, the assumed models for the ISM physics, and to the 
umerical set-up of the RT calculations. It would be valu- 
ble to repeat this analysis using simulations achieving higher 
patial resolutions and a different implementation of the RT 

alculations. 
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