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A B S T R A C T 

We examine the far-infrared (FIR) properties of a sample of 5391 optically selected QSOs in the 0.5 < z < 2.65 redshift 
range down to log [ νL ν, 2500 (erg s −1 )] > 44.7, using SPIRE data from Herschel -ATLAS. We split the sample in a grid of 74 

luminosity–redshift bins and compute the average optical–IR spectral energy distribution (SED) in each bin. By normalizing an 

intrinsic active galactic nucleus (AGN) template to the AGN optical power (at 5100 Å), we decompose the total IR emission ( L IR 

; 
8–1000 μm) into an AGN ( L IR, AGN 

) and star-forming component ( L IR, SF ). We find that the AGN contribution to L IR 

increases as 
a function of A GN power , manifesting as a reduction of the ‘FIR bump’ in the average QSO SEDs. We note that L IR, SF does not 
correlate with AGN power; the mean star formation rates (SFRs) of AGN host galaxies are a function of redshift only and they 

range from ∼6 M � yr −1 at z ∼ 0 to a plateau of � 200 M � yr −1 at z ∼ 2.6. Our results indicate that the accuracy of FIR emission 

as a proxy for SFR decreases with increasing AGN luminosity. We show that, at any giv en redshift, observ ed trends between 

IR luminosity (whether monochromatic or total) and AGN power (in the optical or X-rays) can be explained by a simple model 
which is the sum of two components: (i) the IR emission from star formation, uncorrelated with AGN power and (ii) the IR 

emission from AGN, directly proportional to AGN power in the optical or X-rays. 

K ey words: galaxies: acti ve – galaxies: high-redshift – quasars: general – galaxies: star formation – infrared: galaxies. 
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 I N T RO D U C T I O N  

ev eral observ ed phenomena and physical conditions point towards
 connection between nuclear activity and star formation o v er the
istory of both stellar and black hole mass build-up. For example,
 E-mail: m.symeonidis@ucl.ac.uk 

M  
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Pub
he peak of QSO activity and the peak of star formation are broadly
oincident at 1 < z < 3 (e.g. Boyle & Terlevich 1998 ). Moreo v er
here is an observed relationship between the mass of the central
lack hole (BH) and the mass of the host galaxy bulge or stellar
elocity dispersion ( σ ), often referred to as the ‘ M –σ relation’ (e.g.
agorrian et al. 1998 ; Ferrarese & Merritt 2000 ; Gebhardt et al.

000 ). Such observations hav e giv en rise to the idea that there should
e a connection between star formation rate (SFR) and active galactic
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1 Herschel is an ESA space observatory with science instruments provided by 
European-led Principal Investigator consortia and with important participa- 
tion from NASA. 
2 The HELP project focus is homogenising data from all Herschel extragalac- 
tic surv e ys, co v ering o v er 1300 de g 2 http://herschel.sussex.ac.uk; see also 
Vaccari . Data available at http:// hedam.lam.fr/HELP/ . 
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ucleus (AGN) accretion rate, particularly because they are thought 
o draw from the same reservoir of fuel. Numerous studies have 
ooked for this link but the results have not conv erged. F or e xample,
ome studies appear to show that the AGN accretion rate correlates 
ith SFR (e.g. Bonfield et al. 2011 ; Rovilos et al. 2012 ; Chen et al.
013 ; Hickox et al. 2014 ; Harris et al. 2016 ), whereas others report
hat there is no correlation at low AGN luminosities but there is
ne at high AGN luminosities (e.g. Shao et al. 2010 ; Kalfountzou
t al. 2012 ; Rosario et al. 2012 , 2013 ; Stanley et al. 2017 ). Other
tudies report that the two quantities are not correlated (e.g. Rawlings
t al. 2013 ; Azadi et al. 2015 ; Stanley et al. 2015 ; Pitchford et al.
016 ; Bianchini et al. 2019 ; Schulze et al. 2019 ). Complicating
he extraction of correlations between nuclear luminosity and star 
ormation is the lack of sufficient spatial resolution, but also a number
f underlying relations between stellar mass, BH mass, SFR and 
GN luminosity, as well as AGN variability (e.g. Hickox et al. 2014 ).
Another issue affecting the determination of a correlation between 

ccretion and star formation is the difficulty in identifying an 
bserv ational windo w that is either dominated by one of the two
rocesses, or where the contribution of flux from each process can 
e accurately disentangled. For unobscured, luminous QSOs, optical 
nd ultra violet (UV) wa v elengths pro vide a nearly uncontaminated
easure of BH accretion, as the QSO outshines the host galaxy 

y orders of magnitude. On the other hand, at longer wavelengths, 
mission from processes within the host galaxy becomes increasingly 
mportant. While at mid-infrared (MIR) wavelengths, emission is 
ominated by hot dust within the AGN torus (e.g. Osterbrock & 

erland 2006 ; Rodr ́ıguez-Ardila & Mazzalay 2006 ), the primary 
ause for emission at far-infrared (FIR) wavelengths ( > 60 μm) has
een the subject of much debate. Due to the perceived confinement 
f the AGN emission to the immediate nuclear environment, it is
ften assumed that star formation is the primary source of heating 
or cool dust, with little contamination from the AGN at λ > 100
m. Although this view is widespread, its validity has al w ays been
uestioned. Sanders et al. ( 1989 ) was amongst the first to do so,
oncluding that AGN must contribute to dust heating o v er kiloparsec
kpc) scales. More recently, Symeonidis et al. ( 2016 ; hereafter S16 )
xamined this idea in more detail, using a sample of nearby QSOs to
erive an intrinsic average AGN spectral energy distribution (SED) 
rom the optical to the submm. S16 showed that powerful AGN can
e responsible for most of the FIR emission in the bolometric energy
utput of QSOs, implying that they can potentially heat dust at kpc
cales. Based on these results, Symeonidis ( 2017 ; hereafter S17 )
ubsequently reported that the IR SEDs of the most powerful QSOs 
re entirely AGN-dominated without the need of a star formation 
omponent to explain any part of their energetic output, noting that 
he SFRs of these sources cannot be estimated reliably through broad- 
and photometry alone. These results suggested that the FIR is not 
n unequivocal tracer of the SFR and that in sources with powerful
GN it is primarily indicative of AGN power. 
With the aim of investigating the putative relationship between star 

ormation and nuclear activity, we have assembled a large sample 
f optically selected QSOs at z < 3, spanning more than two orders
f magnitude in accretion luminosity, with associated observations 
n the FIR. Our work differs from most other works in that we do
ot assume a priori that the FIR emission is predominantly powered 
y star formation. The QSO sample and multiwavelength data are 
escribed in Section 2 . We describe how we determine the relative
ontributions to the FIR flux from the AGN and from the host in
ection 3 , and the results are presented in Section 4 . Discussion
nd conclusions are presented in Sections 5 and 6 . Concordance 
osmology with H 0 = 70 km s −1 Mpc −1 , �m 

= 0.3, �� 

= 0.7 is
ssumed. 
 SAMPLE  SELECTI ON  

he FIR photometry for this work is from the Herschel 1 Space Obser-
atory (Pilbratt et al. 2010 ), specifically the Herschel Astrophysical 
erahertz Large Area Surv e y (H-ATLAS; Eales et al. 2010 ), data
elease 1 (DR1). DR1 (Valiante et al. 2016 ) co v ers ∼162 deg 2 on
hree equatorial fields centred on RA = 9, 12, and 15 h, which have
 xtensiv e multiwav elength ancillary data and are also co v ered by the
AMA surv e y (Driv er et al. 2009 ). 
Within the area co v ered by the aforementioned H-ATLAS fields,

e obtain QSOs from the following surv e ys: the Sloan Digital Sky
urv e y (SDSS; York et al. 2000 ) Data Release 7 (DR7; Schneider
t al. 2010 ), and Data Release 10 (DR10; P ̂ aris et al. 2014 ) catalogues,
he 2dF SDSS LRG and QSO surv e y (2SLAQ; Croom et al. 2009 ),
nd the 2dF QSO Redshift Surv e y (2QZ, Croom et al. 2004 ), all of
hich are by selection unobscured (i.e. broad lines or blue-bump; see

he individual surv e ys for details). In addition to these large surv e ys,
e add unobscured QSOs selected in the NIR K band by the KX

election (KX QSOs; see Maddox et al. 2012 for a description of the
election technique). 

For objects common to more than one surv e y, the order of
reference in selecting them for our sample is SDSS DR10, SDSS
R7, 2SLAQ, 2dF, and KX. Note that the optical selection that

esults in a sample consisting solely of unobscured QSOs enables a
irect and robust measure of the AGN power. Although by definition
e are selecting against optically obscured sources, this does not 
resent a bias regarding the FIR: there is no evidence of a difference
etween the FIR-derived properties of type 1 and type 2 AGN (e.g.
ovilos et al. 2012 ; Suh et al. 2019 ; Zou et al. 2019 ) and as a result,
e expect our results to be applicable to all AGN. 
We extract the 250, 350, and 500 μm SPIRE (Griffin et al. 2010 )

ux densities at the pixel containing the optical position of each QSO, 
sing the mean-subtracted SPIRE maps processed by the Herschel 
xtrag alactic Leg acy Project (HELP; Shirley et al. 2019 , 2021 ). 2 We
ouble check that the mean of the maps is indeed zero by averaging
andom positions on the map. Note that this method of measuring flux
t the central pixel reduces the effects of clustering on the measured
ux of QSOs, compared to fitting a full point spread function, with

he flux boosting due to clustering effects estimated to be of the order
f 8 per cent at 250 μm (e.g. B ́ethermin et al. 2012 ). The distribution
n flux density is shown in Fig. 1 . Across all three H-ATLAS fields,
e calculate the standard deviation of the distribution in pixel values

o be 9.7, 9.2, and 9.2 mJy at 250, 350, and 500 μm respectively,
orresponding to a QSO 3 σ detection rate of 7, 7, and 3 per cent. 

The combination of the aforementioned surv e ys results in a
arge dynamic range in luminosity and redshift; potential biases 
eg arding the amalg amation of the different surv e ys are discussed
n Section 4.1 . QSOs with a counterpart in the Faint Images of the
adio Sky at Twenty-centimeters survey (FIRST; Becker, White & 

elfand 1995 ) are excluded, to a v oid contamination of the FIR from
ynchrotron emission. We supplement the SDSS photometry ( ugriz ) 
ith NIR YJHK photometry from either the UKIRT Infrared Deep 
k y Surv e y (UKIDSS) Large Area Surv e y (LAS; La wrence et al.
007 ) or the Visible and Infrared Surv e y Telescope for Astronomy
VISTA) Kilo-degree Infrared Galaxy Survey (VIKING), using the 

ide Field Camera (WFCAM) Science Archive (WSA; Hambly 
MNRAS 514, 4450–4464 (2022) 
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M

Figure 1. The flux density distribution in the three SPIRE bands for the parent 
sample of QSOs; we remind the reader that we extract SPIRE measurements 
for all QSOs (see Section 2 ). 

Table 1. Numbers of QSOs from each surv e y 
contributing to the sample in the 0.5 < z < 2.6 
range. Objects detected in FIRST are remo v ed. 

Surv e y Number 0.5 < z < 2.65 

DR10 3182 2249 
DR7 1327 1314 
2SLAQ 1393 1384 
2QZ 1371 1360 
KX 60 53 
Total 7333 6360 
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Figure 2. Our sample of QSOs in log νL ν, 2500 –redshift space. The grid indi- 
cates our binning in 0.2 dex in both L and z, whereas the numbers correspond 
to the bin number (74 bins in total). Only bins with 15 sources or more are 
used in our analysis. There is a lower redshift cut of z = 0.5 and a lower 
luminosity cut of log [ νL ν, 2500 (erg s −1 )] = 44.7 in order to exclude sources 
where the host galaxy contributes to the optical/NIR photometry. There is also 
an upper redshift cut of z = 2.65 to ensure that rest-frame 2500 Å falls within 
the SDSS photometric bands. Our final sample consists of 5391 objects. 
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t al. 2008 ) and VISTA Science Archive (VSA; Cross et al. 2012 )
ross-matching the data within a 1 arcsec radius. Furthermore, we
ross-match our sample to the WISE (Wright et al. 2010 ) data base
ithin 1 arcsec, retrieving photometry at 3.4, 4.6, 12, and 22 μm. 
We restrict the full sample of QSOs to objects in the 0.5 ≤

 ≤ 2.65 range so that rest-frame 2500 Å falls within the SDSS
hotometric bands. Choosing 2500 Å allows us to probe within the
aximum of QSO emission while excluding only a small amount

f sources from our final sample. For each object in that redshift
ange, we subsequently calculate their K -corrected rest-frame 2500

luminosity ( νL ν, 2500 ) by linearly interpolating the SDSS bands.
e also calculate the rest-frame K -corrected 5100 Å luminosity

 νL ν, 5100 ) for each source, by interpolating all available optical/NIR
ata. For the sources for which 5100 Å (rest frame) falls outside the
av elength range co v ered by the available data, we use the median
DSS QSO SED from Vanden Berk et al. ( 2001 ) to convert from 2500

o 5100 Å. The number of objects from each surv e y contributing to
ur QSO sample is listed in Table 1 . 
We partition the L –z plane into bins of 0.2 in z and 0.2 in

og νL ν, 2500 , as shown in Fig. 2 (see also Table A1 ). Only bins
ith 15 sources or more are used in our analysis. Finally, we restrict
ur work to QSOs with log [ νL ν, 2500 (erg s −1 ] > 44.7 in order to
xclude sources where the host galaxy contributes to the optical/NIR
hotometry, which we find to be the case when examining the
ptical/NIR SEDs of lower luminosity sources. Our final sample
onsists of 5391 sources. 
NRAS 514, 4450–4464 (2022) 
 SED  DECOMPOSI TI ON  

or each L –z bin (Fig. 2 ), we have the average νL ν, 2500 and νL ν, 5100 

see Section 2 ), and the average 250, 350, and 500 μm luminosity.
he averages in the SPIRE bands are straightforward, since, as stated

n Section 2 , all sources have a measurement in all SPIRE bands. In-
ividual luminosities are computed at the redshift of each source. We
alculate the 68 per cent confidence intervals on the average SPIRE
uminosities in each bin, by bootstrapping with 5000 iterations. 

If all sources in an y giv en L –z bin are also detected in any of the
3 optical/NIR/MIR bands ( u , g , r , i , z, Y , J , H , K , W1, W2, W3,
4), we subsequently compute the average luminosity in that band,

n order to supplement our mean SED in that bin. This serves only as
 consistency check when building the sources’ SEDs (see Figs 3 –6
or the SEDs) and hence the incompleteness of data in these bands
oes not affect our results. 
The AGN contribution to the average emission of sources in

ach bin is represented by the intrinsic AGN SED from S16 . We
cknowledge that there has been some contro v ersy re garding the
16 SED (Lani, Netzer & Lutz 2017 ; Lyu & Rieke 2017 ; Stanley
t al. 2018 ; Schulze et al. 2019 ; Xu, Sun & Xue 2020 ) and thus
efer the reader to Symeonidis ( 2022 ; hereafter S22 ) where this
s addressed. The S16 SED represents the average optical-submm
road-band emission from AGN and was derived using a sample
f optically luminous ( νL ν5100 > 10 43.5 erg s −1 ) unobscured, radio-
uiet, z < 0.18 QSOs from the Palomar Green (PG) survey. To
btain the intrinsic AGN emission, S16 subtracted the contribution
rom star formation in the IR, which was determined for each PG
SO as follows: the luminosity of the 11.3 μm polycyclic aromatic
ydrocarbon (PAH) feature in the QSO’s MIR spectrum was matched
o the SED template from the Dale & Helou ( 2002 ) library with

art/stac1359_f1.eps
art/stac1359_f2.eps
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he closest PAH luminosity (see Shi et al. 2007 ), a method which
ccurately reproduced the measured IR SED when tested on samples 
f star-forming galaxies (also see S22 ). 
As discussed in S22 , the S16 AGN SED is an average so it is ideally

sed on averaged data and, here, we normalize it to the mean 5100 Å
uminosity of each bin. Although the νL ν, 5100 range probed extends 
o higher luminosities and redshifts than that of the PG QSOs used
o build the S16 SED, there is evidence that the intrinsic optical to
IR ratio of AGN is broadly independent of AGN power and redshift
see S16 ; S17 ; S22 ), consistent with the observation that the UV-to-
id-IR SEDs of QSOs also do not evolve as a function of redshift

r AGN luminosity (e.g. Hao et al. 2014 ). We are thus confident that
he S16 SED is a good measure of the intrinsic AGN emission for the
ntire range of AGN luminosities and redshifts probed in this work. 

Once the AGN template is normalized to νL ν, 5100 , the AGN FIR
uminosity at λ = 250 μm/(1 + z) is subsequently subtracted from
he average luminosity measured at that wavelength in each bin, in 
rder to get the luminosity that can be attributed to star formation.
o this we normalize a template from the Chary & Elbaz ( 2001 ;
ereafter CE01) star-forming SED library, by selecting the template 
ith the closest luminosity in order to have the appropriate shape of
IR emission and hence dust temperature. This approach simplifies 

he process of assigning a star-forming SED to each bin, when there
re not enough data points for model fitting to be meaningful. ULIRG
ED templates are e xcluded, as the y were built on the SEDs of local
LIRGs which, as shown in Symeonidis & Page ( 2019 ), have a

ignificant AGN contribution. Since we use a local template library 
or all redshift bins, one concern might be the potential evolution 
n the average dust temperatures of galaxies (e.g. Symeonidis et al. 
013 ). Ho we ver, Symeonidis et al. ( 2013 ) showed that evolution in
ust temperatures between z ∼ 0 and z ∼ 2 is primarily confined to
LIRGs, hence by excluding them here from our selection of star-

orming SED templates, we mitigate any issues that potentially arise 
ecause of this. Moreo v er, in Section 4.1 , we show that our results
re not sensitive to the choice of template. 

In each L –z bin, we now have the AGN SED component and the
ost galaxy SED component. The average IR luminosity from star 
ormation ( L IR, SF ) is computed by integrating the normalized CE01
emplate and the average AGN IR luminosity ( L IR, AGN ) is computed
y integrating the normalized S16 template, all in the 8–1000 μm 

avelength range. The error on L IR, SF is computed as follows: 

LIR , SF = 

√ 

( σ 2 
L250 , tot + σ 2 

L250 , AGN ) 

L 250 , SF 
L IR , SF , where σ L250, tot is the error on the 

50 μm luminosity of the given bin calculated by bootstrapping as
ndicated earlier, σ L250, AGN is the error on the 250 μm luminosity 
rom the AGN computed from the S16 AGN SED uncertainty, and 
 250, SF is the 250 μm luminosity from star formation, computed by 
ubtracting the AGN luminosity from the total luminosity at that 
av elength, as described abo v e. Adding L IR, AGN and L IR, SF giv es the

verage total IR luminosity ( L IR, tot ) of the given L–z bin, with its
ssociated uncertainty derived by combining σ LIR, SF and σ LIR, AGN 

n quadrature, the latter computed from the uncertainty on the S16 
GN SED. 

 RESULTS  

he average SEDs of each bin (Fig. 2 ) are shown in Figs 3 –6 . The S16
ED template (normalized at 5100 Å; see Section 3 ) is seen to agree
ell with the average optical and MIR colours (where available) for

he binned SEDs. It is interesting to note that the ‘FIR bump’ ( > 80
m) in each binned SED is being filled progressively more by the
GN IR emission as the bin luminosity increases, and eventually the 
verage SED settles on to the S16 intrinsic AGN SED. This effect is
uantitati vely sho wn in Fig. 7 , where L IR, tot is plotted against νL ν, 5100 

see also Table B1 ). The redshift bins are plotted separately for clarity
n Fig. 7 , but also all together in Fig. 8 (top panel). At all redshifts
he same trend is observed: at low A GN power , L IR, tot shows a larger
ffset from the AGN locus than at high AGN power and eventually
 IR, tot converges on to the AGN locus. Correcting L IR, tot for the AGN
ontribution in order to get L IR, SF (see Section 3 ), shows a different
rend entirely: L IR, SF is independent of AGN power (see Fig. 7 for the
eparate redshift bins and Fig. 8 , lower panel, for all bins together).
t all redshifts, we examine whether L IR, SF can be assumed constant
 v er the range of νL ν, 5100 spanned here, by χ2 fitting a constant to the
ata (see Fig 7 ). We find that a single value of L IR, SF is an acceptable
t to the data in each redshift range at the 95 per cent confidence

evel. 
In Fig. 9 , we plot the average L IR, SF determined for each redshift

in, i.e. the constants fitted on our data in Fig 7 (see also Table 2 ). We
lso compare with the results from Stanley et al. ( 2015 ) and Lanzuisi
t al. ( 2017 ), converting the AGN power from X-rays to the rest-
rame 5100 Å, using the relation from Maiolino et al. ( 2007 ). From
hese samples we only chose the low luminosity AGN, i.e. L X, AGN <

0 44 erg s −1 , where the contribution of the AGN to the IR is minimal
see discussion). We also plot the average L IR, SF computed in S16
ith a sample of nearby lower luminosity PG QSOs. It is evident

hat L IR, SF increases as a function of redshift, plateauing at about
 < z < 3. The increase from z ∼ 0 to z ∼ 3 is about a factor of
0, the equi v alent increase in SFR from ∼6 to ∼200 M � yr −1 , using
he Kennicutt ( 1998 ) calibration. As shown, the redshift evolution in
verage SFR of AGN hosts is similar to the increase in star formation
ate density (SFRD) as a function of redshift (Hopkins & Beacom
006 ; Madau & Dickinson 2014 ) – note that we have scaled the
FRD by an arbitrary amount for the purpose of comparing its shape
ith the trend seen in our results. The increase in L IR, SF with redshift

or AGN hosts is also consistent with the redshift evolution of the
FR–M � relation (‘main sequence of star formation’) in the log [ M � 

M �)] = 10.5–11.5 range, taken from Speagle et al. ( 2014 ). These
ndings indicate that AGN host galaxies are indistinguishable from 

he general galaxy population in terms of their average SFR and its
volution with redshift. 

.1 Consistency checks 

e repeat our analysis separately for each of the five QSO surveys
hat we combine (see Section 2 ) in order to examine potential
election biases introduced by the different surv e ys. We find no
vidence for bias – sources from the different surv e ys display
imilar optical/NIR QSO properties and the results show the same 
rends, hence we are confident that our results are not affected by
he selection criteria employed in the QSO samples that we have
sed. 
To understand the effect of our choice of star-forming template 

n the final L IR estimates, we recalculate L IR , L IR, SF , L IR, AGN by
hoosing arbitrary templates from the CE01 library, rather than 
atching them in luminosity as described in Section 3 . We find

hat our computed values change only marginally and within the 
riginal computed statistical uncertainties. 

 DI SCUSSI ON  

e hav e e xamined the SEDs of a sample of 5391 optically selected
SOs at 0.5 < z < 2.65 with log [ νL ν, 5100 (erg s −1 )] = 44.7–46.5,
inned in 74 luminosity–redshift bins. In each redshift range, we 
MNRAS 514, 4450–4464 (2022) 
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Figure 3. SED fitting for bins at redshifts 0.6, 0.8, and 1 (see Fig. 2 ). Bin number increases from bottom to top (so increasing luminosity from bottom to top) 
and redshift increases from left to right. The bin number and number of objects in given bin are indicated on the top of each panel. The red diamonds represent 
the average luminosity in each band. The blue asterisks are the rest-frame K -corrected 2500 Å and 5100 Å luminosities. Normalized on to the latter is the 
S16 intrinsic AGN SED (orange curve), the thickness indicating the 68 per cent confidence intervals. The open black squares are the AGN-subtracted 250 μm 

luminosity on which the CE01 host galaxy SED template is normalized (black curve). 
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nvestigate the relation between the average L IR, tot and the AGN
ower ( L AGN ) parametrized by νL ν, 5100 . We note a correlation
etween L IR, tot and νL ν, 5100 in all redshift bins. Ho we ver, after
eparating the total IR emission into a host ( L IR, SF ) and an AGN
 L IR, AGN ) component, we find that L IR, SF is consistent with being
onstant o v er the range of AGN power probed. Moreo v er, we
otice that the contribution of the AGN to the IR increases as
 function of AGN luminosity, manifesting as a change in the
verage SED of each L–z bin, from displaying a prominent FIR
ump, to eventually settling on to the S16 intrinsic AGN SED (see
igs 3 - 6 ). 
NRAS 514, 4450–4464 (2022) 
We calculate the average SFR of optically unobscured QSOs and
nd that it increases from about 30 M � yr −1 at z ∼ 0.5 to a plateau
f bit less than 200 M � yr −1 at z ∼ 2.6, broadly consistent with
he increase in SFRD between those epochs (Fig 9 ). Our computed
FRs are consistent with the SFRs estimated from the X-ray selected
GN sample of Stanley et al. ( 2015 ) and Lanzuisi et al. ( 2017 )
f low AGN power ( L X, AGN < 10 44 erg s −1 ) where the AGN does
ot contribute substantially to the FIR. Our results show that even
t the peak of SFR density and AGN accretion rate density ( z ∼
; e.g. Boyle & Terlevich 1998 ), the average SFR of AGN host
alaxies does not exceed 200 M � yr −1 . Moreover, the increase in
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Figure 4. SED fitting for bins at redshifts 1.2, 1.4, and 1.6 (see Fig. 2 ). Bin number increases from bottom to top (so increasing luminosity from bottom to 
top) and redshift increases from left to right. The bin number and number of objects in given bin are indicated on the top of each panel. The red diamonds 
represent the average luminosity in each band. The blue asterisks are the rest-frame K -corrected 2500 Å and 5100 Å luminosities. Normalized on to the latter is 
the S16 intrinsic AGN SED (orange curve), the thickness indicating the 68 per cent confidence intervals. The open black squares are the AGN-subtracted 250 
μm luminosity on which the CE01 host galaxy SED template is normalized (black curve). 
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 IR, SF of AGN host galaxies with redshift is also consistent with 
hat is expected from the increase in the normalization of the SFR –
 � relation with cosmic time, in the 10 10.5 –10 11.5 stellar mass range.
ote that the conversion from L IR, SF to SFR is uncertain as it depends
n assumptions regarding the initial mass function (IMF). A top 
eavy IMF, which is shown to be the case in certain environments
e.g. Romano et al. 2017 ; Zhang et al. 2018 ), would significantly
lter SFR estimates. Nevertheless, our findings regarding the trend 
n SFR with redshift, as well as the comparison between the average
FRs of different samples are not affected as we use a consistent
 IR, SF –SFR calibration. 
Given our findings that the most luminous AGN have similar 

FRs to their lower luminosity counterparts, it is possible that 
he high reported SFRs in some QSO samples (e.g. Harris et al.
MNRAS 514, 4450–4464 (2022) 
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Figure 5. SED fitting for bins at redshifts 1.8, 2, and 2.2 (see Fig. 2 ). Bin number increases from bottom to top (so increasing luminosity from bottom to top) 
and redshift increases from left to right. The bin number and number of objects in given bin are indicated on the top of each panel. The red diamonds represent 
the average luminosity in each band. The blue asterisks are the rest-frame K -corrected 2500 Å and 5100 Å luminosities. Normalized on to the latter is the 
S16 intrinsic AGN SED (orange curve), the thickness indicating the 68 per cent confidence intervals. The open black squares are the AGN-subtracted 250 μm 

luminosity on which the CE01 host galaxy SED template is normalized (black curve). 
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016 ; Netzer et al. 2016 ; Pitchford et al. 2016 ; Duras et al.
017 ) are a consequence of those works underestimating the AGN
ontribution in the FIR, due to their choice of AGN SED (e.g.
NRAS 514, 4450–4464 (2022) 

ee S22 ). 
I  
.1 The relation between AGN power and IR emission 

an y works hav e inv estigated the putativ e correlation between
GN power and total IR luminosity ( L AGN –L IR ) or star-forming

R luminosity ( L AGN –L IR, SF ), while also looking into fundamental

art/stac1359_f5.eps
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Figure 6. SED fitting for bins at redshifts 2.4 and 2.6 (see Fig. 2 ). Bin number increases from bottom to top (so increasing luminosity from bottom to top) and 
redshift increases from left to right. The bin number and number of objects in given bin are indicated on the top of each panel. The red diamonds represent 
the average luminosity in each band. The blue asterisks are the rest-frame K -corrected 2500 Å and 5100 Å luminosities. Normalized on to the latter is the 
S16 intrinsic AGN SED (orange curve), the thickness indicating the 68 per cent confidence intervals. The open black squares are the AGN-subtracted 250 μm 

luminosity on which the CE01 host galaxy SED template is normalized (black curve). 
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alaxy and AGN relations with respect to BH mass, AGN variability, 
nd galaxy stellar mass (e.g. Shao et al. 2010 ; Bonfield et al. 2011 ;
alfountzou et al. 2012 ; Rosario et al. 2012 , 2013 ; Rovilos et al.
012 ; Chen et al. 2013 ; Hickox et al. 2014 ; Azadi et al. 2015 ; G ̈urkan
t al. 2015 ; Stanley et al. 2015 , 2017 ; Harris et al. 2016 ; Pitchford
t al. 2016 ; Lani et al. 2017 ; Lyu & Rieke 2017 ; Bianchini et al.
019 ). Although the range of AGN power probed in these studies
aries, the results are essentially the same: at low AGN luminosity,
 AGN –L IR is flat, whereas at high AGN luminosity, L AGN –L IR steeply
ises. Our findings agree with these studies regarding the shape of the
MNRAS 514, 4450–4464 (2022) 
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Figure 7. L IR versus νL ν, 5100 for each redshift bin. The central redshift of 
the bin is indicated on the top left corner of each panel. The shaded diagonal 
line represents the AGN locus as defined by the S16 intrinsic AGN SED. 
The width of the shading represents the 1 σ boundaries. The filled circles 
represent the average L IR, tot in each L –z bin, whereas the empty circles are 
L IR, SF . The dotted line is the best-fitting constant for the values of L IR, SF (see 
Table 2 ). 

Figure 8. Top panel: L IR versus νL ν, 5100 . Lower panel: L IR, SF versus 
νL ν, 5100 . In both panels all redshift bins are shown together. Equi v alent SFRs 
on the bottom panel are shown on the right y -axis derived using the Kennicutt 
( 1998 ) calibration. The shaded diagonal line on the top panel represents the 
AGN locus as defined by the S16 intrinsic AGN SED; the width of the shading 
indicates the 1 σ boundaries. 
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 AGN –L IR trend. Where we dif fer, ho we ver, is the interpretation of
his trend, which is sensitive to the amount of FIR emission attributed
o the AGN. If the contribution of AGN to the FIR is either ignored
r estimated using an AGN SED with the a priori assumption that
he AGN does not contribute significantly to the FIR (e.g. Shao et al.
010 ; Rosario et al. 2012 , 2013 ; Stanley et al. 2015 ; 2017 ; see also
22 ), L AGN –L IR, SF is largely the same as L AGN –L IR . The change in

he L AGN –L IR, SF relation from flat to rising then requires a, perhaps
ounterintuitive, break in galaxy behaviour, in some cases interpreted
s being due to a change in the mode of BH and galaxy growth (e.g.
ecular versus merger-induced; Shao et al. 2010 ; Rosario et al. 2012 ,
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Figure 9. The average L IR, SF (left y -axis) or SFR (right y -axis; derived 
using the Kennicutt 1998 calibration) of QSOs in each of our redshift 
bins (black diamonds). Each point is the constant fitted on our data in 
Fig 7 . The black circle is the average L IR, SF for the sample of PG QSOs 
of S16 . Blue circles and green asterisks represent the average L IR, SF 

we compute from the Stanley et al. ( 2015 ) and Lanzuisi et al. ( 2017 ) 
results respectively – in both cases the horizontal error bars indicate the 
size of the redshift bin. For both the Stanley et al. and the Lanzuisi 
et al. samples, we only use their log [ L X , AGN (erg / s)] < 44 sources, since 
at low AGN luminosities the AGN does not contribute substantially to the 
IR. The dotted line represents the SFRD as a function of redshift from 

Madau & Dickinson ( 2014 ) assuming a Salpeter IMF and converted to 
luminosity units using the Kennicutt ( 1998 ) calibration. The dashed line 
is the Hopkins & Beacom ( 2006 ) SFRD again assuming a Salpeter IMF 
and converted to luminosity units using the Kennicutt ( 1998 ) calibration. 
Note that these relations are not fitted to our data, but scaled by an 
arbitrary amount for the purpose of comparing their shape with the trend 
seen in our results. Finally, the grey shaded region represents the SFR –
M � ‘main-sequence’ relation from Speagle et al. ( 2014 ) in the log [ M � 

(M �)] = 10.5 (lower boundary) to the log [ M � (M �)] = 11.5 (upper boundary) 
range. 

Table 2. Data for Fig 9 – L IR, SF and SFRs of QSOs. L IR, SF is the 
constant fitted on our data in Fig 7 . The 1 σ error is computed according 
to the prescribed χ2 confidence intervals for one interesting parameter, 
namely χ2 

min + 1. SFRs are computed using the Kennicutt ( 1998 ) 
calibration. 

z L IR, SF 1 σ error SFR 

( × 10 45 erg s −1 ) ( × 10 45 erg s −1 ) (M � yr −1 ) 

0.6 0 .85 0 .14 38 .30 
0.8 1 .23 0 .16 57 .97 
1 1 .51 0 .15 68 .11 
1.2 1 .66 0 .12 74 .68 
1.4 2 .09 0 .15 94 .02 
1.6 2 .45 0 .22 110 .46 
1.8 2 .75 0 .20 123 .94 
2 3 .98 0 .35 179 .15 
2.2 3 .63 0 .24 163 .39 
2.4 2 .88 0 .31 129 .78 
2.6 3 .55 0 .46 159 .67 
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013 ) or coupled to the various underlying relations between SFR,
tellar mass, BH mass, and Eddington ratio (e.g. Stanley et al. 2015 ,
017 ). Ho we ver, such interpretations do not offer an explanation for
hy there should be a break in galaxy behaviour at some arbitrary
GN luminosity. S16 had argued that, instead, the L AGN –L IR relation
ould be explained simply as an increase in the AGN contribution to
he IR. Below we explicitly show this. 

Using the 0.7 < z < 1.1 and 1.7 < z < 2.1 redshift ranges to
 x emplify this point, Fig. 10 (top panel) shows that the L AGN –L IR 

elation can be reproduced by a superposition of two independent 
omponents: (i) the IR emission from star formation, unrelated to 
GN power and (ii) the infrared emission from AGN correlated 
ith the AGN power measured in the optical or X-rays. To outline

omponent (i) we plot our average L IR, SF in each of the two redshift
anges (black hatched area) and component (ii) is derived from the
16 intrinsic AGN SED (solid grey area). Summing the two (red
atched area) reproduces the trends observed in the data: in the low
GN power regime, the host galaxy dominates L IR, tot , hence it is
roportional to the SFR and the flat slope of the trend essentially
eflects the lack of a relation between SFR and AGN power. Indeed
he data from Stanley et al. ( 2015 ) and Lanzuisi et al. ( 2017 ) for
ow luminosity AGN in the same redshift ranges as our sources
also shown in Fig 9 ) are seen to lie on the flat part of the trend.
n the high AGN luminosity regime, probed by our data, L IR, tot 

ow has a significant AGN contribution and, as a result, it stops
racing the SFR and starts tracing the AGN power. Although, due to
ow number statistics we cannot probe the average IR emission for
og [ νL ν, 5100 erg s −1 ] > 46.5 AGN, Fig. 10 indicates that eventually
he AGN makes up the entire L IR, tot , rendering the host galaxy a

inor component in the infrared. Indeed S17 who studied the SEDs
f the most luminous QSOs at 2 < z < 3.5, found that only an upper
imit to the SFR could be computed in such cases. Our results are
lso in agreement with Symeonidis & Page ( 2021 ) who investigated
he behaviour of the galaxy and AGN luminosity functions and 
oncluded that there is a sharp drop in the reliability of IR-derived
FRs abo v e a certain AGN power. Once the AGN contribution is
ubtracted (Fig. 10 , bottom panel), our sample now o v erlaps the
atched regions, i.e. L IR, SF for our sample of luminous AGN is
onsistent with the L IR, SF of lower luminosity AGN. This suggests 
hat there is no relation between L IR, SF (or SFR) and AGN power –
 IR, SF in AGN host galaxies is a function of redshift only (as also
hown in Fig 9 ). Moreo v er, the agreement between our computed
FRs for unobscured AGN and those for X-ray selected AGN, some
f which are obscured suggests that our conclusions are applicable 
o the AGN population in general. 

The final point we wish to make is one that relates to the potential
uppression of star formation by AGN. Various authors claim that 
vidence against powerful AGN suppressing star formation stems 
rom the fact that the estimated SFRs of such sources are high (e.g.
arrison et al. 2012 ; Harris et al. 2016 ; Schulze et al. 2019 ). Ho we ver,

arlier work by Page et al. ( 2012 ) revealed a dearth of FIR detections
mongst the most luminous AGN at z ∼ 1–3, in line with our findings
hat the most luminous sources display the smallest FIR bump, i.e.
he y hav e the shape of the AGN SED in the FIR/submm rather
han the SED of a typical star-forming galaxy. It all connects to
he idea that the most powerful AGN completely drown their host
n the IR and only an upper limit to the SFR can be calculated
rom IR broad-band emission in such cases. Indeed, in the effort
o verify the accuracy of IR-derived SFRs in AGN host galaxies,
ther SFR indicators must be explored, such as high-resolution radio 
ata and spectroscopy. Regarding the latter, the JWST will offer 
he opportunity to examine PAHs (Peeters, Spoon & Tielens 2004 ;
isaliti et al. 2006 ; Kennicutt et al. 2009 ) in galaxies’ MIR spectra as
MNRAS 514, 4450–4464 (2022) 
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Figure 10. Top panel: L IR versus AGN power at 5100 Å, combining 
our results (filled circles) with those of Stanley et al. ( 2015 ; open tri- 
angles) and Lanzuisi et al. ( 2017 ; open squares) for low luminosity 
(log [ L X , AGN (erg / s) < 44]) AGN, in the same redshift ranges; green for 0.7 
< z < 1.1 and blue for 1.7 < z < 2.1. The horizontal black hatched regions 
represent the average L IR, SF from our data at the quoted redshift ranges 
(see Fig 9 ). The diagonal solid grey region represents the L IR, AGN –νL ν, 5100 

correlation as defined by the S16 AGN SED. The width of the shading 
represents the 1 σ boundaries. Summing the horizontal and diagonal lines in 
each redshift range produces the red hatched regions which trace the trend 
seen in the data o v er the entire range in AGN luminosity. Bottom panel: 
Similar to the top panel, apart from, now, the IR luminosity for our sample is 
corrected for the AGN contribution and hence L IR, SF is plotted (open circles). 
Our data now match the range in L IR, SF seen in the Stanley et al. ( 2015 ) and 
Lanzuisi et al. ( 2017 ) samples of lower luminosity AGN. 
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racers of star formation in AGN host galaxies. Although our results
that SFRs in AGN host galaxies appear constant at any given

edshift, irrespective of AGN luminosity – seem to be at odds with a
cenario whereby the most powerful AGN quench star formation, we
re missing a key galaxy property: the stellar mass. This is difficult to
NRAS 514, 4450–4464 (2022) 
ccurately compute for optically unobscured QSOs, but indeed, if the
ost luminous AGN are found in more massive galaxies than their

ow luminosity counterparts, the specific SFR will show a declining
rend with increasing AGN luminosity, evidence that star formation
s suppressed (e.g. Dubois et al. 2016 ). 

 C O N C L U S I O N S  

e have examined the SEDs of a sample of 5391 of optically selected
SOs at 0.5 < z < 2.65 with νL ν, 5100 = 44.7–46.5, binned in 74

uminosity–redshift bins. Our conclusions are: 

(i) At an y giv en redshift, an increase in the average AGN power
ranslates to a change in the average SED shape from displaying a
rominent FIR bump to converging on to the intrinsic AGN SED of
16 . This implies that the AGN contribution to the total IR luminosity
f galaxies, increases as a function of AGN power. 
(ii) There is no apparent correlation between SFR and A GN power ,

 v er the entire observed range in AGN power and at least at up to z
3. The SFRs of AGN host galaxies are only a function of redshift

nd they range from a few M � yr −1 at z ∼ 0 to a plateau of bit less
han 200 M � yr −1 at z ∼ 2.6, consistent with the increase in SFR
ensity as a function of redshift. 
(iii) At high AGN luminosities, the total IR emission does not

race the SFR, instead it traces the AGN power. 
(iv) Observed trends between AGN power (measured in the optical

r X-rays) and total IR emission (from the host + AGN system) can
e explained by the sum of two components: (i) the IR emission from
tar formation, unrelated to AGN power and (ii) the IR emission
rom AGN correlated with AGN power in the optical or X-rays.
t low A GN power , the A GN does not contribute significantly to

he FIR/submm hence L IR is dominated by L IR, SF . On the other
and, in the high AGN power regime, the AGN contribution to the
IR/submm increases and L IR becomes dominated by L IR, AGN . As a
esult, the flat and subsequently increasing trend seen in the L AGN –
 IR relation, turns into an entirely flat L AGN –L IR, SF relation once the
GN contribution is properly accounted for. 

C K N OW L E D G E M E N T S  

S and MJP acknowledge support by the Science and Technology
acilities Council [ST/S000216/1]. NM acknowledges support of

he LMU Faculty of Physics. EI acknowledges partial support from
ONDECYT through grant N 

◦ 1171710. MJM acknowledges the
upport of the National Science Centre, Poland through the SONATA
IS grant 2018/30/E/ST9/00208. JGN acknowledges financial sup-
ort from the PGC 2018 project PGC2018-101948-B-I00 (MICINN,
EDER), PAPI-19-EMERG-11 (Universidad de Oviedo) and for a
Ramon y Cajal’ fellowship (RYC-2013-13256) from the Spanish

INECO. 

ATA  AVAI LABI LI TY  

he data underlying this article are available in tables both in the
aper itself and online. 

EFERENCES  

zadi M. et al., 2015, ApJ , 806, 187 
ecker R. H., White R. L., Helfand D. J., 1995, ApJ , 450, 559 
 ́ethermin M. et al., 2012, A&A , 542, A58 
ianchini F., Fabbian G., Lapi A., Gonzalez-Nuevo J., Gilli R., Baccigalupi

C., 2019, ApJ , 871, 136 

art/stac1359_f10.eps
http://dx.doi.org/10.1088/0004-637X/806/2/187
http://dx.doi.org/10.1086/176166
http://dx.doi.org/10.1051/0004-6361/201118698
http://dx.doi.org/10.3847/1538-4357/aaf86b


The star formation rates of QSOs 4461 

B
B
C
C
C
C  

C
D
D
D
D
E
F
G
G
G
H
H
H
H
H  

H
K  

K
K
L
L
L
L
M
M  

M
M  

N  

O  

P
P
P
P
P
R
R
R

R  

R
R
R
S  

S
S
S
S
S
S
S  

S
S
S  

S
S
S
S
S  

S
S
V
V
W
X
Y
Z
Z

S

S

s

P  

o
A  

c

A
F
F

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/514/3/4450/6588054 by U
niversity C

ollege London us
onfield D. G. et al., 2011, MNRAS , 416, 13 
oyle B. J., Terlevich R. J., 1998, MNRAS , 293, L49 
hary R., Elbaz D., 2001, ApJ , 556, 562 
hen C.-T. J. et al., 2013, ApJ , 773, 3 
room S. M. et al., 2009, MNRAS , 392, 19 
room S. M., Smith R. J., Boyle B. J., Shanks T., Miller L., Outram P. J.,

Loaring N. S., 2004, MNRAS , 349, 1397 
ross N. J. G. et al., 2012, A&A , 548, A119 
ale D. A., Helou G., 2002, ApJ, 576, 159 
river S. P. et al., 2009, Astron. Geophys., 50, 5.12 
ubois Y. et al., 2016, MNRAS , 463, 3948 
uras F. et al., 2017, A&A , 604, A67 
ales S. et al., 2010, PASP , 122, 499 
errarese L., Merritt D., 2000, ApJ , 539, L9 
ebhardt K. et al., 2000, ApJ , 539, L13 
riffin M. J. et al., 2010, A&A , 518, L3 
 ̈urkan G. et al., 2015, MNRAS, 452, 3776 
ambly N. C. et al., 2008, MNRAS , 384, 637 
ao H., 2014, MNRAS, 438, 1288 
arris K. et al., 2016, MNRAS , 457, 4179 
arrison C. M. et al., 2012, ApJ , 760, L15 
ickox R. C., Mullaney J. R., Alexander D. M., Chen C.-T. J., Ci v ano F. M.,

Goulding A. D., Hainline K. N., 2014, ApJ , 782, 9 
opkins A. M., Beacom J. F., 2006, ApJ , 651, 142 
alfountzou E., Jarvis M. J., Bonfield D. G., Hardcastle M. J., 2012, MNRAS ,

427, 2401 
ennicutt R. C., Jr et al., 2009, ApJ , 703, 1672 
ennicutt R. C., Jr, 1998, ARA&A , 36, 189 
ani C., Netzer H., Lutz D., 2017, MNRAS , 471, 59 
anzuisi G. et al., 2017, A&A , 602, A123 
awrence A. et al., 2007, MNRAS , 379, 1599 
yu J., Rieke G. H., 2017, ApJ , 841, 76 
adau P., Dickinson M., 2014, ARA&A , 52, 415 
addox N., Hewett P. C., P ́eroux C., Nestor D. B., Wisotzki L., 2012,

MNRAS , 424, 2876 
agorrian J. et al., 1998, AJ , 115, 2285 
aiolino R., Shemmer O., Imanishi M., Netzer H., Oli v a E., Lutz D., Sturm

E., 2007, A&A , 468, 979 
etzer H., Lani C., Nordon R., Trakhtenbrot B., Lira P., Shemmer O., 2016,

ApJ , 819, 123 
sterbrock D. E., Ferland G. J., 2006, Astrophysics of Gaseous Nebulae and

Active Galactic Nuclei. University Science Books, CA 

age M. J. et al., 2012, Nature , 485, 213 
 ̂ aris I. et al., 2014, A&A , 563, A54 
eeters E., Spoon H. W. W., Tielens A. G. G. M., 2004, ApJ , 613, 986 
ilbratt G. L. et al., 2010, A&A, 518, L1 + 

itchford L. K. et al., 2016, MNRAS , 462, 4067 
awlings J. I. et al., 2013, MNRAS , 429, 744 
isaliti G. et al., 2006, MNRAS , 365, 303 
odr ́ıguez-Ardila A., Mazzalay X., 2006, MNRAS , 367, L57 
Table A1. Information for the bins shown in Fig 2 . The columns are: 
bin, the mean νL ν, 2500 , and the mean SPIRE flux densities with1 σ boo

Bin number Number of objects Bin redshift Mean νL ν
log (erg s

1 68 0.6 44 .79

2 40 0.6 45 .00

3 20 0.6 45 .20

4 117 0.8 44 .81

5 84 0.8 45 .00

6 58 0.8 45 .19

7 26 0.8 45 .39

er 
omano D., Matteucci F., Zhang Z. Y., Papadopoulos P. P., Ivison R. J., 2017,
MNRAS , 470, 401 

osario D. J. et al., 2012, A&A , 545, A45 
osario D. J. et al., 2013, A&A , 560, A72 
ovilos E. et al., 2012, A&A , 546, A58 
anders D. B., Phinney E. S., Neugebauer G., Soifer B. T., Matthews K.,

1989, ApJ , 347, 29 
chneider D. P. et al., 2010, AJ , 139, 2360 
chulze A. et al., 2019, MNRAS , 488, 1180 
hao L. et al., 2010, A&A , 518, L26 
hi Y. et al., 2007, ApJ , 669, 841 
hirley R. et al., 2019, MNRAS , 490, 634 
hirley R., 2021, MNRAS, 507, 129 
peagle J. S., Steinhardt C. L., Capak P. L., Silverman J. D., 2014, ApJS ,

214, 15 
tanley F. et al., 2017, MNRAS , 472, 2221 
tanley F. et al., 2018, MNRAS , 478, 3721 
tanley F., Harrison C. M., Alexander D. M., Swinbank A. M., Aird J. A.,

Del Moro A., Hickox R. C., Mullaney J. R., 2015, MNRAS , 453, 591 
uh H. et al., 2019, ApJ , 872, 168 
ymeonidis M. et al., 2013, MNRAS , 431, 2317 
ymeonidis M., 2017, MNRAS , 465, 1401 
ymeonidis M., 2022, MNRAS , 509, 3209 
ymeonidis M., Giblin B. M., Page M. J., Pearson C., Bendo G., Seymour

N., Oliver S. J., 2016, MNRAS, 459, 257 
ymeonidis M., Page M. J., 2019, MNRAS , 485, L11 
ymeonidis M., Page M. J., 2021, MNRAS , 503, 3992 
aliante E. et al., 2016, MNRAS , 462, 3146 
anden Berk D. E. et al., 2001, AJ , 122, 549 
right E. L. et al., 2010, AJ , 140, 1868 
u J., Sun M., Xue Y., 2020, ApJ , 894, 21 
ork D. G. et al., 2000, AJ , 120, 1579 
hang Z.-Y. et al., 2018, MNRAS , 481, 59 
ou F., Yang G., Brandt W. N., Xue Y., 2019, ApJ , 878, 11 

UPPORTING  I N F O R M AT I O N  

upplementary data are available at MNRAS online. 

uppl data 

lease note: Oxford University Press is not responsible for the content
r functionality of any supporting materials supplied by the authors. 
ny queries (other than missing material) should be directed to the

orresponding author for the article. 

PPENDI X  A :  T H E  TA BLE  O F  AV ER AG E  SPIRE  

LUX  DENSITIES  IN  E AC H  L – z BIN  SHOW N  IN  

I G .  2  
MNRAS 514, 4450–4464 (2022) 

bin number, number of objects in bin, the central redshift of the 
tstrap errors. 

, 2500 Mean f 250 Mean f 350 Mean f 500 

 

−1 ) (mJy) (mJy) (mJy) 

 12.41 3 . 10 
2 . 63 7.99 2 . 23 

1 . 71 4.64 1 . 32 
1 . 22 

 12.66 1 . 86 
1 . 74 5.42 1 . 38 

1 . 27 −0.32 1 . 31 
1 . 24 

 11.41 2 . 24 
2 . 46 5.91 2 . 13 

1 . 85 0.77 1 . 72 
1 . 93 

 10.26 1 . 41 
1 . 46 6.60 1 . 13 

1 . 21 2.71 0 . 78 
0 . 89 

 13.39 2 . 02 
2 . 47 8.99 1 . 70 

1 . 76 4.27 1 . 25 
1 . 38 

 15.69 2 . 53 
2 . 78 10.70 1 . 92 

2 . 09 6.40 1 . 52 
1 . 60 

 14.69 2 . 17 
2 . 33 8.39 2 . 68 

2 . 03 2.28 2 . 26 
1 . 83 

on 13 July 2022

http://dx.doi.org/10.1111/j.1365-2966.2011.18826.x
http://dx.doi.org/10.1046/j.1365-8711.1998.01264.x
http://dx.doi.org/10.1086/321609
http://dx.doi.org/10.1088/0004-637X/773/1/3
http://dx.doi.org/10.1111/j.1365-2966.2008.14052.x
http://dx.doi.org/10.1111/j.1365-2966.2004.07619.x
http://dx.doi.org/10.1051/0004-6361/201219505
http://dx.doi.org/10.1093/mnras/stw2265
http://dx.doi.org/10.1051/0004-6361/201731052
http://dx.doi.org/10.1086/653086
http://dx.doi.org/10.1086/312838
http://dx.doi.org/10.1086/312840
http://dx.doi.org/10.1051/0004-6361/201014519
http://dx.doi.org/10.1111/j.1365-2966.2007.12700.x
http://dx.doi.org/10.1093/mnras/stw286
http://dx.doi.org/10.1088/2041-8205/760/1/L15
http://dx.doi.org/10.1088/0004-637X/782/1/9
http://dx.doi.org/10.1086/506610
http://dx.doi.org/10.1111/j.1365-2966.2012.22093.x
http://dx.doi.org/10.1088/0004-637X/703/2/1672
http://dx.doi.org/10.1146/annurev.astro.36.1.189
http://dx.doi.org/10.1093/mnras/stx1374
http://dx.doi.org/10.1051/0004-6361/201629955
http://dx.doi.org/10.1111/j.1365-2966.2007.12040.x
http://dx.doi.org/10.3847/1538-4357/aa7051
http://dx.doi.org/10.1146/annurev-astro-081811-125615
http://dx.doi.org/10.1111/j.1365-2966.2012.21427.x
http://dx.doi.org/10.1086/300353
http://dx.doi.org/10.1051/0004-6361:20077252
http://dx.doi.org/10.3847/0004-637X/819/2/123
http://dx.doi.org/10.1038/nature11096
http://dx.doi.org/10.1051/0004-6361/201322691
http://dx.doi.org/10.1086/423237
http://dx.doi.org/10.1093/mnras/stw1840
http://dx.doi.org/10.1093/mnras/sts368
http://dx.doi.org/10.1111/j.1365-2966.2005.09715.x
http://dx.doi.org/10.1111/j.1745-3933.2006.00139.x
http://dx.doi.org/10.1093/mnras/stx1197
http://dx.doi.org/10.1051/0004-6361/201219258
http://dx.doi.org/10.1051/0004-6361/201322196
http://dx.doi.org/10.1051/0004-6361/201218952
http://dx.doi.org/10.1086/168094
http://dx.doi.org/10.1088/0004-6256/139/6/2360
http://dx.doi.org/10.1093/mnras/stz1746
http://dx.doi.org/10.1051/0004-6361/201014606
http://dx.doi.org/10.1086/521594
http://dx.doi.org/10.1093/mnras/stz2509
http://dx.doi.org/10.1088/0067-0049/214/2/15
http://dx.doi.org/10.1093/mnras/stx2121
http://dx.doi.org/10.1093/mnras/sty1044
http://dx.doi.org/10.1093/mnras/stv1678
http://dx.doi.org/10.3847/1538-4357/ab01fb
http://dx.doi.org/10.1093/mnras/stt330
http://dx.doi.org/10.1093/mnras/stw2784
http://dx.doi.org/10.1093/mnras/stab3037
http://dx.doi.org/10.1093/mnrasl/slz022
http://dx.doi.org/10.1093/mnras/stab598
http://dx.doi.org/10.1093/mnras/stw1806
http://dx.doi.org/10.1086/321167
http://dx.doi.org/10.1088/0004-6256/140/6/1868
http://dx.doi.org/10.3847/1538-4357/ab811a
http://dx.doi.org/10.1086/301513
http://dx.doi.org/10.1093/mnras/sty2082
http://dx.doi.org/10.3847/1538-4357/ab1eb1
https://academic.oup.com/mnras/article-lookup/doi/10.1093/mnras/stac1359#supplementary-data


4462 M. Symeonidis et al. 

MNRAS 514, 4450–4464 (2022) 

Table A1 – continued 

Bin number Number of objects Bin redshift Mean νL ν, 2500 Mean f 250 Mean f 350 Mean f 500 

log (erg s −1 ) (mJy) (mJy) (mJy) 

8 18 0.8 45 .57 10.55 3 . 10 
1 . 76 5.24 2 . 42 

1 . 76 0.61 2 . 03 
1 . 50 

9 109 1.0 44 .81 8.89 1 . 44 
1 . 52 6.54 1 . 17 

1 . 16 1.91 0 . 92 
0 . 75 

10 104 1.0 45 .00 9.61 1 . 27 
1 . 26 7.42 1 . 23 

1 . 23 3.16 1 . 01 
1 . 05 

11 74 1.0 45 .20 11.23 1 . 71 
1 . 55 9.01 1 . 32 

1 . 51 5.54 1 . 11 
1 . 25 

12 74 1.0 45 .40 12.91 1 . 72 
1 . 66 10.04 1 . 49 

1 . 23 4.14 1 . 05 
1 . 05 

13 41 1.0 45 .60 14.62 2 . 83 
2 . 31 12.23 2 . 32 

1 . 74 7.24 1 . 38 
1 . 60 

14 15 1.0 45 .78 16.84 5 . 93 
3 . 19 11.53 4 . 50 

3 . 19 5.29 3 . 58 
3 . 46 

15 75 1.2 44 .81 5.95 1 . 00 
1 . 01 4.54 1 . 07 

1 . 06 2.73 1 . 03 
1 . 00 

16 86 1.2 45 .01 8.57 1 . 27 
1 . 27 5.50 1 . 08 

1 . 11 3.63 0 . 86 
0 . 96 

17 123 1.2 45 .20 8.73 1 . 28 
1 . 02 7.79 1 . 13 

0 . 85 4.21 1 . 06 
0 . 70 

18 101 1.2 45 .40 10.49 1 . 04 
1 . 32 7.73 0 . 89 

1 . 11 4.10 0 . 82 
0 . 92 

19 66 1.2 45 .59 10.50 1 . 36 
1 . 24 8.42 1 . 57 

1 . 52 4.77 1 . 42 
1 . 47 

20 43 1.2 45 .80 15.22 2 . 40 
1 . 96 9.65 2 . 34 

1 . 75 5.93 1 . 47 
1 . 37 

21 20 1.2 45 .98 16.86 3 . 18 
2 . 90 12.47 3 . 25 

2 . 86 3.83 2 . 18 
1 . 47 

22 57 1.4 44 .80 8.70 0 . 99 
2 . 02 9.39 1 . 38 

1 . 90 7.06 1 . 17 
1 . 57 

23 79 1.4 45 .01 5.90 1 . 25 
1 . 22 6.01 1 . 10 

1 . 07 4.75 1 . 08 
0 . 99 

24 135 1.4 45 .21 6.89 0 . 94 
1 . 00 6.85 0 . 91 

0 . 88 4.31 0 . 84 
0 . 76 

25 120 1.4 45 .40 11.69 1 . 37 
1 . 30 10.07 1 . 30 

1 . 10 6.44 0 . 97 
1 . 15 

26 93 1.4 45 .59 10.72 1 . 19 
1 . 31 8.83 1 . 06 

1 . 27 5.16 0 . 82 
1 . 04 

27 49 1.4 45 .79 14.49 2 . 56 
2 . 29 9.09 1 . 83 

1 . 53 4.97 1 . 36 
1 . 22 

28 20 1.4 45 .99 24.88 3 . 59 
5 . 79 20.60 3 . 50 

4 . 19 8.72 2 . 34 
2 . 95 

29 71 1.6 44 .82 7.02 1 . 43 
1 . 19 6.35 1 . 40 

1 . 20 3.48 1 . 37 
1 . 20 

30 81 1.6 45 .02 7.29 1 . 43 
1 . 16 7.63 1 . 13 

0 . 91 3.15 1 . 18 
1 . 12 

31 99 1.6 45 .21 8.89 1 . 23 
1 . 09 7.41 1 . 23 

1 . 17 5.48 1 . 11 
1 . 07 

32 121 1.6 45 .40 8.90 1 . 13 
1 . 10 6.74 0 . 96 

0 . 88 4.87 0 . 99 
0 . 87 

33 96 1.6 45 .61 9.20 1 . 03 
1 . 10 8.18 1 . 18 

1 . 07 5.71 1 . 11 
0 . 97 

34 84 1.6 45 .80 12.48 1 . 18 
1 . 91 11.34 1 . 30 

1 . 77 7.40 1 . 08 
1 . 35 

35 55 1.6 45 .98 12.86 2 . 19 
1 . 88 9.59 1 . 84 

1 . 45 6.39 1 . 49 
1 . 52 

36 32 1.8 44 .84 5.45 1 . 71 
1 . 76 4.24 1 . 38 

2 . 15 3.86 1 . 06 
1 . 50 

37 67 1.8 45 .01 6.49 1 . 15 
1 . 14 6.54 1 . 06 

1 . 14 4.43 1 . 21 
1 . 06 

38 106 1.8 45 .21 7.35 1 . 06 
1 . 25 7.29 1 . 13 

1 . 30 3.64 0 . 98 
1 . 22 

39 117 1.8 45 .42 7.06 1 . 11 
1 . 10 6.41 1 . 16 

0 . 96 4.48 0 . 90 
0 . 95 

40 112 1.8 45 .60 9.48 1 . 20 
1 . 60 8.58 1 . 17 

1 . 77 6.22 0 . 97 
1 . 46 

41 100 1.8 45 .80 12.04 1 . 29 
1 . 58 11.57 1 . 28 

1 . 35 8.19 1 . 12 
1 . 22 

42 56 1.8 46 .00 11.40 1 . 85 
1 . 74 9.40 1 . 83 

1 . 59 5.72 1 . 44 
1 . 51 

43 23 1.8 46 .19 14.11 2 . 54 
2 . 56 13.53 3 . 21 

2 . 88 4.97 2 . 23 
1 . 74 

44 55 2.0 45 .02 6.26 1 . 44 
1 . 36 6.71 1 . 57 

1 . 33 3.71 1 . 50 
1 . 25 

45 79 2.0 45 .21 7.98 1 . 31 
1 . 55 6.92 1 . 26 

1 . 45 5.58 1 . 16 
1 . 39 

46 86 2.0 45 .41 9.56 1 . 88 
1 . 52 11.31 2 . 06 

1 . 67 10.42 1 . 60 
1 . 65 

47 106 2.0 45 .60 9.26 1 . 22 
1 . 28 9.04 1 . 27 

1 . 44 6.40 1 . 16 
1 . 14 

48 101 2.0 45 .80 11.09 1 . 26 
1 . 53 8.47 1 . 27 

1 . 48 5.77 1 . 25 
1 . 23 

49 71 2.0 45 .99 11.19 1 . 37 
1 . 78 9.64 1 . 45 

1 . 72 8.25 1 . 37 
1 . 40 

50 35 2.0 46 .18 17.25 2 . 66 
2 . 40 12.72 2 . 43 

1 . 92 7.21 2 . 20 
1 . 84 

51 16 2.0 46 .39 23.94 4 . 15 
3 . 31 17.38 3 . 87 

3 . 16 13.70 3 . 52 
2 . 93 

52 16 2.2 44 .83 6.55 3 . 85 
2 . 67 5.87 3 . 79 

3 . 08 7.06 3 . 44 
1 . 74 
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Table A1 – continued 

Bin number Number of objects Bin redshift Mean νL ν, 2500 Mean f 250 Mean f 350 Mean f 500 

log (erg s −1 ) (mJy) (mJy) (mJy) 

53 81 2.2 45 .03 3.69 1 . 03 
0 . 91 4.42 1 . 38 

1 . 23 4.53 1 . 23 
1 . 27 

54 121 2.2 45 .21 6.03 0 . 96 
0 . 90 5.34 1 . 01 

0 . 92 5.70 1 . 07 
0 . 96 

55 147 2.2 45 .42 6.63 0 . 86 
0 . 79 5.96 0 . 90 

0 . 87 4.17 0 . 82 
0 . 79 

56 154 2.2 45 .60 8.52 0 . 98 
0 . 99 8.06 1 . 07 

1 . 08 5.95 1 . 04 
1 . 01 

57 111 2.2 45 .80 11.10 1 . 31 
1 . 25 9.53 1 . 32 

1 . 30 6.77 1 . 21 
1 . 16 

58 72 2.2 45 .99 9.85 1 . 05 
1 . 39 8.71 1 . 20 

1 . 30 3.55 0 . 84 
1 . 10 

59 37 2.2 46 .19 13.96 2 . 14 
2 . 48 14.85 3 . 11 

2 . 95 10.89 4 . 56 
3 . 96 

60 56 2.4 45 .04 3.07 1 . 41 
1 . 26 5.01 1 . 29 

1 . 38 3.57 1 . 15 
1 . 47 

61 109 2.4 45 .20 3.67 0 . 84 
0 . 82 2.54 0 . 87 

0 . 91 3.38 0 . 81 
0 . 94 

62 132 2.4 45 .40 4.45 0 . 78 
0 . 77 4.64 0 . 73 

0 . 80 3.59 0 . 87 
0 . 89 

63 128 2.4 45 .61 5.04 0 . 93 
0 . 76 6.08 0 . 90 

0 . 92 4.82 0 . 83 
0 . 98 

64 106 2.4 45 .81 6.93 1 . 01 
1 . 07 8.31 1 . 16 

1 . 10 6.05 1 . 14 
1 . 12 

65 76 2.4 45 .99 9.86 1 . 16 
1 . 09 8.71 1 . 53 

1 . 34 6.35 1 . 41 
0 . 98 

66 28 2.4 46 .20 13.23 1 . 87 
2 . 77 11.92 2 . 02 

2 . 51 9.33 2 . 14 
2 . 91 

67 15 2.4 46 .41 19.27 6 . 03 
4 . 38 18.26 4 . 47 

3 . 95 12.49 3 . 93 
3 . 13 

68 33 2.6 45 .22 1.74 1 . 03 
1 . 41 −0.47 1 . 29 

1 . 54 −0.26 0 . 92 
1 . 08 

69 56 2.6 45 .41 4.61 1 . 26 
1 . 15 3.35 1 . 26 

1 . 23 2.99 1 . 56 
1 . 68 

70 74 2.6 45 .62 5.71 1 . 15 
1 . 12 5.64 1 . 30 

1 . 05 3.09 1 . 32 
1 . 19 

71 65 2.6 45 .81 8.46 1 . 40 
1 . 47 8.80 1 . 90 

1 . 79 7.11 1 . 61 
1 . 60 

72 42 2.6 45 .99 5.27 0 . 80 
1 . 09 6.36 1 . 22 

1 . 15 3.36 0 . 97 
1 . 71 

73 30 2.6 46 .18 13.75 2 . 18 
2 . 32 13.48 2 . 35 

2 . 46 9.71 1 . 99 
2 . 55 

74 18 2.6 46 .39 15.33 3 . 92 
3 . 48 12.68 3 . 86 

3 . 49 10.60 2 . 86 
2 . 50 
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Table B1. The data shown in Fig 7 . Column (1): the central redshift of th
QSO L IR (8–1000 μm, uncorrected for the AGN contribution) and lower a
μm, AGN contribution remo v ed) and lower and upper 1 σ values. All units

Bin redshift Mean νL ν, 5100 L IR, QSO Lower L IR, QSO U

0.6 44 .66 45 .22 45 .15 
0.6 44 .84 45 .27 45 .21 
0.6 44 .99 45 .35 45 .28 
0.8 44 .70 45 .29 45 .23 
0.8 44 .81 45 .42 45 .35 
0.8 44 .99 45 .52 45 .45 
0.8 45 .18 45 .56 45 .49 
0.8 45 .36 45 .61 45 .53 
1.0 44 .73 45 .33 45 .26 
1.0 44 .86 45 .42 45 .36 
1.0 45 .05 45 .53 45 .47 
1.0 45 .25 45 .64 45 .58 
1.0 45 .38 45 .74 45 .67 
1.0 45 .51 45 .82 45 .75 
1.2 44 .71 45 .30 45 .23 
1.2 44 .81 45 .45 45 .39 
1.2 44 .99 45 .51 45 .45 
1.2 45 .13 45 .61 45 .55 
1.2 45 .36 45 .71 45 .65 
MNRAS 514, 4450–4464 (2022) 

e bin, Column (2): the mean νL ν, 5100 , Columns (3), (4) and (5): the 
nd upper 1 σ values, Columns (6), (7) and (8): the SF L IR (8–1000 
 are erg s −1 and all values are log, apart from one which is ne gativ e. 

pper L IR, QSO L IR, SF Lower L IR, SF Upper L IR, SF 

45 .29 44 .99 44 .87 45 .09 
45 .32 44 .91 44 .81 44 .99 
45 .42 44 .88 44 .67 45 .02 
45 .34 45 .07 44 .98 45 .14 
45 .47 45 .21 45 .10 45 .29 
45 .57 45 .25 45 .14 45 .33 
45 .61 45 .12 44 .98 45 .21 
45 .68 44 .76 44 .26 45 .04 
45 .38 45 .11 45 .02 45 .19 
45 .46 45 .17 45 .10 45 .24 
45 .59 45 .23 45 .14 45 .32 
45 .70 45 .22 45 .11 45 .31 
45 .81 45 .25 45 .09 45 .39 
45 .90 45 .22 45 .00 45 .44 
45 .36 45 .08 44 .97 45 .16 
45 .50 45 .26 45 .18 45 .33 
45 .56 45 .23 45 .16 45 .31 
45 .65 45 .30 45 .22 45 .36 
45 .77 45 .21 45 .09 45 .31 

iversity C
ollege London user on 13 July 2022
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Table B1 – continued 

Bin redshift Mean νL ν, 5100 L IR, QSO Lower L IR, QSO Upper L IR, QSO L IR, SF Lower L IR, SF Upper L IR, SF 

1.2 45 .56 45 .88 45 .82 45 .94 45 .32 45 .16 45 .44 
1.2 45 .70 45 .99 45 .92 46 .06 45 .33 45 .09 45 .49 
1.4 44 .72 45 .51 45 .41 45 .55 45 .38 45 .26 45 .44 
1.4 44 .81 45 .41 45 .33 45 .48 45 .20 45 .08 45 .30 
1.4 45 .02 45 .50 45 .44 45 .55 45 .20 45 .10 45 .28 
1.4 45 .17 45 .71 45 .66 45 .76 45 .46 45 .39 45 .53 
1.4 45 .33 45 .74 45 .68 45 .79 45 .34 45 .24 45 .42 
1.4 45 .52 45 .90 45 .83 45 .96 45 .46 45 .32 45 .58 
1.4 45 .69 46 .11 46 .03 46 .17 45 .73 45 .56 45 .82 
1.6 44 .77 45 .51 45 .44 45 .58 45 .37 45 .28 45 .46 
1.6 44 .89 45 .54 45 .48 45 .61 45 .36 45 .27 45 .45 
1.6 45 .04 45 .65 45 .60 45 .70 45 .44 45 .37 45 .51 
1.6 45 .21 45 .70 45 .65 45 .75 45 .41 45 .32 45 .48 
1.6 45 .42 45 .79 45 .73 45 .85 45 .33 45 .22 45 .41 
1.6 45 .59 45 .94 45 .88 45 .99 45 .46 45 .31 45 .53 
1.6 45 .76 46 .04 45 .97 46 .11 45 .33 45 .09 45 .50 
1.8 44 .80 45 .49 45 .36 45 .59 45 .32 45 .12 45 .46 
1.8 44 .84 45 .55 45 .48 45 .61 45 .39 45 .29 45 .47 
1.8 45 .00 45 .65 45 .58 45 .70 45 .46 45 .36 45 .53 
1.8 45 .19 45 .68 45 .62 45 .74 45 .38 45 .28 45 .47 
1.8 45 .35 45 .83 45 .76 45 .88 45 .51 45 .40 45 .58 
1.8 45 .52 45 .95 45 .89 46 .00 45 .59 45 .49 45 .66 
1.8 45 .73 46 .04 45 .97 46 .10 45 .43 45 .24 45 .57 
1.8 45 .86 46 .16 46 .08 46 .22 45 .49 45 .23 45 .65 
2.0 44 .88 45 .62 45 .54 45 .69 45 .48 45 .36 45 .57 
2.0 45 .01 45 .73 45 .66 45 .79 45 .58 45 .48 45 .66 
2.0 45 .16 45 .82 45 .75 45 .89 45 .64 45 .55 45 .73 
2.0 45 .31 45 .85 45 .80 45 .90 45 .60 45 .51 45 .67 
2.0 45 .52 45 .98 45 .92 46 .03 45 .66 45 .56 45 .73 
2.0 45 .70 46 .05 45 .98 46 .11 45 .56 45 .40 45 .65 
2.0 45 .92 46 .26 46 .19 46 .32 45 .74 45 .59 45 .85 
2.0 46 .10 46 .42 46 .36 46 .48 45 .85 45 .70 45 .98 
2.2 44 .84 45 .69 45 .51 45 .87 45 .59 45 .33 45 .81 
2.2 44 .94 45 .53 45 .43 45 .61 45 .30 45 .14 45 .43 
2.2 45 .05 45 .71 45 .65 45 .77 45 .53 45 .45 45 .61 
2.2 45 .21 45 .78 45 .73 45 .83 45 .55 45 .48 45 .62 
2.2 45 .37 45 .91 45 .85 45 .95 45 .65 45 .58 45 .71 
2.2 45 .56 46 .05 45 .99 46 .10 45 .75 45 .67 45 .81 
2.2 45 .73 46 .08 46 .02 46 .14 45 .58 45 .44 45 .67 
2.2 45 .95 46 .27 46 .20 46 .33 45 .68 45 .47 45 .81 
2.4 44 .98 45 .53 45 .37 45 .65 45 .27 44 .96 45 .47 
2.4 45 .07 45 .61 45 .53 45 .68 45 .36 45 .21 45 .47 
2.4 45 .25 45 .73 45 .66 45 .79 45 .42 45 .30 45 .51 
2.4 45 .39 45 .81 45 .74 45 .87 45 .43 45 .31 45 .53 
2.4 45 .60 45 .99 45 .92 46 .04 45 .54 45 .40 45 .64 
2.4 45 .75 46 .13 46 .07 46 .19 45 .70 45 .60 45 .78 
2.4 46 .00 46 .32 46 .24 46 .38 45 .73 45 .48 45 .85 
2.4 46 .16 46 .48 46 .40 46 .56 45 .91 45 .62 46 .12 
2.6 45 .08 45 .45 45 .14 45 .60 45 .00 -4 .38 × 10 44 45 .31 
2.6 45 .21 45 .77 45 .67 45 .85 45 .53 45 .36 45 .66 
2.6 45 .37 45 .88 45 .80 45 .94 45 .60 45 .47 45 .70 
2.6 45 .57 46 .06 45 .99 46 .12 45 .76 45 .65 45 .85 
2.6 45 .72 46 .01 45 .92 46 .07 45 .32 44 .98 45 .47 
2.6 45 .96 46 .34 46 .27 46 .40 45 .89 45 .73 45 .99 
2.6 46 .12 46 .43 46 .35 46 .50 45 .84 45 .55 46 .02 
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