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A B S T R A C T 

We present the ultraviolet to submillimetre spectral energy distributions (SEDs) of the HERschel Ultra Luminous Infrared 

Galaxy Surv e y (HERUS) sample of 42 local ultraluminous infrared galaxies (ULIRGs) and fit them with a Markov chain Monte 
Carlo code using the CYprus models for Galaxies and their NUclear Spectra (CYGNUS) radiative transfer models for starbursts, 
active galactic nucleus (AGN) tori, and host galaxy. The Spitzer IRS spectroscopy data are included in the fitting. Our Bayesian 

SED fitting method takes comparable time to popular energy balance methods but it is more physically moti v ated and versatile. 
All HERUS galaxies harbour high rates of star formation but we also find bolometrically significant AGN in all of the galaxies of 
the sample. We estimate the correction of the luminosities of the AGN in the ULIRGs due to the anisotropic emission of the torus 
and find that it could be up to a factor of ∼10 for nearly edge-on tori. We present a comparison of our results with the smooth 

torus model of Fritz et al. and the two-phase models of Siebenmorgen et al. and SKIRTOR. We find that the CYGNUS AGN 

torus models fit significantly better the SEDs of our sample compared to all other models. We find no evidence that strong AGN 

appear either at the beginning or end of a starburst episode or that starbursts and AGN affect each other. IRAS 01003 −2238 and 

Mrk 1014 sho w e vidence of dual AGNs in their SED fits, suggesting a minimum dual AGN fraction in the sample of 5 per cent. 

K ey words: radiati ve transfer – galaxies: active – galaxies: interactions – quasars: general – infrared: galaxies – submillimetre: 
galaxies. 
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 I N T RO D U C T I O N  

ocal ultraluminous infrared galaxies (ULIRGs), with infrared lumi- 
osities exceeding 10 12 L �, are an important population in their own
ight as they are the most luminous galaxies in the local Universe.
LIRGs also allow us to study in detail the role of mergers in

riggering extreme star formation and active galactic nucleus (AGN) 
ctivity that is deeply obscured by dust. They are therefore important 
aboratories for understanding these processes in order to aid the 
nterpretation of observations of similar events that took place in the 
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ost luminous galaxies in the history of the Universe such as hyper-
uminous infrared galaxies (Rowan-Robinson et al. 1993 ; Rowan- 
obinson 2000 ; Farrah et al. 2002 ; Verma et al. 2002 ; Efstathiou
006 ), submillimetre galaxies (Barger et al. 1998 ; Hughes et al. 1998 ;
fstathiou & Rowan-Robinson 2003 ; Casey, Narayanan & Cooray 
014 ; Rowan-Robinson et al. 2018 ), quasars, and hot dust obscured
alaxies (Eisenhardt et al. 2012 ; Bridge et al. 2013 ; Efstathiou et al.
021 ; Farrah et al., in preparation). For these and other reasons,
LIRGs hav e receiv ed a lot of attention since their disco v ery by the

nfrared Astronomical Satellite ( IRAS ) in the 1980s (Houck et al.
985 ; Soifer et al. 1986 ). Excellent re vie ws of observ ational and the-
retical work are given in Sanders & Mirabel ( 1996 ), Lonsdale, Far-
ah & Smith ( 2006a ), and more recently P ́erez-Torres et al. ( 2021 ). 
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http://orcid.org/0000-0002-9149-2973
http://orcid.org/0000-0002-9548-5033
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Table 1. The sample, their basic data, and the log-likelihood (ML) of the best fit resulting from fitting the CYGNUS, FR06 , S15 and SKIRTOR 

combinations of models. The sample selection criteria are given in Section 2 . 

ID IRAS Other RA Dec. z Opt. Maximum likelihoods 
Name Names Class CYGNUS F06 S15 SKIRTOR 

1 00188 −0856 – 5.360 507 − 8 .657 217 0.128 LINER − 459 .7 − 467 .7 − 519 .9 − 567 .3 
2 00397 −1312 – 10.564 704 − 12 .934 122 0.262 H II − 485 .5 − 342 .5 − 1093 .6 − 848 .9 
3 01003 −2238 – 15.708 365 − 22 .365 895 0.118 H II − 137 .6 − 1227 .6 − 125 .7 − 1074 .0 
4 03158 + 4227 – 49.801 667 42 .641 111 0.134 Sy2 − 262 .8 − 702 .0 − 291 .9 − 973 .9 
5 03521 + 0028 – 58.675 800 0 .617 611 0.152 LINER − 196 .5 − 373 .3 − 199 .8 − 402 .8 
6 05189 −2524 – 80.255 800 − 25 .362 600 0.043 Sy2 − 97 .2 − 260 .8 − 63 .3 − 339 .8 
7 06035 −7102 – 90.725 042 − 71 .052 833 0.079 H II − 126 .9 − 158 .4 − 223 .1 − 188 .2 
8 06206 −6315 – 95.255 042 − 63 .289 861 0.092 Sy2 − 213 .6 − 302 .4 − 229 .8 − 379 .7 
9 07598 + 6508 – 121.137 833 64 .996 833 0.148 Sy1 − 33 .9 − 26 .5 − 181 .4 − 33 .4 
10 08311 −2459 – 128.335 833 − 25 .159 361 0.100 Sy1 − 111 .8 − 275 .3 − 82 .7 − 300 .5 
11 08572 + 3915 – 135.105 792 39 .065 111 0.058 Sy2 − 218 .6 − 618 .5 − 1365 .0 − 1353 .1 
12 09022 −3615 – 136.052 961 − 36 .450 274 0.060 H II − 138 .5 − 189 .8 − 145 .6 − 164 .4 
13 10378 + 1109 – 160.121 539 10 .888 415 0.136 LINER − 182 .8 − 237 .4 − 164 .2 − 370 .6 
14 10565 + 2448 – 164.825 493 24 .542 905 0.043 H II − 322 .9 − 512 .7 − 363 .5 − 493 .1 
15 11095 −0238 – 168.014 071 − 2 .906 219 0.107 LINER − 187 .1 − 773 .2 − 547 .7 − 983 .2 
16 12071 −0444 – 182.438 049 − 5 .020 490 0.128 Sy2 − 177 .8 − 643 .3 − 168 .6 − 662 .0 
17 13120 −5453 – 198.776 494 − 55 .156 452 0.031 Sy2 − 349 .0 − 503 .4 − 343 .4 − 508 .9 
18 13451 + 1232 4C 12.50 206.889 007 12 .290 067 0.122 Sy2 − 107 .3 − 524 .5 − 87 .6 − 671 .4 
19 14348 −1447 – 219.410 000 − 15 .005 556 0.083 LINER − 119 .7 − 233 .0 − 153 .6 − 299 .9 
20 14378 −3651 – 220.245 867 − 37 .075 538 0.068 Sy2 − 279 .1 − 581 .0 − 255 .2 − 602 .9 
21 15250 + 3609 – 231.747 517 35 .977 092 0.055 H II − 370 .5 − 854 .7 − 595 .7 − 1198 .3 
22 15462 −0450 – 237.236 721 − 4 .992 669 0.100 Sy1 − 174 .7 − 104 .4 − 54 .6 − 193 .5 
23 16090 −0139 – 242.918 469 − 1 .785 156 0.134 LINER − 185 .5 − 284 .5 − 230 .7 − 290 .2 
24 17208 −0014 – 260.841 481 − 0 .283 594 0.043 H II − 452 .6 − 620 .9 − 461 .0 − 601 .8 
25 19254 −7245 SuperAntena 292.839 167 − 72 .655 000 0.062 Sy2 − 165 .3 − 134 .5 − 125 .8 − 195 .2 
26 19297 −0406 – 293.088 544 − 3 .998 962 0.086 H II − 179 .3 − 265 .9 − 186 .9 − 340 .0 
27 20087 −0308 – 302.849 458 − 2 .997 417 0.106 LINER − 333 .2 − 343 .5 − 386 .3 − 352 .2 
28 20100 −4156 – 303.373 083 − 41 .793 028 0.130 H II − 511 .7 − 542 .4 − 605 .0 − 721 .8 
29 20414 −1651 – 311.075 888 − 16 .671 172 0.087 H II − 199 .7 − 367 .5 − 195 .0 − 292 .7 
30 20551 −4250 ESO 286 −19 314.611 589 − 42 .650 056 0.043 H II − 198 .3 − 581 .2 − 433 .6 − 922 .9 
31 22491 −1808 – 342.955 267 − 17 .873 183 0.078 H II − 188 .8 − 534 .9 − 208 .1 − 607 .2 
32 23128 −5919 ESO 148 −2 348.944 790 − 59 .054 320 0.045 H II − 208 .2 − 573 .4 − 205 .3 − 517 .3 
33 23230 −6926 – 351.515 083 − 69 .171 889 0.107 LINER − 298 .4 − 662 .7 − 389 .8 − 836 .7 
34 23253 −5415 AM 2325 −541 352.025 417 − 53 .975 278 0.130 LINER − 190 .9 − 612 .1 − 141 .5 − 688 .8 
35 23365 + 3604 – 354.755 305 36 .352 308 0.064 LINER − 274 .9 − 898 .9 − 276 .3 − 936 .6 
36 09320 + 6134 UGC 5101 143.964 981 61 .353 182 0.039 LINER − 475 .7 − 548 .2 − 520 .2 − 558 .4 
37 12540 + 5708 Mrk 231 194.059 308 56 .873 677 0.042 Sy1 − 49 .7 − 67 .8 − 46 .8 − 186 .7 
38 13428 + 5608 Mrk 273 206.175 463 55 .886 847 0.037 Sy2 − 218 .0 − 288 .8 − 262 .2 − 411 .6 
39 13536 + 1836 Mrk 463 209.011 963 18 .372 078 0.049 Sy2 − 141 .2 − 150 .0 − 161 .1 − 122 .4 
40 15327 + 2340 Arp 220 233.738 563 23 .503 139 0.018 Sy2 − 1099 .8 − 1938 .0 − 868 .3 − 2143 .5 
41 16504 + 0228 NGC 6240 253.245 295 2 .400 926 0.024 LINER − 257 .1 − 380 .8 − 280 .0 − 484 .1 
42 01572 + 0009 Mrk 1014 29.959 214 0 .394 615 0.163 Sy1 − 483 .5 − 425 .6 − 96 .3 − 536 .9 
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The HERschel Ultra Luminous Infrared Galaxy Surv e y (HERUS)
onsisted of observations with the Herschel Space Observatory
Pilbratt et al. 2010 ) of the 42 most luminous ULIRGs in the
ocal Universe in spectroscopy and photometry mode. Farrah et al.
 2013 ) and Spoon et al. ( 2013 ) discussed the diagnostics provided
y PACS spectroscopy and Pearson et al. ( 2016 ) discussed the
orresponding diagnostics from SPIRE spectroscopy. Efstathiou
t al. ( 2014 ) presented a detailed study of IRAS 08572 + 3915 that
xhibits one of the deepest silicate absorption features observed in
 galaxy. Clements et al. ( 2018 ) presented the SPIRE photometry of
he HERUS galaxies. 

As ULIRGs are deeply obscured by dust, radiative transfer models
or both the starburst and AGN activity are needed for interpreting
heir spectral energy distributions (SEDs). Rowan-Robinson & Efs-
athiou ( 1993 ) presented the first such models for the local ULIRG
opulation and fitted the SED of the prototypical ULIRG Arp 220.
hey showed that the SED of Arp 220 could be explained by a
NRAS 512, 5183–5213 (2022) 
tarburst model that was a factor of 4 more optically thick than
he model for the starbursts in M 82 and NGC 1068 presented in
he same paper. They also argued on the basis of fitting the IRAS
olours that all ULIRGs in the IRAS Bright Galaxy sample (Sanders
t al. 2003 ) required a similar higher optical depth starburst model to
xplain the far-infrared emission. Rigopoulou, Lawrence & Rowan-
obinson ( 1996 ) fitted the SEDs of the first ULIRGs to be detected

n the submillimetre with the Rowan-Robinson & Efstathiou ( 1993 )
odels and arrived at similar conclusions. Farrah et al. ( 2003 ) carried

ut for the first time starburst/AGN de-composition of the near- to
ar-infrared SEDs of a sample of 41 local ULIRGs using the starburst
ibrary of Efstathiou, Rowan-Robinson & Siebenmorgen ( 2000 ) and
he AGN torus models of Efstathiou & Rowan-Robinson ( 1995 ).
hey concluded from this study that whereas most of the luminosity

n local ULIRGs is due to starburst activity in about half of the sample
here was significant emission from an AGN. Vega et al. ( 2008 ) fitted
 sample of ULIRGs and luminous infrared galaxies (LIRGs; 10 12 L �
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Table 2. Parameters of the models used in this paper, symbols used, their assumed ranges, and summary of other information about the models. The Fritz, 
Franceschini & Hatziminaoglou ( 2006 ) model assumes two additional parameters that define the density distribution in the radial direction ( β) and azimuthal 
direction ( γ ). In this paper, we assume β = 0 and γ = 4. The SKIRTOR model (Stalevski et al. 2016 ) assumes two additional parameters that define the density 
distribution in the radial direction ( p ) and azimuthal direction ( q ). In this paper, we assume p = 1 and q = 1. In addition, the SKIRTOR library we used assumes 
that the fraction of mass inside clumps is 97 per cent. There are four additional scaling parameters for the starburst, spheroidal, AGN, and polar dust models, 
f SB , f s , f AGN , and f p , respectively. 

Parameter Symbol Range Comments 

CYGNUS starburst 

Initial optical depth of GMCs τV 50–250 Efstathiou et al. ( 2000 ), Efstathiou & Siebenmorgen ( 2009 ) 
Starburst SFR e-folding time τ ∗ 10–30 Myr Incorporates Bruzual & Charlot ( 1993 , 2003 ) 
Starburst age t ∗ 5–35 Myr Metallicity = solar, Salpeter IMF 

Standard galactic dust mixture with PAHs 

CYGNUS spheroidal host 

Spheroidal SFR e-folding time τ s 0.125–8 Gyr Efstathiou & Rowan-Robinson ( 2003 ), Efstathiou et al. ( 2021 ) 
Starlight intensity ψ 

s 1–17 Incorporates Bruzual & Charlot ( 1993 , 2003 ) 
Optical depth τ s 

v 0.1–15 Metallicity = 40 per cent of solar, Salpeter IMF 
Standard galactic dust mixture with PAHs 

CYGNUS AGN torus 

Torus equatorial UV optical depth τ uv 250–1450 Smooth tapered discs 
Torus ratio of outer to inner radius r 2 / r 1 20–100 Efstathiou & Rowan-Robinson ( 1995 ), Efstathiou et al. ( 2013 ) 
Torus half-opening angle θo 30–75 ◦ Standard galactic dust mixture without PAHs 
Torus inclination θ i 0–90 ◦ –

Fritz AGN torus 

Torus equatorial optical depth at 9.7 μm – 0.1–10 Smooth flared discs 
Torus ratio of outer to inner radius – 10–150 FR06 
Torus half-opening angle – 20–70 ◦ Standard galactic dust mixture without PAHs 
Torus inclination – 0–90 ◦ –

SKIRTOR AGN torus 

Torus equatorial optical depth at 9.7 μm – 3–11 Two-phase flared discs 
Torus ratio of outer to inner radius – 10–30 Stalevski et al. ( 2012 , 2016 ) 
Torus half-opening angle – 20–70 ◦ Standard galactic dust mixture without PAHs 
Torus inclination – 0–90 ◦ –

Siebenmorgen15 AGN torus 

Cloud volume filling factor (per cent) 1.5–77.7 Two-phase anisotropic spheres 
Optical depth of the individual clouds – 0–45 Siebenmorgen, Heymann & Efstathiou ( 2015 ) 
Optical depth of the disc mid-plane – 0–1000 Fluffy dust mixture without PAHs 
Inclination – 0–90 ◦ –
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 L IR > 10 11 L �) with the GRASIL models (Silva et al. 1998 ), reaching
 similar conclusion. Efstathiou et al. ( 2014 ) de-composed the SED
f the deep-silicate ULIRG IRAS 08572 + 3915, concluding that its
mission is dominated by an obscured AGN with its torus viewed 
lmost edge-on. 

This is the first of two papers that present a new look at local
LIRGs that is based on detailed models of their SEDs from the
ltraviolet to the submillimetre. In this paper (Paper A), we assemble 
he SEDs of the 42 local ULIRGs that constitute the HERUS sample
nd fit them with multicomponent radiative transfer models. In 
aper B (Farrah et al., in preparation), we present a detailed analysis
f the results. 
Our approach has three no v el features compared to previous 

tudies. The first no v elty of this work is that we fit the ultraviolet to
ubmillimetre SEDs of ULIRGs e xclusiv ely with radiativ e transfer
odels. The models constitute three libraries that describe the 

tarburst, AGN, and host galaxy components. These three libraries 
re part of the collection of radiative transfer models named CYprus
odels for Galaxies and their NUclear Spectra (CYGNUS). 1 We 
 The models are publicly available at https:// arc.euc.ac.cy/ cygnus/ . 

 

l
(  
ave used extensively the starburst and AGN libraries for almost 
hree decades to fit the SEDs of a broad range of galaxies (Rowan-
obinson & Efstathiou 1993 ; Rowan-Robinson et al. 1993 , 1997 ;
fstathiou & Rowan-Robinson 1995 ; Hughes et al. 1998 ; Alexander
t al. 1999 ; Rowan-Robinson 2000 ; Alonso-Herrero et al. 2001 ,
003 ; Ruiz et al. 2001 ; Farrah et al. 2002 , 2003 , 2012 ; Verma et al.
002 ; Efstathiou & Siebenmorgen 2005 ; Efstathiou 2006 ; Mattila
t al. 2012 , 2018 ; Efstathiou et al. 2013 , 2021 ; Lonsdale et al. 2015 ;
errero-Illana et al. 2017 ; Pitchford et al. 2019 ). To these two well-

ested libraries, we added a third library of ‘spheroidal’ models that
epresent the host galaxy in which the starburst and AGN reside
Efstathiou et al. 2021 ). This library that is an evolution of the ‘cirrus’
odels of Efstathiou & Rowan-Robinson ( 2003 ) self-consistently 

akes into account the absorption of starlight and reemission by 
nterstellar dust in a spheroidal geometry. As we discuss below, our
pproach to use a library for the spheroidal component instead of
unning the model ‘on the fly’ during the fitting (e.g. as with GRASIL ;
ee also discussion by Johnson et al. 2013 ) speeds up considerably
he fitting. 

The second no v elty of our approach is that we feed the three
ibraries into the Markov chain Monte Carlo (MCMC) code SATMC 

Johnson et al. 2013 ) to get the best fit. The output of SATMC is then
MNRAS 512, 5183–5213 (2022) 

https://arc.euc.ac.cy/cygnus/


5186 A. Efstathiou et al. 

MNRAS 512, 5183–5213 (2022) 

Table 3. Derived physical quantities and the symbol used in both papers 
A and B. The luminosities are inte grated o v er 1–1000 μm except where 
indicated in the symbol that they are bolometric. 

Physical quantity Symbol 

Observed AGN torus luminosity L 

o 
AGN 

Corrected AGN torus luminosity L 

c 
AGN 

Polar dust AGN luminosity L p 
Starburst luminosity L Sb 

Spheroidal host luminosity L host 

Total observed luminosity L 

o 
Tot 

Total corrected luminosity L 

c 
Tot 

Starburst SFR (averaged over 50 Myr) Ṁ 

50 ∗
Starburst SFR (averaged over SB age) Ṁ 

age 
∗

Spheroidal SFR Ṁ 

Sph 
∗

Total SFR Ṁ tot 

Starburst stellar mass M 

∗
sb 

Spheroidal stellar mass M 

∗
sph 

Total stellar mass M 

∗
tot 

AGN fraction F AGN 

Anisotropy correction factor A 
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Figure 1. Comparison SED fit plots for IRAS 03158 + 4227. The top row shows
starburst (red), AGN torus (blue), and total (gre y). The left-hand panel shows the fi
the right-hand panel the 5–30 μm range. The second ro w sho ws fits with the CYG
CYGNUS AGN model with the SKIRTOR model, and the bottom row replaces the
are plotted with green. 
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ost-processed by our own routines to get the luminosities of all
omponents, star formation rates (SFRs) and stellar masses for the
tarburst and spheroid separately, AGN fraction, core-collapse super-
ova rate, and their errors. The fit of a single galaxy takes about 10–15
in. This is comparable to the time needed by popular energy balance
ethods such as MAGPHYS (da Cunha, Charlot & Elbaz 2008 ) and

IGALE (Noll et al. 2009 ; Boquien et al. 2019 ). The advantage of our
ethod is that the model is more physically moti v ated and versatile

s additional components (e.g. polar dust, a second AGN, or a second
tarburst) can very easily be added to the model. We giv e e xamples of
his in the paper. We therefore foresee numerous applications of this
ethod for the analysis of the rich data sets of ULIRGs and LIRGs

t all redshifts that have been accumulated by multiwavelength
urv e ys such as H-ATLAS (Eales et al. 2010 ) and HerMES (Oliver
t al. 2012 ), projects such as the Herschel Extragalactic Le gac y
roject (Shirley et al. 2019 , 2021 ), and projects that will be made
ossible in the near future with facilities such as ALMA, JWST , and
uclid . 
The third no v elty of the method used in this paper is that we

nclude in the SED de-composition the Spitzer IRS spectroscopy at
 resolution that is matched to the resolution of the radiative transfer
odels. Polycyclic Aromatic Hydrocarbon (PAH) features give an

ndication of star formation activity (Peeters et al. 2002 ), whereas
ilicate absorption features constrain the degree of obscuration in
 fits with the CYGNUS combination of models: spheroidal host (orange), 
t o v er the 0.1–1000 μm range, the middle panel the near-infrared range, and 
NUS AGN model replaced by the FR06 model, the third row replaces the 
 CYGNUS AGN model with the Siebenmorgen15 model. The full IRS data 
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Figure 2. Comparison SED fit plots for IRAS 10378 + 1109. Other details are as in Fig. 1 . 
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ither the starburst or AGN torus (Spoon et al. 2007 ). According to
ost torus models, silicate emission and absorption also constrain 

he inclination of the torus that as we show in the paper is one of
he main factors that determine the intrinsic luminosity of the AGN. 
ncluding the spectroscopy in the SED fitting is therefore particularly 
mportant for breaking the de generac y in the fits and constraining the
tarburst, host, and AGN properties. 

This paper is organized as follows: In Section 2 , we describe
he sample and in Section 3 the data we assembled. In Section 4 ,
e describe the models and the SED de-composition method. In 
ection 5 , we present our results with the CYGNUS models and
ompare results for six representative ULIRGs from four different 
orus models, CYGNUS, the models from Fritz et al. ( 2006 ),
KIRTOR (Stalevski et al. 2016 ), and Siebenmorgen et al. ( 2015 ).
n Sections 6 , 7 , and 8 , we discuss further our results and finally in
ection 9 we present our conclusions. 
Throughout this work, we assume H 0 = 70 km s −1 Mpc −1 , � = 1,

nd �	 

= 0.7. 

 SAMPLE  SELECTION  

e start with the sample of ULIRGs observed by the HERUS carried
ut by the Herschel Space Observatory . This sample comprises all 
0 ULIRGs from the IRAS PSC- z surv e y (Saunders et al. 2000 ) with
0 μm fluxes greater than 2 Jy, together with three randomly selected
LIRGs with lower 60 μm fluxes: IRAS 00397 −1312 (1.8 Jy),

RAS 07598 + 6508 (1.7 Jy), and IRAS 13451 + 1232 (1.9 Jy). We
hen exclude 3C 273 as it is a blazar, to give a sample of 42 objects
Table 1 ). Strictly speaking, this sample is not complete, but it
ncludes nearly all known ULIRGs at z < 0.27, and so should give an
lmost unbiased benchmark of local ULIRGs. All 42 objects were 
bserved by the Infrared Spectrograph (IRS; Houck et al. 2004 )
nboard Spitzer and by Herschel as part of both HERUS and the
HINING surv e y (Fischer et al. 2010 ; Sturm et al. 2011 ; Hailey-
unsheath et al. 2012 ; Gonz ́alez-Alfonso et al. 2013 ). 

 DATA  

o assemble the SEDs of the galaxies fitted in this paper, we
ombined data available from the literature and various archives. 
or all the HERUS galaxies, there are Spitzer /IRS data that we
ownloaded from CASSIS (Lebouteiller et al. 2011 ). We do not
se the IRS data in their full resolution but we reduce their spectral
esolution so that they are matched to the spectral resolution of the
adiative transfer models. In particular, the IRS data included in the
t with SATMC have a wavelength grid that is separated in steps
f 0.05 in the log of the rest wavelength. We also add additional
oints around the 9.7 μm silicate feature and the PAH features to the
qually spaced wavelength grid. We find that with this approach we
aintain the constraining power of the data but make the fitting of

he multiwavelength SED feasible with current methods. 
To extend the wavelength coverage of the SEDs from the ultra-

iolet to the submillimetre, we added to the IRS data the HERUS
PIRE photometry (Pearson et al. 2016 ; Clements et al. 2018 ) and
RAS data for all the galaxies and where available, GALEX, Pan-
TARRS, 2MASS, Spitzer /IRAC, and SCUBA or other infrared and 
MNRAS 512, 5183–5213 (2022) 
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Figure 3. Comparison SED fit plots for IRAS 16090 −0139. Other details are as in Fig. 1 . 
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ubmillimetre data. Apart from the Pan-STARRS data (Flewelling
t al. 2020 ), all of these data were extracted from the NASA
xtragalactic Database (NED) or directly from the 2MASS archive.
or IRAS 03158 + 4227, we used optical data from Sloan Digital Sky
urv e y (SDSS). Where available, we added to the SEDs the PACS
ontinuum data from Farrah et al. ( 2013 ). 

F or sev en of the ULIRGs that are included in the GOALS
Armus et al. 2009 ) sample (IRAS 05189 −2524, IRAS 14348 −1447,
RAS 15250 + 3608, IRAS 22491 −1808, Arp 220, Mrk 231,

rk 273, UGC 5101), we also added the optical photometry
rom U et al. ( 2012 ). For Arp 220, IRAS 08572 + 3915, and
RAS 10565 + 2448, we find that the optical photometry is more
omogeneous if we use the SDSS data. 

 M O D E L L I N G  

.1 The CYGNUS models 

he available photometry and spectroscopy have been fitted with
he MCMC code SATMC (Johnson et al. 2013 ) using libraries of
adiative transfer models for star formation, AGN activity, and host
alaxy emission. These are part of the CYGNUS project. CYGNUS
ncludes models for starbursts as described in Efstathiou et al.
 2000 ) and Efstathiou & Siebenmorgen ( 2009 ). Models for massive
tar formation and starbursts were also presented and discussed
n Rowan-Robinson & Crawford ( 1989 ), Rowan-Robinson & Ef-
tathiou ( 1993 ), Efstathiou & Rowan-Robinson ( 1994 ), Kr ̈ugel &
iebenmorgen ( 1994 ), Silva et al. ( 1998 ), Takagi, Arimoto & Hanami
NRAS 512, 5183–5213 (2022) 
 2003 ), Dopita et al. ( 2005 ), and Siebenmorgen & Kr ̈ugel ( 2007 ).
he starburst model parameters and their assumed ranges are: the
ge of the starburst ( t ∗ = 5–35 Myr), the giant molecular clouds’
GMCs’) initial optical depth τV = 50–250, and the time constant of
he exponentially decaying SFR τ ∗ = 15–35 Myr. 

The method employed for computing the libraries of spheroidal
ost galaxy models of CYGNUS is an evolution of the ‘cirrus’ model
f Efstathiou & Rowan-Robinson ( 2003 ) and is described in more
etail in Efstathiou et al. ( 2021 ) and Efstathiou (in preparation). The
odels of Bruzual & Charlot ( 1993 , 2003 ) are used in combination
ith an assumed star formation history (SFH) to compute the

pectrum of starlight that is illuminating the dust throughout the
odel galaxy. The spectrum of starlight is assumed to be constant

hroughout the galaxy but its intensity varies throughout the galaxy
ccording to a S ́ersic profile with n = 4 that is equi v alent to de
aucouleurs’s law. Efstathiou & Rowan-Robinson ( 2003 ) assumed
n exponentially decaying SFH, whereas here we assume a delayed
xponential ( Ṁ ∗ ∝ t × e −t/τ s 

), where τ s is the e-folding time of the
xponential. 

The parameters assumed by the spheroidal model and their
ssumed ranges are: the e-folding time of the delayed exponential
s = 0.125–8 Gyr, the optical depth of the spherical cloud from

ts centre to its surface τ s 
v = 0 . 1 –15, and ψ 

s = 1–17 that controls
he bolometric intensity of stellar emission relative to that of the
olometric intensity of starlight in the solar neighbourhood. The
ibrary used in this paper was computed assuming all the galaxies
ave an age equal to the age of the Universe at a redshift of z = 0.1.
e assumed that all the stars in the galaxy formed with a Salpeter
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Figure 4. Comparison SED fit plots for IRAS 20100 −4156. Other details are as in Fig. 1 . 
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nitial mass function (IMF) out of gas with a metallicity of 40 per cent
f solar. 
There exist a wide variety of AGN obscurer models in the literature

ith different assumptions about the obscurer geometry (Pier & 

rolik 1993 ; Rowan-Robinson et al. 1993 ; Granato & Danese 
994 ; Efstathiou & Rowan-Robinson 1995 ; Nenkova et al. 2002 ;
ullemond & van Bemmel 2005 ; Fritz et al. 2006 ; H ̈onig et al.
006 ; Nenkova et al. 2008 ; Schartmann et al. 2008 ; Heymann &
iebenmorgen 2012 ; Stalevski et al. 2012 , 2016 ; Efstathiou et al.
013 ; Siebenmorgen et al. 2015 ; H ̈onig & Kishimoto 2017 ). We
herefore explored the impact of four different AGN models: 

(i) The CYGNUS AGN torus model. More details of the imple- 
entation of this combination of models within SATMC are given in 
fstathiou et al. ( 2021 ). A number of results with this combination of
odels in the MCMC code SATMC have previously been presented 

Herrero-Illana et al. 2017 ; Kool et al. 2018 ; Mattila et al. 2018 ;
itchford et al. 2019 ; Efstathiou et al. 2021 ; Kankare et al. 2021 ). 
(ii) The AGN torus model of Fritz et al. ( 2006 ), hereafter FR06 . 
(iii) The two-phase AGN torus model SKIRTOR of Stalevski et al. 

 2016 ). 
(iv) The two-phase AGN torus model of Siebenmorgen et al. 

 2015 ). 

The CYGNUS AGN model parameters and their assumed ranges 
re the half-opening angle of the torus ( θo = 30 ◦–75 ◦), the inclination
f the torus ( θ i = 0 ◦–90 ◦), the ratio of outer to inner disc radius
 r 2 / r 1 = 20–100), and the equatorial optical depth at 1000 Å [ τ uv =
50–1450; for the dust model used in Efstathiou & Rowan-Robinson 
 1995 ), this translates to an A V ≈ τ uv /5 and τ 9.7 μm 

≈ τ uv /61]. All the
odels assume that the density distribution in the tapered disc falls off
ith distance from the supermassive black hole r as r −1 . In addition,
e explore for some objects the impact of adding a component of
olar dust in the fits. This is discussed further in Section 5.5 . 
For the CYGNUS combination, we therefore have a total of 14

ree parameters in the fits: τ s , τ s 
v , ψ 

s , θo , θ i , r 2 / r 1 , τ uv , t ∗, τV , τ ∗,
 SB , f AGN , f s , and f p . The last four are scaling factors that determine
he luminosities of the starburst, AGN, and spheroidal and polar dust
omponents, respectively. The parameters of all models used in this 
ork are also listed in Table 2 together with a summary of other
seful information. 

.2 The Fritz et al. and SKIRTOR AGN torus models 

he FR06 model assumes a smooth torus as in Efstathiou & Rowan-
obinson ( 1995 ). The models are available in a public library. 2 The
R06 model has two more parameters than the CYGNUS model. We
se the subset of the library that results by fixing the two parameters
hat determine the density distribution within the torus in the radial
irection ( β = 0) and polar direction ( γ = 4). This gives the same
umber of free parameters as the CYGNUS AGN torus model. The
our parameters are the equatorial optical depth at 9.7 μm, the ratio
f outer to inner radius, the half-opening angle of the torus, and the
nclination plus the scaling factor. For these parameters, we use the
MNRAS 512, 5183–5213 (2022) 
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Figure 5. Comparison SED fit plots for IRAS 20414 −1651. Other details are as in Fig. 1 . 
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ull range available in the library. For the FR06 combination, we also
ave a total of 14 free parameters in the fits. It is important to note that
he FR06 models have a lower resolution in inclination compared to
he CYGNUS model, with 10 angles co v ering the range of 0–90 deg.

e linearly interpolate the models between these values to obtain
he same resolution we have in CYGNUS. 

The SKIRTOR model assumes a two-phase geometry; i.e. it
ssumes that the torus dust lies in discrete clouds that are embedded
n a smooth distribution. The SKIRTOR models are also available
n a public library. 3 As in the case of the FR06 models, we selected
he subset of the library by fixing the parameters that describe the
ensity distribution in the torus in the radial direction ( p = 1)
nd polar direction ( q = 1). The parameter p takes four discrete
alues in the library (0, 0.5, 1, and 1.5). As we discuss later in
he paper, the main problem with these models is that they do not
roduce deep enough silicate absorption features to fit the SEDs of
he ULIRGs in this sample. Assuming a value for p < 1 leads to
GN torus spectra with shallower silicate absorption features and

herefore worse fits with these models. We have four remaining free
arameters in the SKIRTOR model that are the same as those in
he FR06 model. For these parameters, we also use the full range
vailable in the library. For the SKIRTOR combination, we also
ave a total of 14 free parameters in the fits. The SKIRTOR models
lso have 10 inclinations that cover the range of 0–90 ◦, so again we
NRAS 512, 5183–5213 (2022) 

 ht tps://sites.google.com/sit e/skirtorus/

s  

4

inearly interpolate the templates to have the same resolution as in the
YGNUS fits. 

.3 The Siebenmorgen et al. models 

s in the case of the SKIRTOR models, the Siebenmorgen et al.
 2015 ) models also assume a two-phase geometry and they are
omputed with a Monte Carlo radiative transfer code. The mod-
ls are available in a public library. 4 A particular feature of the
iebenmorgen models is that the opening angle of the torus is not a
arameter of the model. This model is in that respect similar to the
mooth ‘anisotropic sphere’ model of Efstathiou & Rowan-Robinson
 1995 ) that was used to fit the SED of IRASF 10214 + 4724 (Rowan-
obinson et al. 1993 ). Another feature of the model is that it assumes

hat the dust grains are fluffy and have higher emissivity in the far-
nfrared and submillimetre compared to normal interstellar grains.
he model assumes the following parameters: the cloud volume
lling factor, the optical depth (in the V band) of the individual
louds, the optical depth (in the V band) of the disc mid-plane, and
he inclination that takes 9 values corresponding to bins at 86, 80,
3, 67, 60, 52, 43, 33, and 19 deg measured from the pole. As in the
ase of the SKIRTOR and Fritz models, we interpolate the models to
ave the same resolution in inclination as the CYGNUS model. The
odel also has as a parameter the inner radius of the dusty torus. We

elect the value of 1000 × 10 15 cm that for an AGN luminosity of
 http:// www.eso.org/ ∼rsiebenm/ agn models/ index.html 
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Figure 6. Comparison SED fit plots for IRAS 23230 −6926. Other details are as in Fig. 1 . 
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0 11 L � gives a temperature at the inner torus radius of about 1000 K.
ur fits with the Siebenmorgen models also have a total of 14 free
arameters. 

 RESULTS  

 description of all the derived physical quantities discussed in 
his paper is given in Table 3 . The infrared luminosities and
erived parameters and physical quantities from the SED fits are 
resented in Tables 4 and 5 . We also give additional derived physical
uantities in Tables B1 , B2 , B3 , and B4 . To give an impression
f the results, we selected six representative objects from the sam-
le, IRAS 03158 + 4227, IRAS 10378 + 1109, IRAS 16090 −0139,
RAS 20100 −4156, IRAS 20414 −1651, and IRAS 23230 −6926. 

e plot the SEDs of these six galaxies in Figs 1 –6 . The full suite of
ED fits with the CYGNUS models is presented in Figs A1 –A7 . 
It is clear from the SED fits shown in Figs 1 –6 , and also from

he log-likelihood values listed in Table 1 , that the CYGNUS 

ombination of models provides good fits to the data including 
he IRS spectroscopy. The fits with the combination that includes 
he SKIRTOR and Fritz models are usually worse especially in the 
ange co v ered by the IRS data. The SKIRTOR models generally do
ot produce deep enough silicate absorption features to fit the mid-
nfrared spectroscopy. The Siebenmorgen15 models give better fits 
han SKIRTOR and Fritz but usually worse than CYGNUS. 

An important feature of the results from the SED fitting is that
ue to the anisotropy of the emission from the AGN torus, which
s usually optically thick to its own radiation (Pier & Krolik 1993 ;
fstathiou & Rowan-Robinson 1995 ; Efstathiou et al. 2014 ), the
GN luminosity needs to be corrected by the anisotropy correction 

actor A ( θ i ) defined in Efstathiou ( 2006 ), 

 ( θi ) = 

∫ π/ 2 
0 S( θ ′ 

i ) sin θ ′ 
i d θ ′ 

i 

S( θi ) 
, (1) 

here S ( θ i ) is the bolometric emission o v er the rele v ant wavelength
ange. A ( θ i ) is generally different for the infrared and bolometric lu-
inosities and is necessary and significant for all the AGN torus mod-

ls considered in this paper. In Table 4 , we give both the ‘observed’
r uncorrected AGN luminosities and their ‘corrected’ counterparts. 

.1 Star formation 

n this work, we discuss two estimates of the SFR of the starburst
pisodes in the ULIRGs: the SFR averaged over the age of the
tarburst as determined from the fits Ṁ 

age 
Sb and the SFR averaged 

 v er a flat time-scale of 50 Myr Ṁ 

50 
Sb . We find that all objects harbour

igh rates of star formation, between 22 and 644 M � yr −1 when the
FR is av eraged o v er 50 Myr and between 59 and 2203 M � yr −1 

hen averaged over the age of the starburst. The starburst component
l w ays dominates the total SFR. Host SFRs are in most cases at least
n order of magnitude lower. 

We plot SFR against L Sb and L 

o 
Tot in Fig. 7 . There is a strong

orrelation between L Sb and Ṁ 

age 
Sb (Kendall’s τ = 0.88), of which an 
MNRAS 512, 5183–5213 (2022) 

art/stab3642_f6.eps


5192 A. Efstathiou et al. 

M

Table 4. The AGN, starburst, spheroidal, and total infrared luminosities (integrated over 1–1000 μm), derived from the 
CYGNUS model fits. For the AGN and total luminosities, both the observed and anisotropy corrected luminosities are 
given, as well as the anisotrop y f actor A ( θ i ) (see equation 1 ) used to perform the correction. The equi v alent bolometric 
luminosities are given in Table B1 . The equi v alent luminosities from the FR06 , SKIRTOR, and Siebenmorgen15 model 
fits are given in Tables B2 , B3 , and B4 . 

ID L o AGN L c AGN L Sb L host L o Tot L c Tot A ( θ i ) 
10 12 L � 10 11 L � 10 12 L �

1 0 . 28 + 0 . 03 
−0 . 05 0 . 83 + 0 . 14 

−0 . 18 1 . 86 + 0 . 03 
−0 . 02 1 . 06 + 0 . 12 

−0 . 23 2 . 25 + 0 . 04 
−0 . 05 2 . 80 + 0 . 14 

−0 . 18 2 . 95 + 0 . 17 
−0 . 27 

2 2 . 10 + 0 . 55 
−0 . 31 15 . 62 + 7 . 27 

−3 . 51 7 . 14 + 0 . 18 
−0 . 35 1 . 55 + 0 . 49 

−0 . 49 9 . 40 + 0 . 34 
−0 . 24 22 . 91 + 6 . 95 

−3 . 37 7 . 43 + 1 . 41 
−0 . 95 

3 0 . 81 + 0 . 22 
−0 . 09 1 . 47 + 0 . 17 

−0 . 21 0 . 77 + 0 . 02 
−0 . 12 0 . 23 + 0 . 05 

−0 . 03 1 . 60 + 0 . 12 
−0 . 08 2 . 26 + 0 . 12 

−0 . 22 1 . 81 + 0 . 03 
−0 . 27 

4 1 . 39 + 0 . 18 
−0 . 23 6 . 07 + 0 . 81 

−1 . 27 2 . 63 + 0 . 10 
−0 . 06 0 . 78 + 0 . 09 

−0 . 10 4 . 09 + 0 . 13 
−0 . 15 8 . 78 + 0 . 75 

−1 . 17 4 . 38 + 0 . 15 
−0 . 27 

5 0 . 26 + 0 . 04 
−0 . 03 0 . 95 + 0 . 20 

−0 . 19 2 . 16 + 0 . 03 
−0 . 02 0 . 11 + 0 . 02 

−0 . 01 2 . 42 + 0 . 03 
−0 . 03 3 . 12 + 0 . 18 

−0 . 18 3 . 70 + 0 . 52 
−0 . 69 

6 0 . 55 + 0 . 08 
−0 . 06 2 . 49 + 0 . 32 

−0 . 30 0 . 77 + 0 . 07 
−0 . 08 0 . 68 + 0 . 32 

−0 . 20 1 . 39 + 0 . 07 
−0 . 05 3 . 33 + 0 . 29 

−0 . 25 4 . 52 + 0 . 03 
−0 . 27 

7 0 . 21 + 0 . 09 
−0 . 03 0 . 38 + 0 . 86 

−0 . 07 1 . 21 + 0 . 03 
−0 . 09 1 . 82 + 0 . 16 

−1 . 16 1 . 60 + 0 . 03 
−0 . 11 1 . 78 + 0 . 71 

−0 . 08 1 . 82 + 2 . 40 
−0 . 11 

8 0 . 17 + 0 . 02 
−0 . 02 0 . 41 + 0 . 09 

−0 . 06 1 . 18 + 0 . 01 
−0 . 03 1 . 19 + 0 . 28 

−0 . 12 1 . 47 + 0 . 02 
−0 . 03 1 . 71 + 0 . 08 

−0 . 07 2 . 38 + 0 . 24 
−0 . 15 

9 1 . 98 + 0 . 17 
−0 . 19 1 . 17 + 0 . 10 

−0 . 12 2 . 18 + 0 . 01 
−0 . 05 0 . 04 + 0 . 03 

−0 . 01 4 . 16 + 0 . 16 
−0 . 19 3 . 35 + 0 . 09 

−0 . 13 0 . 59 + 0 . 00 
−0 . 01 

10 0 . 56 + 0 . 07 
−0 . 08 1 . 61 + 0 . 20 

−0 . 21 2 . 26 + 0 . 03 
−0 . 05 1 . 06 + 0 . 17 

−0 . 09 2 . 93 + 0 . 05 
−0 . 08 3 . 97 + 0 . 18 

−0 . 19 2 . 86 + 0 . 08 
−0 . 02 

11 0 . 78 + 0 . 15 
−0 . 11 8 . 77 + 3 . 02 

−1 . 36 0 . 66 + 0 . 05 
−0 . 09 0 . 19 + 0 . 09 

−0 . 02 1 . 47 + 0 . 08 
−0 . 05 9 . 45 + 2 . 95 

−1 . 30 11 . 19 + 2 . 57 
−1 . 07 

12 0 . 26 + 0 . 03 
−0 . 02 1 . 43 + 0 . 29 

−0 . 19 1 . 41 + 0 . 01 
−0 . 02 0 . 36 + 0 . 06 

−0 . 05 1 . 71 + 0 . 02 
−0 . 02 2 . 88 + 0 . 28 

−0 . 19 5 . 57 + 0 . 53 
−0 . 26 

13 0 . 83 + 0 . 12 
−0 . 14 10 . 72 + 5 . 02 

−3 . 46 0 . 81 + 0 . 12 
−0 . 13 0 . 90 + 0 . 43 

−0 . 35 1 . 73 + 0 . 04 
−0 . 06 11 . 63 + 4 . 93 

−3 . 37 12 . 91 + 4 . 01 
−3 . 04 

14 0 . 09 + 0 . 02 
−0 . 01 0 . 17 + 0 . 03 

−0 . 01 0 . 93 + 0 . 02 
−0 . 01 0 . 93 + 0 . 12 

−0 . 13 1 . 11 + 0 . 02 
−0 . 00 1 . 19 + 0 . 04 

−0 . 01 1 . 86 + 0 . 15 
−0 . 06 

15 0 . 94 + 0 . 12 
−0 . 10 12 . 66 + 4 . 71 

−2 . 44 0 . 59 + 0 . 08 
−0 . 10 0 . 19 + 0 . 04 

−0 . 02 1 . 55 + 0 . 03 
−0 . 04 13 . 27 + 4 . 62 

−2 . 36 13 . 41 + 3 . 52 
−1 . 52 

16 0 . 84 + 0 . 18 
−0 . 10 2 . 59 + 1 . 08 

−0 . 28 1 . 19 + 0 . 06 
−0 . 17 1 . 61 + 0 . 47 

−0 . 35 2 . 20 + 0 . 06 
−0 . 09 3 . 94 + 0 . 92 

−0 . 25 3 . 07 + 0 . 78 
−0 . 21 

17 0 . 10 + 0 . 02 
−0 . 01 0 . 22 + 0 . 12 

−0 . 04 1 . 52 + 0 . 02 
−0 . 02 1 . 39 + 0 . 18 

−0 . 27 1 . 76 + 0 . 01 
−0 . 02 1 . 88 + 0 . 11 

−0 . 04 2 . 23 + 0 . 68 
−0 . 15 

18 1 . 33 + 0 . 25 
−0 . 22 8 . 39 + 1 . 47 

−1 . 42 0 . 35 + 0 . 10 
−0 . 12 2 . 39 + 0 . 60 

−0 . 56 1 . 92 + 0 . 19 
−0 . 17 8 . 98 + 1 . 41 

−1 . 36 6 . 30 + 0 . 33 
−0 . 15 

19 0 . 39 + 0 . 04 
−0 . 14 2 . 59 + 0 . 25 

−1 . 21 1 . 33 + 0 . 12 
−0 . 01 2 . 68 + 0 . 11 

−0 . 67 1 . 99 + 0 . 02 
−0 . 09 4 . 19 + 0 . 23 

−1 . 16 6 . 61 + 0 . 02 
−1 . 17 

20 0 . 14 + 0 . 01 
−0 . 01 0 . 53 + 0 . 08 

−0 . 07 0 . 95 + 0 . 01 
−0 . 01 0 . 43 + 0 . 13 

−0 . 11 1 . 13 + 0 . 01 
−0 . 01 1 . 52 + 0 . 08 

−0 . 07 3 . 73 + 0 . 27 
−0 . 30 

21 0 . 37 + 0 . 04 
−0 . 05 2 . 59 + 0 . 46 

−0 . 42 0 . 66 + 0 . 03 
−0 . 02 0 . 25 + 0 . 02 

−0 . 03 1 . 06 + 0 . 03 
−0 . 03 3 . 28 + 0 . 45 

−0 . 40 6 . 98 + 0 . 62 
−0 . 39 

22 0 . 25 + 0 . 05 
−0 . 04 0 . 22 + 0 . 04 

−0 . 03 0 . 96 + 0 . 09 
−0 . 04 0 . 41 + 0 . 73 

−0 . 14 1 . 26 + 0 . 13 
−0 . 06 1 . 22 + 0 . 12 

−0 . 06 0 . 88 + 0 . 05 
−0 . 03 

23 0 . 26 + 0 . 07 
−0 . 05 0 . 68 + 0 . 24 

−0 . 13 2 . 69 + 0 . 09 
−0 . 11 0 . 64 + 0 . 24 

−0 . 15 3 . 02 + 0 . 06 
−0 . 07 3 . 44 + 0 . 16 

−0 . 10 2 . 58 + 0 . 25 
−0 . 16 

24 0 . 06 + 0 . 02 
−0 . 01 0 . 13 + 0 . 07 

−0 . 02 2 . 10 + 0 . 01 
−0 . 02 0 . 67 + 0 . 31 

−0 . 11 2 . 22 + 0 . 03 
−0 . 01 2 . 29 + 0 . 07 

−0 . 03 2 . 15 + 0 . 41 
−0 . 06 

25 0 . 28 + 0 . 20 
−0 . 04 1 . 00 + 0 . 50 

−0 . 15 0 . 71 + 0 . 04 
−0 . 14 3 . 24 + 0 . 83 

−0 . 56 1 . 32 + 0 . 14 
−0 . 04 2 . 04 + 0 . 43 

−0 . 15 3 . 61 + 0 . 06 
−0 . 62 

26 0 . 34 + 0 . 17 
−0 . 05 2 . 31 + 5 . 11 

−0 . 53 1 . 96 + 0 . 07 
−0 . 13 1 . 96 + 0 . 74 

−0 . 51 2 . 50 + 0 . 08 
−0 . 04 4 . 47 + 4 . 98 

−0 . 51 6 . 78 + 8 . 54 
−1 . 48 

27 0 . 10 + 0 . 03 
−0 . 03 0 . 25 + 0 . 13 

−0 . 10 2 . 52 + 0 . 07 
−0 . 02 0 . 97 + 0 . 25 

−0 . 68 2 . 71 + 0 . 07 
−0 . 05 2 . 86 + 0 . 11 

−0 . 10 2 . 55 + 0 . 68 
−0 . 58 

28 0 . 52 + 0 . 08 
−0 . 10 1 . 82 + 0 . 37 

−0 . 57 2 . 62 + 0 . 06 
−0 . 09 0 . 60 + 0 . 26 

−0 . 11 3 . 20 + 0 . 09 
−0 . 13 4 . 50 + 0 . 39 

−0 . 59 3 . 52 + 0 . 35 
−0 . 53 

29 0 . 15 + 0 . 03 
−0 . 04 0 . 88 + 0 . 21 

−0 . 41 1 . 25 + 0 . 02 
−0 . 02 0 . 65 + 0 . 37 

−0 . 15 1 . 46 + 0 . 03 
−0 . 03 2 . 20 + 0 . 21 

−0 . 39 6 . 03 + 1 . 38 
−1 . 72 

30 0 . 31 + 0 . 06 
−0 . 03 1 . 20 + 0 . 27 

−0 . 13 0 . 62 + 0 . 02 
−0 . 03 0 . 85 + 0 . 24 

−0 . 25 1 . 02 + 0 . 05 
−0 . 03 1 . 91 + 0 . 26 

−0 . 13 3 . 86 + 0 . 15 
−0 . 07 

31 0 . 36 + 0 . 03 
−0 . 06 3 . 34 + 0 . 62 

−0 . 76 0 . 73 + 0 . 04 
−0 . 02 0 . 81 + 0 . 17 

−0 . 24 1 . 17 + 0 . 02 
−0 . 03 4 . 16 + 0 . 61 

−0 . 75 9 . 42 + 2 . 13 
−2 . 03 

32 0 . 13 + 0 . 01 
−0 . 02 0 . 29 + 0 . 03 

−0 . 05 0 . 56 + 0 . 01 
−0 . 01 0 . 44 + 0 . 06 

−0 . 09 0 . 74 + 0 . 02 
−0 . 03 0 . 89 + 0 . 03 

−0 . 05 2 . 19 + 0 . 08 
−0 . 13 

33 0 . 34 + 0 . 05 
−0 . 04 1 . 25 + 0 . 30 

−0 . 12 1 . 08 + 0 . 01 
−0 . 03 0 . 23 + 0 . 05 

−0 . 04 1 . 44 + 0 . 03 
−0 . 04 2 . 35 + 0 . 28 

−0 . 12 3 . 72 + 0 . 42 
−0 . 01 

34 0 . 57 + 0 . 12 
−0 . 17 4 . 08 + 1 . 76 

−1 . 94 1 . 12 + 0 . 14 
−0 . 08 3 . 43 + 0 . 74 

−0 . 86 2 . 04 + 0 . 10 
−0 . 11 5 . 54 + 1 . 74 

−1 . 88 7 . 11 + 1 . 80 
−1 . 88 

35 0 . 26 + 0 . 07 
−0 . 03 1 . 17 + 0 . 73 

−0 . 28 1 . 14 + 0 . 01 
−0 . 04 0 . 38 + 0 . 05 

−0 . 03 1 . 44 + 0 . 04 
−0 . 03 2 . 35 + 0 . 70 

−0 . 27 4 . 42 + 1 . 50 
−0 . 65 

36 0 . 09 + 0 . 02 
−0 . 01 0 . 24 + 0 . 07 

−0 . 05 0 . 85 + 0 . 03 
−0 . 01 0 . 94 + 0 . 13 

−0 . 09 1 . 03 + 0 . 03 
−0 . 01 1 . 18 + 0 . 08 

−0 . 05 2 . 68 + 0 . 51 
−0 . 47 

37 1 . 46 + 0 . 17 
−0 . 13 3 . 49 + 0 . 46 

−0 . 35 1 . 89 + 0 . 14 
−0 . 12 1 . 04 + 0 . 14 

−0 . 10 3 . 46 + 0 . 21 
−0 . 14 5 . 48 + 0 . 46 

−0 . 29 2 . 38 + 0 . 08 
−0 . 07 

38 0 . 17 + 0 . 04 
−0 . 03 0 . 56 + 0 . 36 

−0 . 19 1 . 09 + 0 . 03 
−0 . 02 0 . 36 + 0 . 12 

−0 . 04 1 . 30 + 0 . 04 
−0 . 03 1 . 69 + 0 . 37 

−0 . 19 3 . 23 + 1 . 11 
−0 . 71 

39 0 . 50 + 0 . 06 
−0 . 04 0 . 41 + 0 . 07 

−0 . 03 0 . 23 + 0 . 02 
−0 . 02 0 . 39 + 0 . 10 

−0 . 14 0 . 76 + 0 . 06 
−0 . 05 0 . 68 + 0 . 07 

−0 . 04 0 . 82 + 0 . 05 
−0 . 02 

40 0 . 12 + 0 . 08 
−0 . 01 0 . 68 + 0 . 89 

−0 . 09 0 . 90 + 0 . 01 
−0 . 03 0 . 62 + 0 . 13 

−0 . 04 1 . 08 + 0 . 07 
−0 . 01 1 . 64 + 0 . 88 

−0 . 09 5 . 85 + 2 . 32 
−0 . 43 

41 0 . 12 + 0 . 02 
−0 . 03 0 . 36 + 0 . 04 

−0 . 13 0 . 42 + 0 . 04 
−0 . 03 1 . 39 + 0 . 44 

−0 . 56 0 . 68 + 0 . 03 
−0 . 03 0 . 91 + 0 . 05 

−0 . 14 2 . 90 + 0 . 01 
−0 . 61 

42 0 . 80 + 0 . 11 
−0 . 09 0 . 42 + 0 . 07 

−0 . 06 2 . 44 + 0 . 08 
−0 . 05 1 . 85 + 0 . 36 

−0 . 59 3 . 42 + 0 . 11 
−0 . 09 3 . 04 + 0 . 07 

−0 . 06 0 . 53 + 0 . 03 
−0 . 03 
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cceptable linear parametrization is 

Ṁ 

age 
Sb 

M � yr −1 
= (3 . 14 ± 0 . 08) × 10 −10 L Sb 

L �
− 5 ± 16 (2) 
NRAS 512, 5183–5213 (2022) 
r 

Ṁ 

age 
Sb 

M � yr −1 
= (3 . 11 ± 0 . 05) × 10 −10 L Sb 

L �
(3) 
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Table 5. Fitted parameters and derived physical properties from the CYGNUS models. θo is the half-opening angle of the torus, θ i is the inclination of the 
torus, r 2 / r 1 is the ratio of outer to inner disc radius, and τ uv is the torus equatorial optical depth at 1000 Å. M ∗ is the total stellar mass, Ṁ 

50 ∗ is the SFR averaged 

o v er 50 Myr, Ṁ 

age 
∗ is the SFR av eraged o v er the age of the starburst episode, Ṁ 

Sph 
∗ is the SFR of the spheroidal component, and t ∗ and τV are the age of the 

starburst episode and the initial optical depth of the GMCs that constitute it, respectively. 

ID θ i θo τ uv r 2 / r 1 M ∗ Ṁ 

50 ∗ Ṁ 

age 
∗ Ṁ 

Sph 
∗ Age τV 

◦ 10 11 M � M � yr −1 10 7 yr 

1 79 . 1 + 2 . 3 −0 . 4 47 . 0 + 1 . 4 −1 . 3 389 . 5 + 18 . 8 
−39 . 3 67 . 4 + 12 . 8 

−8 . 0 2 . 2 + 0 . 3 −0 . 5 352 + 30 
−69 598 + 58 

−126 2 + 1 −0 2 . 9 + 0 . 1 −0 . 2 188 . 9 + 7 . 1 −8 . 8 

2 86 . 4 + 0 . 6 −1 . 2 73 . 5 + 0 . 0 −0 . 4 300 . 4 + 44 . 5 
−26 . 5 94 . 7 + 4 . 3 −12 . 8 1 . 2 + 0 . 3 −0 . 3 228 + 71 

−11 2192 + 1132 
−120 11 + 3 −3 0 . 5 + 0 . 2 −0 . 0 93 . 8 + 6 . 9 −3 . 4 

3 57 . 1 + 1 . 9 −0 . 4 36 . 6 + 1 . 4 −0 . 6 1489 . 9 + 0 . 1 −71 . 1 26 . 4 + 71 . 6 
−3 . 3 0 . 3 + 0 . 1 −0 . 0 75 + 16 

−18 195 + 75 
−60 2 + 0 −0 1 . 9 + 0 . 6 −0 . 4 51 . 5 + 9 . 0 −0 . 5 

4 78 . 9 + 1 . 0 −0 . 0 37 . 9 + 1 . 2 −1 . 9 1070 . 5 + 70 . 2 
−72 . 5 78 . 8 + 2 . 9 −3 . 5 2 . 6 + 0 . 2 −0 . 4 330 + 77 

−43 660 + 172 
−118 0 + 0 −0 2 . 5 + 0 . 3 −0 . 3 244 . 9 + 4 . 0 −15 . 5 

5 67 . 0 + 0 . 2 −0 . 1 44 . 3 + 3 . 4 −6 . 0 1488 . 1 + 1 . 9 −32 . 5 23 . 1 + 5 . 6 −2 . 1 0 . 7 + 0 . 2 −0 . 1 556 + 3 −27 798 + 5 −40 0 + 0 −0 3 . 5 + 0 . 0 −0 . 0 233 . 6 + 15 . 4 
−19 . 8 

6 68 . 4 + 0 . 6 −1 . 8 60 . 0 + 0 . 4 −1 . 6 1487 . 3 + 2 . 4 −177 . 2 60 . 3 + 8 . 3 −10 . 0 1 . 5 + 0 . 3 −0 . 2 68 + 21 
−9 170 + 57 

−30 0 + 1 −0 2 . 0 + 0 . 3 −0 . 2 119 . 8 + 28 . 1 
−19 . 1 

7 72 . 3 + 1 . 6 −0 . 8 37 . 5 + 25 . 5 
−1 . 5 405 . 5 + 61 . 7 

−41 . 1 95 . 4 + 3 . 5 −68 . 5 0 . 9 + 0 . 1 −0 . 3 45 + 177 
−7 315 + 1733 

−104 11 + 0 −4 0 . 7 + 2 . 8 −0 . 2 143 . 7 + 55 . 0 
−4 . 2 

8 71 . 5 + 0 . 0 −2 . 4 41 . 4 + 1 . 4 −3 . 8 756 . 7 + 120 . 1 
−24 . 2 70 . 8 + 1 . 4 −5 . 1 1 . 6 + 0 . 5 −0 . 4 228 + 57 

−5 378 + 112 
−8 3 + 2 −1 3 . 0 + 0 . 5 −0 . 0 231 . 3 + 17 . 7 

−0 . 1 

9 24 . 7 + 0 . 3 −1 . 2 56 . 4 + 2 . 0 −1 . 5 321 . 6 + 41 . 7 
−18 . 9 90 . 3 + 2 . 0 −2 . 4 0 . 3 + 0 . 1 −0 . 0 356 + 27 

−17 520 + 40 
−27 0 + 0 −0 3 . 4 + 0 . 0 −0 . 1 52 . 1 + 5 . 6 −1 . 1 

10 61 . 7 + 1 . 8 −0 . 1 51 . 0 + 1 . 8 −0 . 7 1292 . 9 + 6 . 4 −27 . 6 26 . 7 + 0 . 4 −3 . 5 1 . 2 + 0 . 1 −0 . 1 422 + 3 −69 683 + 7 −122 11 + 1 −0 3 . 1 + 0 . 0 −0 . 2 57 . 8 + 6 . 0 −0 . 7 

11 85 . 5 + 1 . 4 −2 . 6 69 . 3 + 2 . 4 −1 . 1 519 . 1 + 37 . 7 
−20 . 5 92 . 0 + 2 . 2 −5 . 5 0 . 2 + 0 . 0 −0 . 0 22 + 5 −3 206 + 76 

−33 1 + 0 −0 0 . 5 + 0 . 2 −0 . 0 84 . 3 + 13 . 7 
−10 . 8 

12 75 . 0 + 0 . 2 −0 . 3 73 . 3 + 0 . 2 −0 . 4 1111 . 8 + 0 . 6 −1 . 5 25 . 8 + 1 . 1 −1 . 3 1 . 4 + 0 . 2 −0 . 2 333 + 14 
−9 482 + 20 

−13 0 + 0 −0 3 . 5 + 0 . 0 −0 . 0 111 . 6 + 3 . 0 −0 . 6 

13 78 . 2 + 0 . 8 −1 . 7 60 . 1 + 2 . 5 −6 . 1 1488 . 0 + 2 . 0 −23 . 3 42 . 4 + 1 . 9 −3 . 1 0 . 9 + 0 . 4 −0 . 1 122 + 62 
−55 245 + 134 

−132 5 + 2 −3 2 . 5 + 0 . 5 −0 . 7 90 . 4 + 12 . 5 
−9 . 0 

14 64 . 1 + 0 . 0 −0 . 3 39 . 0 + 2 . 6 −0 . 6 806 . 5 + 149 . 3 
−125 . 2 36 . 8 + 3 . 6 −2 . 2 0 . 6 + 0 . 1 −0 . 0 220 + 12 

−14 322 + 18 
−23 5 + 0 −1 3 . 4 + 0 . 0 −0 . 1 169 . 8 + 2 . 7 −5 . 2 

15 77 . 3 + 1 . 6 −0 . 8 65 . 4 + 3 . 0 −1 . 6 989 . 2 + 52 . 5 
−33 . 5 44 . 5 + 2 . 2 −4 . 4 0 . 2 + 0 . 0 −0 . 0 104 + 9 −21 151 + 14 

−33 1 + 0 −0 3 . 4 + 0 . 1 −0 . 3 135 . 0 + 2 . 9 −5 . 6 

16 69 . 0 + 0 . 9 −0 . 2 38 . 9 + 3 . 4 −1 . 7 1480 . 5 + 8 . 3 −74 . 2 25 . 4 + 11 . 6 
−3 . 0 1 . 0 + 0 . 2 −0 . 2 189 + 38 

−121 298 + 66 
−260 10 + 3 −1 3 . 2 + 0 . 3 −1 . 9 56 . 8 + 4 . 9 −1 . 4 

17 70 . 1 + 0 . 3 −0 . 2 38 . 5 + 6 . 6 −2 . 4 786 . 0 + 309 . 0 
−57 . 5 76 . 5 + 22 . 4 

−12 . 2 0 . 8 + 0 . 1 −0 . 1 383 + 6 −8 549 + 9 −12 8 + 1 −1 3 . 5 + 0 . 0 −0 . 0 243 . 5 + 0 . 9 −0 . 9 

18 71 . 2 + 0 . 3 −1 . 7 60 . 0 + 0 . 5 −1 . 9 1488 . 3 + 1 . 7 −45 . 3 40 . 3 + 5 . 4 −4 . 9 2 . 5 + 1 . 8 −0 . 6 50 + 17 
−25 87 + 34 

−54 12 + 3 −6 2 . 9 + 0 . 6 −1 . 1 241 . 2 + 7 . 8 −74 . 4 

19 76 . 8 + 0 . 0 −2 . 0 45 . 8 + 0 . 1 −0 . 9 1455 . 9 + 14 . 8 
−42 . 2 47 . 4 + 0 . 2 −1 . 3 1 . 4 + 0 . 0 −0 . 3 240 + 25 

−4 378 + 40 
−7 16 + 0 −3 3 . 2 + 0 . 1 −0 . 0 225 . 9 + 3 . 5 −4 . 1 

20 71 . 2 + 0 . 3 −2 . 0 48 . 9 + 2 . 4 −3 . 1 1160 . 1 + 98 . 3 
−44 . 2 80 . 9 + 4 . 4 −3 . 6 0 . 4 + 0 . 1 −0 . 1 242 + 4 −26 347 + 6 −38 2 + 0 −0 3 . 5 + 0 . 0 −0 . 0 238 . 3 + 10 . 7 

−6 . 7 

21 76 . 6 + 1 . 6 −0 . 2 56 . 5 + 1 . 3 −0 . 6 920 . 3 + 54 . 6 
−42 . 9 31 . 0 + 2 . 6 −4 . 9 0 . 3 + 0 . 0 −0 . 0 90 + 13 

−9 160 + 23 
−19 2 + 0 −0 2 . 8 + 0 . 1 −0 . 2 161 . 5 + 12 . 5 

−14 . 9 

22 50 . 3 + 1 . 5 −1 . 0 45 . 0 + 1 . 4 −1 . 5 577 . 1 + 51 . 8 
−301 . 8 29 . 3 + 18 . 8 

−8 . 3 0 . 4 + 0 . 3 −0 . 1 128 + 42 
−18 255 + 92 

−49 3 + 3 −0 2 . 5 + 0 . 3 −0 . 3 75 . 1 + 18 . 1 
−24 . 1 

23 80 . 4 + 1 . 3 −0 . 6 38 . 8 + 0 . 3 −1 . 0 517 . 7 + 39 . 0 
−33 . 0 37 . 4 + 14 . 6 

−4 . 1 0 . 9 + 0 . 1 −0 . 1 595 + 35 
−62 855 + 50 

−91 4 + 1 −0 3 . 5 + 0 . 0 −0 . 1 143 . 7 + 21 . 2 
−13 . 5 

24 74 . 0 + 0 . 1 −1 . 0 36 . 1 + 5 . 2 −0 . 1 640 . 6 + 88 . 7 
−54 . 9 78 . 5 + 8 . 2 −13 . 3 0 . 6 + 0 . 2 −0 . 1 536 + 6 −90 768 + 9 −129 3 + 1 −0 3 . 5 + 0 . 0 −0 . 0 248 . 9 + 0 . 1 −8 . 5 

25 68 . 9 + 2 . 2 −1 . 3 48 . 4 + 1 . 6 −0 . 9 1448 . 0 + 37 . 3 
−805 . 2 77 . 4 + 0 . 3 −51 . 2 6 . 3 + 2 . 5 −1 . 3 22 + 34 

−1 218 + 625 
−16 2 + 0 −0 0 . 5 + 1 . 2 −0 . 0 51 . 3 + 34 . 2 

−0 . 3 

26 73 . 7 + 2 . 8 −2 . 1 57 . 0 + 10 . 5 
−5 . 2 1343 . 2 + 146 . 0 

−156 . 2 80 . 1 + 18 . 8 
−16 . 2 1 . 2 + 0 . 3 −0 . 2 435 + 82 

−75 625 + 118 
−108 12 + 4 −3 3 . 5 + 0 . 0 −0 . 1 234 . 0 + 15 . 0 

−39 . 1 

27 78 . 9 + 1 . 0 −0 . 2 48 . 1 + 5 . 9 −9 . 2 352 . 9 + 59 . 0 
−101 . 8 94 . 5 + 4 . 4 −37 . 2 1 . 8 + 0 . 4 −0 . 6 644 + 22 

−104 925 + 32 
−149 2 + 2 −2 3 . 5 + 0 . 0 −0 . 0 197 . 5 + 17 . 6 

−25 . 8 

28 81 . 2 + 0 . 2 −0 . 6 44 . 9 + 1 . 0 −8 . 9 623 . 6 + 105 . 0 
−55 . 9 49 . 9 + 31 . 9 

−7 . 3 0 . 9 + 0 . 5 −0 . 1 464 + 75 
−178 772 + 137 

−379 5 + 1 −1 3 . 0 + 0 . 2 −0 . 9 233 . 0 + 15 . 8 
−34 . 2 

29 73 . 9 + 0 . 0 −0 . 4 54 . 0 + 5 . 3 −7 . 6 1196 . 7 + 285 . 8 
−159 . 2 42 . 2 + 17 . 3 

−15 . 6 0 . 5 + 0 . 1 −0 . 1 321 + 2 −47 460 + 3 −69 4 + 1 −0 3 . 5 + 0 . 0 −0 . 1 248 . 7 + 0 . 3 −8 . 1 

30 80 . 3 + 1 . 0 −1 . 4 41 . 1 + 1 . 9 −0 . 3 766 . 1 + 11 . 5 
−23 . 2 75 . 1 + 5 . 1 −1 . 6 0 . 5 + 0 . 1 −0 . 1 55 + 26 

−9 150 + 89 
−34 6 + 1 −1 1 . 8 + 0 . 6 −0 . 3 231 . 7 + 12 . 9 

−17 . 2 

31 76 . 4 + 0 . 1 −0 . 3 55 . 8 + 3 . 8 −4 . 3 1489 . 3 + 0 . 7 −64 . 0 25 . 7 + 2 . 6 −4 . 7 0 . 6 + 0 . 1 −0 . 1 164 + 8 −12 235 + 12 
−18 6 + 0 −1 3 . 5 + 0 . 0 −0 . 1 226 . 8 + 12 . 1 

−15 . 4 

32 61 . 0 + 0 . 7 −1 . 8 38 . 6 + 2 . 1 −1 . 0 1489 . 1 + 0 . 9 −174 . 4 21 . 0 + 6 . 3 −0 . 0 0 . 5 + 0 . 0 −0 . 1 114 + 12 
−18 165 + 17 

−29 4 + 0 −1 3 . 5 + 0 . 0 −0 . 3 117 . 6 + 10 . 7 
−6 . 0 

33 74 . 0 + 1 . 3 −0 . 0 36 . 8 + 2 . 1 −0 . 4 1362 . 1 + 91 . 4 
−92 . 7 34 . 8 + 5 . 5 −5 . 9 0 . 5 + 0 . 1 −0 . 1 254 + 8 −30 364 + 11 

−44 1 + 0 −0 3 . 5 + 0 . 0 −0 . 1 125 . 4 + 6 . 4 −4 . 7 

34 75 . 8 + 0 . 7 −1 . 8 50 . 1 + 6 . 5 −5 . 9 1436 . 6 + 43 . 0 
−76 . 1 40 . 3 + 7 . 4 −1 . 8 1 . 8 + 0 . 4 −0 . 4 137 + 60 

−42 275 + 154 
−105 20 + 4 −6 2 . 5 + 0 . 9 −0 . 6 243 . 6 + 5 . 4 −37 . 6 

35 74 . 9 + 1 . 5 −0 . 7 41 . 7 + 5 . 7 −3 . 8 1486 . 1 + 3 . 9 −65 . 2 23 . 3 + 9 . 2 −2 . 3 1 . 4 + 0 . 2 −0 . 1 223 + 13 
−41 375 + 27 

−78 0 + 0 −0 3 . 0 + 0 . 1 −0 . 3 244 . 1 + 4 . 9 −12 . 5 

36 79 . 3 + 5 . 2 −2 . 9 48 . 7 + 7 . 6 −8 . 1 328 . 3 + 42 . 8 
−37 . 3 41 . 1 + 9 . 5 −12 . 0 1 . 9 + 0 . 3 −0 . 2 176 + 12 

−18 254 + 18 
−27 1 + 0 −0 3 . 5 + 0 . 0 −0 . 1 245 . 3 + 3 . 7 −51 . 9 

37 64 . 6 + 2 . 0 −0 . 5 55 . 2 + 1 . 5 −1 . 4 791 . 0 + 94 . 2 
−77 . 1 89 . 4 + 6 . 7 −8 . 5 1 . 6 + 1 . 2 −0 . 4 309 + 53 

−65 518 + 111 
−131 7 + 3 −4 3 . 0 + 0 . 4 −0 . 4 161 . 6 + 52 . 1 

−33 . 7 

38 73 . 8 + 0 . 2 −1 . 9 44 . 5 + 7 . 9 −8 . 5 844 . 4 + 279 . 9 
−91 . 4 46 . 9 + 5 . 7 −12 . 0 1 . 3 + 0 . 1 −0 . 1 259 + 19 

−49 373 + 28 
−72 0 + 0 −0 3 . 5 + 0 . 0 −0 . 1 188 . 4 + 15 . 0 

−16 . 2 

39 51 . 7 + 0 . 1 −1 . 3 47 . 2 + 0 . 3 −1 . 4 514 . 8 + 212 . 0 
−92 . 3 27 . 3 + 2 . 5 −6 . 2 0 . 4 + 0 . 4 −0 . 1 30 + 10 

−3 54 + 23 
−6 4 + 1 −3 2 . 8 + 0 . 7 −0 . 0 52 . 9 + 19 . 0 

−1 . 9 

40 80 . 2 + 1 . 2 −0 . 3 45 . 9 + 5 . 5 −2 . 0 1449 . 6 + 40 . 4 
−39 . 7 22 . 2 + 4 . 6 −1 . 2 1 . 3 + 0 . 3 −0 . 1 140 + 38 

−14 274 + 88 
−29 0 + 0 −0 2 . 6 + 0 . 4 −0 . 1 248 . 9 + 0 . 1 −2 . 6 

41 73 . 9 + 0 . 1 −3 . 1 40 . 5 + 1 . 1 −4 . 4 895 . 4 + 144 . 1 
−153 . 9 38 . 1 + 16 . 2 

−13 . 9 0 . 9 + 0 . 2 −0 . 2 71 + 43 
−24 107 + 65 

−44 7 + 2 −3 3 . 3 + 0 . 2 −0 . 7 165 . 7 + 15 . 6 
−13 . 9 

42 6 . 2 + 3 . 9 −1 . 2 45 . 0 + 3 . 6 −8 . 8 299 . 4 + 113 . 8 
−48 . 3 61 . 8 + 37 . 1 

−7 . 4 1 . 9 + 0 . 4 −0 . 5 348 + 31 
−66 711 + 77 

−177 23 + 5 −7 2 . 5 + 0 . 1 −0 . 4 51 . 1 + 4 . 5 −0 . 1 
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ith a zero intercept, with a scatter of about 0.1 dex. 5 A power
aw is not an appreciably better fit. The relation does not appear to
 The starburst models assume a Salpeter IMF. With a Chabrier IMF, the SFRs 
ould be about a factor of 0.6 lower. 

M

i
i  
epend on t ∗ but there is a dependence on τV , with a flatter slope for
ore extincted starbursts. There is no correlation between L Sb and 

˙
 sph . 
Since a more commonly measured value for ULIRGs and LIRGs 

s their observed (that is, uncorrected for anisotropic emission) total 
nfrared luminosities, we also compare Ṁ 

age to L 

o . We see a
MNRAS 512, 5183–5213 (2022) 

Sb Tot 
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M

Figure 7. SFRs versus infrared luminosities (starburst or total). The dotted 
and dot–dashed lines show the fits that give rise to the relationships given in 
Section 5.1 (equations 2 and 4 , respectively). 

Figure 8. SFRs versus starburst obscuration that is parametrized with the 
initial optical depth of the molecular clouds τV . 

c

o

w  

s
 

i

f  

2  

f  

s  

d
a  

a  

τ  

s  

n  

m  

d  

t  

e

5

W  

l  

c  

l  

L

g  

e  

l  

S  

a  

w  

a  

i
 

a  

r  

r  

a  

w
 

L  

c  

l  

c  

0  

L

a  

r  

v  

i  

d  

p  

t
 

a  

r  

d  

o  

d  

c

5

B  

U  

e  

T
(  

t  

L  

s  

c  

a  

o  

2  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5183/6479133 by U
niversity Library user on 27 July 2022
orrelation, albeit with a wider dispersion: 

Ṁ 

age 
Sb 

M � yr −1 
= (2 . 24 ± 0 . 17) × 10 −10 L 

o 
Tot 

L �
− 13 ± 42 (4) 

r 

Ṁ 

age 
Sb 

M � yr −1 
= (2 . 22 ± 0 . 10) × 10 −10 L 

o 
Tot 

L �
(5) 

ith a zero intercept. More extincted starbursts are more likely to
catter below this relation. 

Previous calibrations of the conversion between infrared luminos-
ty and SFR generally derive 

SFR 

M � yr −1 
= (0 . 6 − 3 . 2) × 10 −10 L IR 

L �
(6) 

or 0.1–100 M �, a Kroupa IMF, and SFR time-scales of 10 Gyr to
 Myr (Calzetti et al. 2007 ; Kennicutt & Evans 2012 ). Our calibration
or ULIRGs is consistent with this range, with a slope consistent with
tar formation time-scales of � 100 Myr. This agrees with the ages we
erive for the starburst episode. Pre vious v alues are closer to our L 

o 
Tot 

s that is what is typically measured in other studies. We plot SFR
gainst τV in Fig. 8 . There is a weak positive correlation between
V and Ṁ 

age 
Sb (Kendall’s τ = 0.11), consistent with more luminous

tarbursts being systematically more extincted. The correlation does
ot appear to depend on starburst age. This is reasonable as τV is a
easure of the obscuration of the starburst episode o v er its whole
NRAS 512, 5183–5213 (2022) 
uration. There is no dependence between τV and Ṁ sph , suggesting
hat more extincted starbursts do not straightforwardly imply more
xtincted host galaxies. 

.2 AGN activity 

e find AGN in all objects, with anisotropy-corrected infrared
uminosities spanning (1 × 10 11 )–(1.5 × 10 13 ) L �. There is a
orrelation between L 

c 
AGN and θo , with more luminous AGN having

arger values of θo (Fig. 9 ). Conversely, there is no relation between
 

c 
AGN and θ i . Instead plotting the obscurer parameters against L 

o 
AGN 

ives conceptually identical results. This is unlikely to be a selection
ffect unless there exists a population of low-redshift ULIRGs with
uminous AGN that have both high covering fractions and very cold
EDs. Thus, more infrared-luminous AGNs in ULIRGs seem to be
ssociated with smaller co v ering fractions. This is also consistent
ith the general class of ‘receding torus’ models (Lawrence 1991 )

ccording to which the co v ering factor of the torus decreases with
ncreasing luminosity due to dust sublimation. 

Conversely, there is no relation between corrected AGN luminosity
nd either r 2 / r 1 or τ uv (Fig. 9 ). There is also no dependence between
 2 / r 1 and θo . It is notable that more than half of the objects have a
elatively compact obscurer, with r 2 / r 1 ∼20–40, but there does not
ppear to be anything unusual in the other properties of the systems
ith compact obscurers. 
The obscurer geometry affects the observed AGN luminosity
 

o 
AGN , obtained by integrating the observed SED over 4 π sr. The
orrection of the AGN luminosity depends on the intrinsic AGN
uminosity, with more intrinsically luminous AGN having a larger
orrection (Fig. 10 ). The mean L 

o 
AGN / L 

c 
AGN ratio of the sample is

.40, but more luminous AGNs have a greater difference between
 

o 
AGN and L 

c 
AGN , with L 

o 
AGN / L 

c 
AGN = 0 . 51 at L 

c 
AGN < 2 × 10 12 L �

nd L 

o 
AGN / L 

c 
AGN = 0 . 17 at L 

c 
AGN > 2 × 10 12 L �. Moreo v er, the

elation appears to depend on θ i , with a clearer relation for objects
iewed closer to edge-on, consistent with a higher optical depth
n the equatorial plane. The observed-to-corrected luminosity ratio
oes not, ho we ver, seem to depend as strongly on the other torus
arameters (Fig. 11 ). Whether or not the viewing angle intersects the
orus is the primary driver of the size of the anisotropy correction. 

Finally, we examine the bolometric AGN luminosity correction as
 function of obscurer geometry (Fig. 12 ). The bolometric corrections
ange from factors of 1.25 to 3.10. As expected, there is a strong
ependence on torus half-opening angle, especially when the line
f sight intersects the torus. There is, ho we ver, no significant depen-
ence on the other AGN parameters. The magnitude of the bolometric
orrection also does not seem to depend on AGN luminosity. 

.3 The starburst–AGN connection 

oth star formation and AGN contribute significantly in most
LIRGs. The starburst usually contributes the majority of infrared

mission except at L 

c 
tot � 3 × 10 12 L � when AGN starts to dominate.

here is no observable relation between L Sb and L 

c 
AGN or L 

o 
AGN 

Fig. 13 ). Objects with high L 

c 
AGN do not have low L Sb in absolute

erms. Moreo v er, there is no observed relation between any of
 

c 
tot , L Sb , L 

c 
AGN , or starburst fraction with starburst age. We also

ee no trends in any of L 

c 
tot , L Sb , and L 

c 
AGN with optical spectral

lassification. A conceptually similar disconnect between starburst
nd AGN luminosity has also recently been found in other classes of
bject, including SDSS quasars (Ma & Yan 2015 ; Pitchford et al.
016 ), though see also Harris et al. ( 2016 ). Neither do we find
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Figure 9. Anisotropy-corrected infrared AGN luminosity as a function of three obscurer parameters: left: inclination and half-opening angles, middle: outer to 
inner torus radius, and right: torus obscuration. 

Figure 10. Observed-to-corrected luminosity ratio versus anisotropy- 
corrected infrared AGN luminosity. The scatter in this relation appears smaller 
for larger values of θ i − θo , suggesting that the relation is tighter when the 
viewing angle is ‘well into’ the torus. 
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vidence that τV , τ uv , θo , or r 2 / r 1 depend on luminosity (Fig. 14 ), or
vidence of a relation between τV and τ uv (Fig. 15 ). 

The o v erall impression is an at best weak direct connection
etween starburst and AGN activity. The lack of trends between 
tarburst and AGN luminosities suggests that they do not strongly 
ffect each other. The lack of trends with optical spectral class is also
xpected if optical spectral class is primarily a function of orientation. 
oreo v er, there is no evidence that this (lack of) connection evolves

 v er the lifetime of the starburst. 

.4 Dual AGNs 

wo ULIRGs in the sample – IRAS 01003 −2238 and Mrk 1014 –
ho w e vidence of dual AGNs in their SED fits (Fig. 16 and Table 6 ).
t face value, this implies a dual AGN fraction of about 5 per cent

n local ULIRGs, but this value is unlikely to be correct. There is
ndependent corroborating evidence of at least two other objects; 
ee below. Tadhunter et al. ( 2017 ) disco v ered a tidal disruption
vent (TDE) in IRAS 01003 −2238 and conclude that TDEs are 
uch more common in ULIRGs compared to the general galaxy 

opulation probably because of the presence of dual AGNs in the 
rocess of merging. Ho we ver, the fits are likely biased. The fits are
nly sensitive to dual AGNs where the second AGN is sufficiently 
ifferent in one or more physical parameters. We thus cannot rule 
ut the possibility that there may be other dual AGNs with both
GNs being broadly similar except, potentially, in luminosity. There 

s, for example, evidence of a triple AGN in NGC 6240 (Kollatschny
t al. 2020 ) and a dual AGN in Mrk 231 (Yan et al. 2015 ). Ho we ver,
e do not see any evidence of more than one AGN from the SEDs of
GC 6240 and Mrk 231. So we interpret the 5 per cent of ULIRGs
arbouring a dual AGN as a lower limit. 

.5 Polar dust 

or a few objects, the emission from AGN polar dust is suggested
rom the SEDs. To model the emission of polar dust, we use a library
f spherical optically thick polar dust clouds for which we carry out
 full radiative transfer calculation with the exception that we do
ot solve for the temperature of the dust but we assume a constant
emperature for all grain species. We also assume that the clouds
ave a uniform density. There is therefore only one parameter in this
odel, the temperature of the polar dust clouds that we assume to be

00 K. In addition, we have the scaling factor f p . 
In a number of AGNs, there is clear evidence by high-resolution

maging in the near- and mid-infrared that some of the nuclear
mission is not coming from the torus but from the ionization cones.
his has been observed in NGC 1068 since the early 1990s by Braatz
t al. ( 1993 ) and Cameron et al. ( 1993 ), in Circinus by Tristram et al.
 2007 ), and other AGNs by H ̈onig et al. ( 2013 ) and more recently
n Asmus ( 2019 ). The model of Efstathiou, Hough & Young ( 1995 )
or NGC 1068 explored the presence of polar dust in the nucleus.
fstathiou ( 2006 ) and Efstathiou et al. ( 2013 ) also discussed the idea

hat the mid-infrared emission of IRASF 10214 + 4724 is due to polar
ust. Mattila et al. ( 2018 ) also interpreted the near-infrared emission
rising from the dust-enshrouded TDE in Arp 299 as arising from po-
ar dust that was illuminated by the TDE. A similar phenomenon was
lso observed in the LIRG IRAS 23436 + 5257 by Kool et al. ( 2020 ).

It is not clear how widespread polar dust is in ULIRGs. In the
ERUS sample, we do not find much evidence for it (three ULIRGs
r about 8 per cent of the sample) but this may be due to the large
ptical depths to the nuclear region or because the co v ering factor
s too low to detect with SED fitting. We see evidence of polar dust
n the following ULIRGs: IRAS 05189 −2524, IRAS 07598 + 6508,
nd IRAS 13451 + 1232. IRAS 07598 + 6508 is the only unobscured
uasar in the sample, whereas IRAS 05189 −2524 shows broad lines
n polarized flux (Young et al. 1996 ) that also requires a relatively
nobscured view to the nucleus. The fraction of AGN luminosity due
o polar dust ranges from ∼1 to 10 per cent, which is also to a good
pproximation the co v ering factor of polar dust. 

 C O M PA R I S O N  WI TH  OTH ER  LUMI NO S ITIES  

In order to assess the robustness of our SED decomposition 
esults and our estimate of the correction of the AGN luminosity
MNRAS 512, 5183–5213 (2022) 
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Figure 11. Observed-to-corrected AGN luminosity ratio versus AGN obscurer parameters. 

Figure 12. Anisotropy-corrected bolometric-to-infrared AGN luminosity ratio versus obscurer parameters. 

Figure 13. Left: Starburst and anisotropy-corrected AGN luminosity versus total corrected infrared luminosity. The starburst usually contributes the majority 
of infrared emission except at L 

c 
tot � 3 × 10 12 L � when AGN starts to dominate. Right: Observed and anisotropy-corrected AGN luminosity versus Starburst 

luminosity. There is no observable relation between L Sb and L AGN . In both cases, we see no dependence on optical spectral type. 
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ue to anisotropic torus emission, we compare our results to the
ollowing: 

(i) Total infrared luminosities derived from the IRAS fluxes
Sanders & Mirabel 1996 ), and those presented by Klaas et al. ( 2001 )
rom fitting a modified blackbody dust model. 

(ii) AGN infrared luminosities from FR06 , SKIRTOR, and
iebenmorgen15. 
(iii) AGN bolometric luminosities from FR06 , SKIRTOR, and

iebenmorgen15, as well as Nardini et al. ( 2009 ) and Veilleux et al.
 2009 ). 
NRAS 512, 5183–5213 (2022) 
A comparison of the likelihoods from the fits with all four
ombinations of models is given in Fig. 17 , and of the luminosities in
ig. 18 . It is clear that the CYGNUS models nearly al w ays give better
ts than the FR06 and SKIRTOR models, and usually better fits than

he Siebenmorgen15 models. We discuss possible reasons for this
nd their effect on the predicted AGN luminosities in Section 8 . 

The uncorrected total infrared luminosities from CYGNUS are
onsistent with prior estimates (Sanders & Mirabel 1996 ) though
lightly higher that those based on pure modified blackbody dust
odels, likely due to lack of PAH emission in these models (Klaas

t al. 2001 ). 
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Figure 14. Starburst and AGN luminosity versus starburst and AGN properties. 

Figure 15. τV against τ uv . There is no evidence of a relation, even after 
accounting for e.g. optical spectral type. 
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Figure 16. SED fit plots of the ULIRGs with dual AGNs: spheroidal host (orange)
blue), and total (grey). 
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The infrared AGN luminosities from CYGNUS and FR06 are in 
eneral consistent, though with significant dispersion. The infrared 
GN luminosities from SKIRTOR and Siebenmorgen15 are, how- 
 ver, systematically lo wer than those from either FR06 or CYGNUS.
s we also discuss in Section 8 , this may be related to the fact that

he SKIRTOR fits are generally poorer than those with CYGNUS. As
he same effect is also observed with the Siebenmorgen15 models, 
his is most probably also related to the two-phase geometry that is
he common characteristic of SKIRTOR and Siebenmorgen15. 

With all combinations of models, a significant correction of the 
GN luminosities due to anisotropic AGN emission is needed. In the
ost extreme objects, IRAS 00397 −1312 and IRAS 08572 + 3915,

he corrected luminosities predicted by the CYGNUS, FR06 , and 
KIRTOR combinations agree very well. This is not the case for

he Siebenmorgen15 models but the fits with this combination are 
ot very good. The CYGNUS corrections are usually but not al w ays
he highest. The SKIRTOR and Siebenmorgen15 corrections do not 
ring their luminosities in line with either CYGNUS or FR06 . 
MNRAS 512, 5183–5213 (2022) 

, starburst (red), edge-on AGN torus (solid blue), face-on AGN torus (dotted 

ry user on 27 July 2022
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Figure 17. Comparison of the likelihood ratios of all objects fitted with the 
CYGNUS, FR06 , SKIRTOR, and Siebenmorgen15 models. The plot shows 
the ratio of the FR06 , SKIRTOR, and Siebenmorgen15 likelihood ratios, 
relative to the CYGNUS values. The CYGNUS and Siebenmorgen15 models 
give systematically better fits than FR06 and SKIRTOR. CYGNUS is usually 
better o v erall. 
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The bolometric AGN luminosities from CYGNUS and FR06 are

lso in general consistent, and usually higher than those from SKIR-
 OR and Siebenmor gen15. All are higher than the bolometric AGN

uminosities from Nardini et al. ( 2009 ) though their bolometric lumi-
osities are in reality infrared luminosities, so this is expected. The
omparison with the Veilleux et al. ( 2009 ) bolometric luminosities is
ore interesting. The Veilleux et al. ( 2009 ) luminosities are not based

n SED fits, but instead are averages of five different approaches.
he CYGNUS uncorrected luminosities are systematically lower

han those from Veilleux et al. ( 2009 ) but the corrected ones are
ften consistent. We conclude that empirical calibrations such as
hose in Veilleux et al. ( 2009 ) do capture some of the anisotropy
orrection. 
NRAS 512, 5183–5213 (2022) 
 C O M PA R I S O N  WI TH  OTH E R  I NCLI NAT IO N  

N G L E S  

he inclination angle of the AGN obscurer relative to the line of
ight plays an important role in determining AGN luminosities. We
herefore compare the inclination angles inferred from the CYGNUS

odels to those derived from other approaches. 
It is possible to observationally infer inclination angles of several

alactic components – the molecular or atomic gas disc, the X-
ay obscurer, the infrared obscurer, and the stellar disc. These
stimates are challenging and usually carry large uncertainties. Few
uch measures are av ailable; ne vertheless, such comparisons can be
lluminating, so we plot the values derived by all combinations of

odels with all available literature values in Fig. 19 . 
There is no a priori reason to expect alignment of different

omponents, but it is reasonable to expect some level of systematic
onsistency. In general, ho we ver, there is consistency between the
YGNUS-derived inclination angles and those obtained from other
ethods. The CYGNUS values may be slightly biased towards

dge-on compared to the stellar disc derived values, but in most
ases there is consistency well within 2 σ . Moreo v er, as discussed by
asyra et al. ( 2006 ), stellar disc inclination angles carry substantial
ncertainty, so it is plausible that the bias is in these measures
ather than the CYGNUS values. Compared to the molecular disc
alues, there is consistenc y, e xcept in one case: the molecular gas
isc in the appropriate nucleus of Arp 220 (Scoville et al. 2017 ).
t is inclined at 30 ◦, while the CYGNUS value is 80.2 ◦ (both from
ole-on). Scoville et al. ( 2017 ) note, ho we ver (their section 5.2), that
heir inclination angle is inconsistent with the supernova remnant
istribution in Lonsdale et al. ( 2006b ). Moreo v er, the inclination
ngle inferred by Lonsdale et al. ( 2006b ) is consistent with the
YGNUS value. Resolving this contradiction is beyond the scope
f this paper, though it does suggest that the CYGNUS value is
lausible. Finally, compared to the X-ray derived values there is
onsistency in one case but not in another. It is (perhaps) unreasonable
o e xpect consistenc y here, though consistenc y between CYGNUS
nd X-ray-derived inclination angles has been noted previously
Farrah et al. 2016 ). We here simply note the result as a starting
oint for further work. 

 DI SCUSSI ON  

s we can see in Fig. 17 , the fits with SKIRTOR and FR06
re consistently worse than with CYGNUS or Siebenmorgen15.
KIRTOR is a two-phase torus model, whereas CYGNUS and FR06
re both smooth models. There are also differences in the assumed
shape’ of the torus. Both SKIRTOR and FR06 assume a flared
isc geometry, whereas in CYGNUS the torus has the tapered disc
eometry suggested by Efstathiou & Rowan-Robinson ( 1995 ). This
ay be the reason why CYGNUS is giving o v erall better fits than
R06 . So o v erall the conclusion we can dra w from our analysis is that
 smooth tapered disc is the best approximation for the distribution
f dust in the torus among the four distributions considered by the
odels. 
The fundamental difference between a smooth and clumpy or

wo-phase geometry for the torus is that in the latter case we can see
hrough gaps in the cloud distribution to the inner torus. This has the
ffect of making the emission from a clumpy torus be generally more
sotropic and appear less obscured. A clumpy or two-phase torus also
annot produce deep enough silicate absorption features in order to fit
ell most of the galaxies in our sample. In cases where the SKIRTOR
t is poor, such as in IRAS 11095 −0238 or IRAS 03158 + 4227, this
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Table 6. Fitted parameters and derived physical quantities for the dual AGN ULIRGs. 

ID L 

o 
AGN L 

c 
AGN θo θ i τ uv r 2 / r 1 L Sb τV t ∗ M ∗

10 12 L � 10 12 L � ◦ ◦ 10 12 L � 10 7 yr 10 10 M �

3 1 . 12 + 0 . 20 
−0 . 21 2 . 47 + 0 . 44 

−0 . 46 39 . 6 + 1 . 9 −3 . 5 61 . 8 + 2 . 2 −0 . 1 1408 + 82 
−172 54 + 5 −11 0 . 73 + 0 . 05 

−0 . 07 204 + 45 
−10 0 . 76 + 0 . 39 

−0 . 25 1 . 18 + 5 . 72 
−0 . 13 

0 . 09 + 0 . 06 
−0 . 01 0 . 04 + 0 . 02 

−0 . 005 40 . 7 + 6 . 2 −4 . 7 ∼10.0 ≥693 37 + 34 
−16 

42 2 . 21 + 0 . 47 
−0 . 28 12 . 8 + 2 . 8 −1 . 6 52 . 5 + 3 . 3 −2 . 0 71 . 0 + 0 . 5 −1 . 1 1489 + 1 −66 37 + 6 −9 1 . 17 + 0 . 20 

−0 . 27 236 + 13 
−44 2 . 19 + 0 . 66 

−1 . 69 16 . 1 + 7 . 9 −5 . 8 

0 . 78 + 0 . 15 
−0 . 11 0 . 46 + 0 . 09 

−0 . 04 59 . 9 + 3 . 8 −3 . 8 ∼10.0 327 + 88 
−76 91 + 8 −8 

Figure 18. Comparison of luminosities. Left: The total infrared luminosities (observed and corrected) from the CYGNUS fits, compared against those derived 
by Sanders & Mirabel ( 1996 ), Klaas et al. ( 2001 ), and Farrah et al. ( 2003 ). The values are presented as the ratios to the observed CYGNUS luminosities. Middle: 
The AGN infrared luminosities (observed and corrected) from the CYGNUS fits, compared against those from the FR06 , SKIRTOR, and Siebenmorgen15 
model fits. The values are presented as the ratios to the observed CYGNUS luminosities. Right: The corrected AGN bolometric luminosities from the CYGNUS 
fits, compared to those from the FR06 and SKIRTOR fits, and to those derived by Nardini et al. ( 2009 ) and Veilleux et al. ( 2009 ). 

w  

u
p

t
a  

N
e  

N  

b  

t
R

m  

l  

e
t
t  

w  

t  

i  

w  

U
 

c  

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nras/article/512/4/5183/6479133 by U
niversity Library user on 27 July 2022
ill usually manifest itself with a lower AGN luminosity as the model
nderpredicts the emission at 20–30 μm where the torus emission 
eaks. 
The conclusion that a smooth tapered disc is a better approximation 

han the SKIRTOR and Siebenmorgen15 geometry is not necessarily 
t odds with the detections of compact tori in nearby Seyferts like
GC 1068 with ALMA (Garc ́ıa-Burillo et al. 2016 ; Alonso-Herrero 

t al. 2018 ; Combes et al. 2019 ). It is important to note that even in
GC 1068 the compact torus of a few parsec diameter is surrounded
y a circumnuclear disc of diameter of the order of 100 parsec
hat dominates the far-infrared and submillimetre emission. Lyu & 

ieke ( 2021 ) also recently presented results from reverberation 
apping of the nucleus of NGC 4151 at 1–40 μm that shows
ack of variability at 20–40 μm. This implies that the 20–40 μm
mitting region is more extended than that predicted by clumpy 
orus models and more consistent with smooth models. Because of 
he limited spatial resolution of the infrared data in this sample what
e are modelling with the AGN torus models are structures similar

o the circumnuclear disc in NGC 1068 or the extended structure
n NGC 4151 inferred by Lyu & Rieke ( 2021 ). This may explain
hy the smooth torus models provide better fits to the SEDs of the
LIRGs in our sample. 
It is also interesting to consider if the results presented here are

onsistent regarding the ratio of predicted type 1 and type 2 AGNs.
MNRAS 512, 5183–5213 (2022) 
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Figure 19. Comparison of inclination angles derived with various methods. 
The values are given as the ratio to the CYGNUS inclination angle. Inclination 
angles for the X-ray obscurer are taken from Feruglio et al. ( 2015 ), Oda et al. 
( 2017 ), Xu et al. ( 2017 ), and Yamada et al. ( 2021 ). Stellar disc inclination 
angles are from Dasyra et al. ( 2006 ), Reunanen, Tacconi-Garman & Ivanov 
( 2007 ), Bellocchi et al. ( 2013 ), and Medling et al. ( 2014 ). Molecular or 
atomic gas disc inclination angles are taken from Carilli, Wrobel & Ulvestad 
( 1998 ), Carilli & Taylor ( 2000 ), Scoville et al. ( 2017 ), Privon et al. ( 2017 ), 
and Pereira-Santaella et al. ( 2018 ). 
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e have a total of 45 AGNs in this sample (including the 2 type 1
GNs in the dual cases and 3C 273). Out of these, five are type 1

IRAS 07598 + 6508, Mrk 231, 3C 273, and the two dual AGNs).
o we have a minimum type 1 fraction of 5/45 = 11.1 per cent.
ssuming that all the tori in these AGNs have θo = 30 ◦, then we

hould expect a type 1 fraction of ∼13 per cent. So we conclude that
ur results are consistent. 
With the more detailed analysis presented in this paper, which

ncludes the addition of the emission of the host galaxy, we confirm
he result obtained by Efstathiou et al. ( 2014 ) for IRAS 08572 + 3915
amely that it is intrinsically a hyperluminous infrared galaxy.
he predicted higher luminosity is due to the anisotropic emission
f the torus. The only way to a v oid this conclusion is if the
GN torus was more ‘spherical’ than predicted in our model,
ut more spherical models approaching a torus co v ering factor
f 90 per cent are included in our AGN torus libraries. There is
lso clear evidence of large outflows in this ULIRG that suggest
 non-spherical geometry (Rupke & Veilleux 2013 ; Spoon et al.
013 ; Gonz ́alez-Alfonso et al. 2017 ). Attempts to fit the SED of
RAS 08572 + 3915 with a foreground screen model have also not
een successful (Levenson et al. 2007 ). IRAS 08572 + 3915 is one
f the first ULIRGs that will be targets of JWST , so we will be
ble to elucidate further the nature of this interesting system in the
ear future. We also find that there are three other ULIRGs that
re predicted to be hyperluminous. These are IRAS 00397 −1312,
RAS 10378 + 1109, and IRAS 11095 −0238, which show very
imilar SEDs to IRAS 08572 + 3915. IRAS 00397 −1312 belongs
o class 3A of Spoon et al. ( 2007 ), which is associated with a deep
ilicate absorption feature and weak PAH emission. Another galaxy
hat belongs to class 3A of Spoon et al. ( 2007 ) is IRAS 00188 −0856.
his ULIRG is also fitted with a similar model as the other objects

n this class but is not predicted to be hyperluminous. 
In Arp 220, we find evidence of an AGN that may be consistent

ith the prediction of Gonz ́alez-Alfonso & Sakamoto ( 2019 ) for the
resence of a luminous AGN with an infrared luminosity of (0.76–
.2) × 10 12 L � in the western nucleus. Scoville et al. ( 2017 ) also
dentified a compact Keplerian component in the western nucleus
f Arp 220. We also note that three ULIRGs have significant
ontribution in the submillimetre from cold dust in the host galaxy
omponent. In two of the cases, IRAS 19254 −7245 (SuperAntena)
nd IRAS 23253 −5415, cold dust dominates the submillimetre
mission. These two galaxies are known to have prominent tidal tails
xtending for tens of kpc. IRAS 13451 + 123 is a radio galaxy, so there
ay be contribution from synchrotron emission in the submillimetre,
hich is not included in our models. These three galaxies would be

nteresting to study with ALMA, NOEMA, or SMA. 

 C O N C L U S I O N S  

e have presented a detailed analysis of the SEDs of the HERUS
ocal ULIRGs using radiative transfer models and an MCMC SED
tting code. 

(i) We fit the SEDs of the ULIRGs in our sample with four
ombinations of radiative transfer models. Two of the combinations
ssume a smooth torus geometry (Efstathiou & Rowan-Robinson
995 ; FR06 ) and two combinations a two-phase geometry (Sieben-
orgen et al. 2015 ; Stalevski et al. 2016 ). We find that the smooth
YGNUS models (Efstathiou & Rowan-Robinson 1995 ) provide
etter fits than the other combinations of models. 
(ii) All objects harbour high rates of star formation. There is

 strong correlation between L Sb and Ṁ 

age 
Sb and more luminous

art/stab3642_f19.eps
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tarbursts are unlikely to be systematically different in either age 
r extinction to less luminous starbursts. 
(iii) We find bolometrically significant AGN in all objects. The 

bscurer geometry can substantially affect the observed AGN lumi- 
osity, by factors of up to ∼10 in tori viewed nearly edge-on. This
s due to the anisotropic nature of the emission of the torus that is to
 large extent independent of the torus model. The correction may 
epend on luminosity; more infrared-luminous AGNs in ULIRGs 
eem to be associated with both smaller co v ering fractions and
iewing angles closer to equatorial. It is also consistent with the 
eneral class of ‘receding torus’ models. 
(iv) We see no relation between AGN luminosity and either r 2 / r 1 

r τ uv . Moreo v er, neither r 2 / r 1 nor τ uv appears to depend on θo .
his is consistent with only the co v ering fraction having a relation
ith L 

c 
AGN , but other properties of the obscurer being independent of

uminosity and co v ering fraction. 
(v) We find an observed dual AGN fraction of about 5 per cent.

ue to observational biases, this is likely a lower limit. 
(vi) We find evidence of significant amounts of polar dust in three 

LIRGs or about 8 per cent of the sample. This may be considered as
 lower limit as in other objects polar dust emission may be obscured
ue to the large optical depths of ULIRGs. 
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A E  C Y G N U S  M O D E L S  

T us models for all the objects in the sample. 

F
(

PPENDIX  A :  I N D I V I D UA L  SED  FITS  WITH  T H

he following figures present SED fits using the CYGNUS AGN tor
MNRAS 512, 5183–5213 (2022) 

igure A1. SED fit plots of all objects, using the CYGNUS models: spheroidal host (orange), starburst (red), AGN torus (blue), polar dust (green), and total 
grey). These fits assume a single AGN. 
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Figure A2. SED fit plots of all objects, using the CYGNUS models. 
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Figure A3. SED fit plots of all objects, using the CYGNUS models. 
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Figure A4. SED fit plots of all objects, using the CYGNUS models. 
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Figure A5. SED fit plots of all objects, using the CYGNUS models. 
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Figure A6. SED fit plots of all objects, using the CYGNUS models. 
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Figure A7. SED fit plots of all objects, using the CYGNUS models. 
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A

T ith luminosities from the literature. Where appropriate, the luminosities 
h

PPENDIX  B:  A N C I L L A RY  DATA  

he following tables present the full suite of luminosities together w
ave been scaled to our adopted cosmology. 
NRAS 512, 5183–5213 (2022) 

Table B1. Comparison of luminosities from the literature. Also, the AGN, starburst, spheroidal, and total bolometric luminosities, derived from the 
CYGNUS model fits. For the AGN and total luminosities, both the observed and anisotropy-corrected luminosities are given. 

Other luminosities CYGNUS bolometric luminosities 
ID L Tot L Tot L AGN L Bol 

AGN L o AGN L c AGN L Sb L host L o Tot L c Tot 
SM96 K01 N09 V09 

10 12 L � 10 12 L � 10 11 L � 10 12 L �

1 2.95 — 0.79 1.11 0 . 28 + 0 . 03 
−0 . 05 1 . 21 + 0 . 22 

−0 . 27 1 . 86 + 0 . 03 
−0 . 02 1 . 43 + 0 . 16 

−0 . 27 2 . 29 + 0 . 05 
−0 . 06 3 . 21 + 0 . 22 

−0 . 29 

2 9.33 — 5.08 3.92 2 . 10 + 0 . 55 
−0 . 31 47 . 79 + 22 . 09 

−10 . 94 7 . 14 + 0 . 18 
−0 . 35 2 . 13 + 0 . 56 

−0 . 60 9 . 46 + 0 . 34 
−0 . 25 55 . 15 + 21 . 78 

−10 . 77 

3 1.78 — 0.80 1.26 0 . 81 + 0 . 22 
−0 . 09 1 . 83 + 0 . 22 

−0 . 25 0 . 77 + 0 . 02 
−0 . 12 0 . 58 + 0 . 13 

−0 . 08 1 . 63 + 0 . 12 
−0 . 08 2 . 65 + 0 . 18 

−0 . 27 

4 3.55 2.85 1.92 −0 . 00 1 . 39 + 0 . 18 
−0 . 23 7 . 62 + 1 . 08 

−1 . 66 2 . 63 + 0 . 10 
−0 . 06 0 . 97 + 0 . 11 

−0 . 11 4 . 11 + 0 . 13 
−0 . 15 10 . 34 + 1 . 02 

−1 . 57 

5 3.63 — 0.00 0.96 0 . 26 + 0 . 04 
−0 . 03 1 . 31 + 0 . 33 

−0 . 34 2 . 16 + 0 . 03 
−0 . 02 0 . 22 + 0 . 04 

−0 . 02 2 . 44 + 0 . 03 
−0 . 03 3 . 49 + 0 . 31 

−0 . 33 

6 1.32 1.14 0.42 1.18 0 . 55 + 0 . 08 
−0 . 06 4 . 71 + 0 . 60 

−0 . 58 0 . 77 + 0 . 07 
−0 . 08 1 . 00 + 0 . 34 

−0 . 21 1 . 42 + 0 . 07 
−0 . 05 5 . 58 + 0 . 58 

−0 . 53 

7 1.38 1.38 0.35 −0 . 00 0 . 21 + 0 . 09 
−0 . 03 0 . 48 + 2 . 11 

−0 . 10 1 . 21 + 0 . 03 
−0 . 09 2 . 41 + 0 . 20 

−0 . 96 1 . 66 + 0 . 03 
−0 . 10 1 . 93 + 1 . 98 

−0 . 10 

8 1.70 1.38 0.09 −0 . 00 0 . 17 + 0 . 02 
−0 . 02 0 . 54 + 0 . 13 

−0 . 09 1 . 18 + 0 . 01 
−0 . 03 1 . 52 + 0 . 30 

−0 . 14 1 . 51 + 0 . 02 
−0 . 03 1 . 88 + 0 . 12 

−0 . 10 

9 2.88 — 3.54 2.86 3 . 72 + 0 . 33 
−0 . 37 1 . 96 + 0 . 21 

−0 . 20 2 . 19 + 0 . 01 
−0 . 06 0 . 05 + 0 . 04 

−0 . 01 5 . 92 + 0 . 33 
−0 . 37 4 . 16 + 0 . 21 

−0 . 22 

10 2.88 — — −0 . 00 0 . 56 + 0 . 07 
−0 . 08 2 . 51 + 0 . 32 

−0 . 30 2 . 27 + 0 . 02 
−0 . 06 2 . 40 + 0 . 39 

−0 . 21 3 . 07 + 0 . 06 
−0 . 09 5 . 02 + 0 . 30 

−0 . 28 

11 1.45 — 1.26 1.19 0 . 78 + 0 . 15 
−0 . 11 23 . 39 + 9 . 73 

−4 . 27 0 . 66 + 0 . 05 
−0 . 09 0 . 41 + 0 . 11 

−0 . 03 1 . 49 + 0 . 08 
−0 . 05 24 . 09 + 9 . 69 

−4 . 24 

12 1.74 — 0.15 −0 . 00 0 . 26 + 0 . 03 
−0 . 02 3 . 80 + 0 . 68 

−0 . 48 1 . 42 + 0 . 01 
−0 . 02 0 . 74 + 0 . 11 

−0 . 09 1 . 75 + 0 . 03 
−0 . 03 5 . 29 + 0 . 68 

−0 . 48 

13 2.40 — 0.24 0.83 0 . 83 + 0 . 12 
−0 . 14 20 . 04 + 13 . 56 

−7 . 75 0 . 81 + 0 . 12 
−0 . 13 1 . 27 + 0 . 49 

−0 . 38 1 . 77 + 0 . 04 
−0 . 06 20 . 98 + 13 . 47 

−7 . 69 

14 1.20 — — 0.21 0 . 09 + 0 . 02 
−0 . 01 0 . 22 + 0 . 05 

−0 . 01 0 . 93 + 0 . 02 
−0 . 01 1 . 21 + 0 . 16 

−0 . 14 1 . 14 + 0 . 02 
−0 . 01 1 . 27 + 0 . 05 

−0 . 01 

15 1.91 — 0.93 0.86 0 . 94 + 0 . 12 
−0 . 10 29 . 55 + 14 . 51 

−6 . 45 0 . 59 + 0 . 07 
−0 . 10 0 . 38 + 0 . 07 

−0 . 05 1 . 57 + 0 . 03 
−0 . 04 30 . 18 + 14 . 42 

−6 . 38 

16 2.04 — 0.90 1.84 0 . 84 + 0 . 18 
−0 . 10 3 . 34 + 1 . 53 

−0 . 43 1 . 19 + 0 . 06 
−0 . 18 2 . 12 + 0 . 58 

−0 . 42 2 . 25 + 0 . 06 
−0 . 09 4 . 74 + 1 . 42 

−0 . 41 

17 1.66 — 0.00 −0 . 00 0 . 10 + 0 . 02 
−0 . 01 0 . 28 + 0 . 18 

−0 . 05 1 . 52 + 0 . 02 
−0 . 02 1 . 78 + 0 . 23 

−0 . 33 1 . 80 + 0 . 02 
−0 . 02 1 . 97 + 0 . 17 

−0 . 06 

18 2.09 — 1.15 1.31 1 . 33 + 0 . 25 
−0 . 22 15 . 48 + 2 . 61 

−2 . 60 0 . 35 + 0 . 10 
−0 . 12 3 . 33 + 0 . 76 

−0 . 74 2 . 01 + 0 . 20 
−0 . 19 16 . 16 + 2 . 58 

−2 . 57 

19 2.14 1.62 0.08 0.46 0 . 39 + 0 . 04 
−0 . 14 3 . 69 + 0 . 35 

−1 . 77 1 . 33 + 0 . 12 
−0 . 01 3 . 28 + 0 . 13 

−0 . 73 2 . 05 + 0 . 02 
−0 . 09 5 . 34 + 0 . 33 

−1 . 72 

20 1.38 1.03 0.01 −0 . 00 0 . 14 + 0 . 01 
−0 . 01 0 . 81 + 0 . 16 

−0 . 13 0 . 95 + 0 . 01 
−0 . 01 0 . 63 + 0 . 14 

−0 . 10 1 . 15 + 0 . 02 
−0 . 02 1 . 83 + 0 . 16 

−0 . 13 

21 1.07 0.90 0.54 0.59 0 . 37 + 0 . 04 
−0 . 05 4 . 62 + 0 . 90 

−0 . 78 0 . 66 + 0 . 03 
−0 . 02 0 . 59 + 0 . 05 

−0 . 07 1 . 09 + 0 . 04 
−0 . 04 5 . 34 + 0 . 87 

−0 . 76 

22 1.74 1.46 0.33 0.78 0 . 25 + 0 . 05 
−0 . 04 0 . 30 + 0 . 06 

−0 . 04 0 . 96 + 0 . 09 
−0 . 04 0 . 74 + 0 . 79 

−0 . 16 1 . 29 + 0 . 13 
−0 . 06 1 . 34 + 0 . 14 

−0 . 06 

23 3.47 3.06 0.72 1.34 0 . 26 + 0 . 07 
−0 . 05 0 . 87 + 0 . 30 

−0 . 18 2 . 69 + 0 . 09 
−0 . 11 1 . 03 + 0 . 27 

−0 . 19 3 . 06 + 0 . 06 
−0 . 07 3 . 67 + 0 . 21 

−0 . 13 

24 2.40 1.80 0.00 0.34 0 . 06 + 0 . 02 
−0 . 01 0 . 16 + 0 . 10 

−0 . 03 2 . 10 + 0 . 01 
−0 . 02 0 . 85 + 0 . 33 

−0 . 13 2 . 24 + 0 . 03 
−0 . 01 2 . 34 + 0 . 10 

−0 . 03 

25 1.15 1.01 0.32 −0 . 00 0 . 28 + 0 . 20 
−0 . 04 1 . 52 + 0 . 77 

−0 . 25 0 . 71 + 0 . 04 
−0 . 14 4 . 02 + 1 . 18 

−0 . 69 1 . 39 + 0 . 17 
−0 . 05 2 . 63 + 0 . 73 

−0 . 26 

26 2.40 — 0.03 −0 . 00 0 . 34 + 0 . 17 
−0 . 05 4 . 24 + 13 . 24 

−1 . 32 1 . 96 + 0 . 07 
−0 . 13 2 . 61 + 0 . 85 

−0 . 59 2 . 57 + 0 . 09 
−0 . 05 6 . 46 + 13 . 13 

−1 . 31 

27 2.57 2.08 0.08 −0 . 00 0 . 10 + 0 . 03 
−0 . 03 0 . 37 + 0 . 24 

−0 . 18 2 . 52 + 0 . 07 
−0 . 02 1 . 31 + 0 . 31 

−0 . 75 2 . 75 + 0 . 08 
−0 . 06 3 . 02 + 0 . 23 

−0 . 17 

28 4.27 3.07 0.64 −0 . 00 0 . 52 + 0 . 08 
−0 . 10 2 . 51 + 0 . 52 

−0 . 96 2 . 63 + 0 . 06 
−0 . 09 1 . 18 + 0 . 37 

−0 . 20 3 . 26 + 0 . 10 
−0 . 13 5 . 25 + 0 . 53 

−0 . 98 

29 1.74 1.31 0.00 0.24 0 . 15 + 0 . 03 
−0 . 04 1 . 49 + 0 . 51 

−0 . 79 1 . 25 + 0 . 02 
−0 . 02 0 . 85 + 0 . 38 

−0 . 15 1 . 48 + 0 . 03 
−0 . 03 2 . 82 + 0 . 50 

−0 . 78 

30 1.02 0.86 0.26 −0 . 00 0 . 31 + 0 . 06 
−0 . 03 1 . 59 + 0 . 37 

−0 . 18 0 . 62 + 0 . 02 
−0 . 03 1 . 37 + 0 . 30 

−0 . 27 1 . 07 + 0 . 06 
−0 . 03 2 . 35 + 0 . 36 

−0 . 18 

31 1.51 1.11 0.00 0.32 0 . 36 + 0 . 03 
−0 . 06 5 . 82 + 1 . 42 

−1 . 71 0 . 74 + 0 . 04 
−0 . 02 1 . 30 + 0 . 19 

−0 . 28 1 . 22 + 0 . 02 
−0 . 04 6 . 69 + 1 . 41 

−1 . 71 

32 1.15 0.90 0.03 −0 . 00 0 . 13 + 0 . 01 
−0 . 02 0 . 37 + 0 . 04 

−0 . 06 0 . 56 + 0 . 01 
−0 . 01 1 . 04 + 0 . 13 

−0 . 24 0 . 80 + 0 . 03 
−0 . 04 1 . 04 + 0 . 05 

−0 . 07 

33 2.09 1.67 0.09 −0 . 00 0 . 34 + 0 . 05 
−0 . 04 1 . 57 + 0 . 43 

−0 . 14 1 . 08 + 0 . 01 
−0 . 03 0 . 49 + 0 . 10 

−0 . 09 1 . 47 + 0 . 04 
−0 . 04 2 . 70 + 0 . 42 

−0 . 13 

34 1.82 — 0.15 −0 . 00 0 . 57 + 0 . 12 
−0 . 17 6 . 40 + 3 . 64 

−3 . 42 1 . 12 + 0 . 14 
−0 . 08 4 . 22 + 0 . 88 

−0 . 96 2 . 12 + 0 . 10 
−0 . 10 7 . 94 + 3 . 62 

−3 . 33 

35 1.48 1.15 0.11 −0 . 00 0 . 26 + 0 . 07 
−0 . 03 1 . 57 + 1 . 21 

−0 . 42 1 . 14 + 0 . 01 
−0 . 04 0 . 77 + 0 . 10 

−0 . 06 1 . 48 + 0 . 05 
−0 . 03 2 . 79 + 1 . 18 

−0 . 41 

36 1.02 — 0.14 0.39 0 . 09 + 0 . 02 
−0 . 01 0 . 36 + 0 . 17 

−0 . 11 0 . 85 + 0 . 03 
−0 . 01 1 . 26 + 0 . 18 

−0 . 12 1 . 06 + 0 . 04 
−0 . 02 1 . 33 + 0 . 18 

−0 . 11 

37 3.09 2.86 1.18 2.82 1 . 46 + 0 . 17 
−0 . 13 5 . 98 + 0 . 70 

−0 . 50 1 . 89 + 0 . 14 
−0 . 12 2 . 30 + 0 . 38 

−0 . 27 3 . 59 + 0 . 22 
−0 . 13 8 . 10 + 0 . 73 

−0 . 52 

38 1.35 1.16 0.10 0.80 0 . 17 + 0 . 04 
−0 . 03 0 . 78 + 0 . 67 

−0 . 32 1 . 09 + 0 . 03 
−0 . 02 0 . 73 + 0 . 13 

−0 . 08 1 . 34 + 0 . 04 
−0 . 03 1 . 94 + 0 . 68 

−0 . 31 

39 0.59 0.56 — −0 . 00 0 . 52 + 0 . 07 
−0 . 05 0 . 52 + 0 . 10 

−0 . 05 0 . 23 + 0 . 02 
−0 . 02 0 . 96 + 0 . 23 

−0 . 46 0 . 84 + 0 . 07 
−0 . 07 0 . 84 + 0 . 10 

−0 . 07 

40 1.38 1.26 0.28 0.34 0 . 12 + 0 . 08 
−0 . 01 0 . 97 + 1 . 49 

−0 . 15 0 . 90 + 0 . 01 
−0 . 03 0 . 83 + 0 . 17 

−0 . 05 1 . 10 + 0 . 07 
−0 . 01 1 . 95 + 1 . 48 

−0 . 15 

41 0.85 0.61 0.05 0.21 0 . 12 + 0 . 02 
−0 . 03 0 . 47 + 0 . 06 

−0 . 19 0 . 42 + 0 . 04 
−0 . 03 1 . 78 + 0 . 49 

−0 . 58 0 . 72 + 0 . 03 
−0 . 04 1 . 07 + 0 . 06 

−0 . 20 

42 4.07 — 0.92 3.56 1 . 29 + 0 . 20 
−0 . 15 0 . 57 + 0 . 10 

−0 . 08 2 . 44 + 0 . 07 
−0 . 05 4 . 55 + 1 . 04 

−1 . 39 4 . 18 + 0 . 18 
−0 . 15 3 . 46 + 0 . 10 

−0 . 10 
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Table B2. Infrared and bolometric luminosities from the FR06 model fits. 

Infrared luminosities Bolometric luminosities 
ID L Sb L o AGN L c AGN L host L c Tot L Sb L o AGN L c AGN L h ost L c Tot 

10 12 L � 10 11 L � 10 12 L � 10 12 L � 10 11 L � 10 12 L �

1 1 . 53 + 0 . 07 
−0 . 03 0 . 48 + 0 . 11 

−0 . 09 0 . 86 + 0 . 21 
−0 . 14 1 . 42 + 0 . 45 

−0 . 34 2 . 54 + 0 . 24 
−0 . 14 1 . 53 + 0 . 07 

−0 . 03 0 . 48 + 0 . 11 
−0 . 09 1 . 23 + 0 . 36 

−0 . 21 1 . 76 + 0 . 53 
−0 . 37 2 . 93 + 0 . 39 

−0 . 18 

2 4 . 12 + 0 . 39 
−0 . 28 3 . 99 + 0 . 76 

−0 . 79 13 . 86 + 2 . 11 
−2 . 60 3 . 06 + 0 . 61 

−0 . 84 18 . 28 + 1 . 90 
−2 . 29 4 . 12 + 0 . 39 

−0 . 28 3 . 99 + 0 . 76 
−0 . 79 43 . 96 + 6 . 28 

−7 . 96 3 . 68 + 0 . 75 
−0 . 92 48 . 45 + 6 . 21 

−7 . 67 

3 0 . 73 + 0 . 04 
−0 . 03 0 . 79 + 0 . 16 

−0 . 19 1 . 55 + 0 . 35 
−0 . 38 0 . 22 + 0 . 04 

−0 . 05 2 . 29 + 0 . 32 
−0 . 35 0 . 73 + 0 . 04 

−0 . 03 0 . 79 + 0 . 16 
−0 . 19 1 . 90 + 0 . 44 

−0 . 47 0 . 56 + 0 . 11 
−0 . 13 2 . 68 + 0 . 42 

−0 . 45 

4 3 . 66 + 0 . 08 
−0 . 01 0 . 79 + 0 . 07 

−0 . 11 1 . 47 + 0 . 12 
−0 . 19 0 . 62 + 0 . 03 

−0 . 16 5 . 19 + 0 . 15 
−0 . 18 3 . 66 + 0 . 08 

−0 . 01 0 . 79 + 0 . 07 
−0 . 11 1 . 74 + 0 . 15 

−0 . 22 0 . 81 + 0 . 04 
−0 . 17 5 . 49 + 0 . 18 

−0 . 21 

5 1 . 88 + 0 . 03 
−0 . 02 0 . 18 + 0 . 04 

−0 . 05 0 . 33 + 0 . 08 
−0 . 09 0 . 50 + 0 . 06 

−0 . 18 2 . 26 + 0 . 07 
−0 . 08 1 . 88 + 0 . 03 

−0 . 02 0 . 18 + 0 . 04 
−0 . 05 0 . 40 + 0 . 11 

−0 . 11 0 . 63 + 0 . 07 
−0 . 20 2 . 34 + 0 . 09 

−0 . 10 

6 0 . 72 + 0 . 06 
−0 . 00 0 . 61 + 0 . 09 

−0 . 07 0 . 72 + 0 . 11 
−0 . 09 0 . 70 + 0 . 04 

−0 . 39 1 . 50 + 0 . 11 
−0 . 09 0 . 72 + 0 . 06 

−0 . 00 0 . 61 + 0 . 09 
−0 . 07 0 . 86 + 0 . 14 

−0 . 10 1 . 02 + 0 . 07 
−0 . 41 1 . 68 + 0 . 14 

−0 . 10 

7 1 . 03 + 0 . 17 
−0 . 03 0 . 36 + 0 . 05 

−0 . 06 0 . 73 + 0 . 11 
−0 . 13 1 . 90 + 0 . 29 

−1 . 06 1 . 96 + 0 . 13 
−0 . 08 1 . 03 + 0 . 17 

−0 . 03 0 . 36 + 0 . 05 
−0 . 06 1 . 15 + 0 . 21 

−0 . 23 2 . 47 + 0 . 26 
−0 . 95 2 . 43 + 0 . 23 

−0 . 20 

8 0 . 91 + 0 . 07 
−0 . 02 0 . 24 + 0 . 04 

−0 . 07 0 . 43 + 0 . 08 
−0 . 11 2 . 27 + 0 . 22 

−0 . 66 1 . 57 + 0 . 09 
−0 . 10 0 . 91 + 0 . 07 

−0 . 02 0 . 24 + 0 . 04 
−0 . 07 0 . 51 + 0 . 10 

−0 . 12 2 . 73 + 0 . 27 
−0 . 73 1 . 70 + 0 . 13 

−0 . 12 

9 1 . 65 + 0 . 06 
−0 . 05 2 . 84 + 0 . 29 

−0 . 38 1 . 62 + 0 . 19 
−0 . 19 0 . 00 + 0 . 00 

−0 . 00 3 . 27 + 0 . 18 
−0 . 20 1 . 66 + 0 . 06 

−0 . 05 4 . 52 + 0 . 60 
−0 . 89 1 . 76 + 0 . 25 

−0 . 35 0 . 00 + 0 . 00 
−0 . 00 3 . 42 + 0 . 25 

−0 . 36 

10 1 . 42 + 0 . 12 
−0 . 14 1 . 07 + 0 . 16 

−0 . 15 1 . 83 + 0 . 27 
−0 . 29 3 . 12 + 1 . 34 

−1 . 38 3 . 57 + 0 . 26 
−0 . 30 1 . 42 + 0 . 12 

−0 . 14 1 . 07 + 0 . 16 
−0 . 15 2 . 20 + 0 . 32 

−0 . 34 4 . 32 + 1 . 32 
−1 . 59 4 . 06 + 0 . 31 

−0 . 36 

11 0 . 67 + 0 . 06 
−0 . 13 0 . 89 + 0 . 12 

−0 . 09 3 . 84 + 0 . 32 
−0 . 52 0 . 19 + 0 . 01 

−0 . 03 4 . 54 + 0 . 24 
−0 . 50 0 . 67 + 0 . 06 

−0 . 13 0 . 89 + 0 . 12 
−0 . 09 11 . 58 + 0 . 85 

−1 . 92 0 . 41 + 0 . 02 
−0 . 06 12 . 29 + 0 . 77 

−1 . 92 

12 1 . 56 + 0 . 03 
−0 . 02 0 . 04 + 0 . 00 

−0 . 01 0 . 05 + 0 . 00 
−0 . 01 0 . 00 + 0 . 00 

−0 . 00 1 . 61 + 0 . 03 
−0 . 02 1 . 57 + 0 . 03 

−0 . 02 0 . 05 + 0 . 01 
−0 . 01 0 . 08 + 0 . 01 

−0 . 01 0 . 00 + 0 . 00 
−0 . 00 1 . 66 + 0 . 03 

−0 . 02 

13 1 . 07 + 0 . 13 
−0 . 03 0 . 46 + 0 . 09 

−0 . 09 0 . 85 + 0 . 17 
−0 . 17 1 . 65 + 0 . 34 

−0 . 88 2 . 09 + 0 . 17 
−0 . 16 1 . 07 + 0 . 13 

−0 . 03 0 . 46 + 0 . 09 
−0 . 09 1 . 01 + 0 . 20 

−0 . 20 2 . 00 + 0 . 37 
−0 . 87 2 . 29 + 0 . 21 

−0 . 19 

14 0 . 65 + 0 . 01 
−0 . 02 0 . 01 + 0 . 01 

−0 . 00 0 . 02 + 0 . 01 
−0 . 00 0 . 53 + 0 . 13 

−0 . 07 0 . 72 + 0 . 01 
−0 . 01 0 . 65 + 0 . 01 

−0 . 02 0 . 01 + 0 . 01 
−0 . 00 0 . 03 + 0 . 01 

−0 . 00 0 . 72 + 0 . 17 
−0 . 08 0 . 75 + 0 . 02 

−0 . 01 

15 1 . 10 + 0 . 02 
−0 . 02 0 . 46 + 0 . 06 

−0 . 07 0 . 88 + 0 . 12 
−0 . 13 0 . 17 + 0 . 02 

−0 . 04 1 . 99 + 0 . 10 
−0 . 11 1 . 10 + 0 . 02 

−0 . 02 0 . 46 + 0 . 06 
−0 . 07 1 . 06 + 0 . 15 

−0 . 16 0 . 42 + 0 . 05 
−0 . 10 2 . 20 + 0 . 13 

−0 . 14 

16 1 . 00 + 0 . 13 
−0 . 11 0 . 84 + 0 . 13 

−0 . 22 1 . 52 + 0 . 27 
−0 . 31 1 . 56 + 1 . 59 

−1 . 10 2 . 67 + 0 . 31 
−0 . 27 1 . 00 + 0 . 13 

−0 . 11 0 . 84 + 0 . 13 
−0 . 22 1 . 82 + 0 . 34 

−0 . 35 2 . 09 + 1 . 73 
−1 . 12 3 . 03 + 0 . 40 

−0 . 32 

17 1 . 12 + 0 . 07 
−0 . 04 0 . 14 + 0 . 06 

−0 . 05 0 . 28 + 0 . 13 
−0 . 12 1 . 56 + 0 . 54 

−0 . 95 1 . 56 + 0 . 14 
−0 . 14 1 . 12 + 0 . 07 

−0 . 04 0 . 14 + 0 . 06 
−0 . 05 0 . 35 + 0 . 18 

−0 . 16 1 . 87 + 0 . 64 
−1 . 07 1 . 66 + 0 . 20 

−0 . 18 

18 0 . 75 + 0 . 06 
−0 . 06 0 . 80 + 0 . 22 

−0 . 21 1 . 21 + 0 . 32 
−0 . 32 2 . 44 + 0 . 98 

−0 . 50 2 . 19 + 0 . 38 
−0 . 29 0 . 75 + 0 . 06 

−0 . 06 0 . 80 + 0 . 22 
−0 . 22 1 . 43 + 0 . 40 

−0 . 37 3 . 36 + 1 . 23 
−0 . 64 2 . 51 + 0 . 48 

−0 . 36 

19 1 . 65 + 0 . 08 
−0 . 02 0 . 16 + 0 . 04 

−0 . 10 0 . 31 + 0 . 07 
−0 . 23 1 . 06 + 0 . 27 

−0 . 19 2 . 07 + 0 . 08 
−0 . 17 1 . 65 + 0 . 08 

−0 . 02 0 . 16 + 0 . 04 
−0 . 10 0 . 38 + 0 . 09 

−0 . 27 1 . 62 + 0 . 32 
−0 . 27 2 . 19 + 0 . 10 

−0 . 22 

20 0 . 80 + 0 . 03 
−0 . 02 0 . 13 + 0 . 03 

−0 . 04 0 . 25 + 0 . 05 
−0 . 07 0 . 75 + 0 . 16 

−0 . 34 1 . 12 + 0 . 04 
−0 . 06 0 . 80 + 0 . 03 

−0 . 02 0 . 13 + 0 . 03 
−0 . 04 0 . 30 + 0 . 07 

−0 . 07 0 . 92 + 0 . 18 
−0 . 35 1 . 19 + 0 . 05 

−0 . 07 

21 0 . 68 + 0 . 03 
−0 . 01 0 . 35 + 0 . 05 

−0 . 05 0 . 65 + 0 . 09 
−0 . 08 0 . 32 + 0 . 11 

−0 . 10 1 . 36 + 0 . 08 
−0 . 07 0 . 68 + 0 . 03 

−0 . 01 0 . 35 + 0 . 05 
−0 . 05 0 . 77 + 0 . 11 

−0 . 10 0 . 63 + 0 . 10 
−0 . 11 1 . 51 + 0 . 10 

−0 . 08 

22 1 . 05 + 0 . 03 
−0 . 04 0 . 26 + 0 . 04 

−0 . 04 0 . 20 + 0 . 03 
−0 . 03 0 . 23 + 0 . 05 

−0 . 04 1 . 28 + 0 . 04 
−0 . 06 1 . 05 + 0 . 03 

−0 . 04 0 . 27 + 0 . 04 
−0 . 04 0 . 23 + 0 . 04 

−0 . 04 0 . 45 + 0 . 09 
−0 . 08 1 . 33 + 0 . 04 

−0 . 06 

23 2 . 81 + 0 . 15 
−0 . 17 0 . 33 + 0 . 19 

−0 . 09 0 . 63 + 0 . 42 
−0 . 17 0 . 40 + 0 . 07 

−0 . 09 3 . 48 + 0 . 28 
−0 . 09 2 . 81 + 0 . 15 

−0 . 17 0 . 33 + 0 . 19 
−0 . 09 0 . 78 + 0 . 65 

−0 . 21 0 . 84 + 0 . 12 
−0 . 20 3 . 67 + 0 . 50 

−0 . 12 

24 2 . 33 + 0 . 01 
−0 . 01 0 . 05 + 0 . 02 

−0 . 01 0 . 08 + 0 . 04 
−0 . 02 0 . 60 + 0 . 09 

−0 . 15 2 . 47 + 0 . 04 
−0 . 02 2 . 33 + 0 . 01 

−0 . 01 0 . 05 + 0 . 02 
−0 . 01 0 . 12 + 0 . 06 

−0 . 04 0 . 74 + 0 . 12 
−0 . 15 2 . 53 + 0 . 06 

−0 . 03 

25 0 . 32 + 0 . 07 
−0 . 11 0 . 63 + 0 . 15 

−0 . 11 1 . 10 + 0 . 25 
−0 . 17 2 . 57 + 1 . 21 

−0 . 80 1 . 68 + 0 . 26 
−0 . 16 0 . 32 + 0 . 07 

−0 . 11 0 . 63 + 0 . 15 
−0 . 11 1 . 32 + 0 . 30 

−0 . 20 3 . 27 + 1 . 41 
−0 . 91 1 . 96 + 0 . 34 

−0 . 20 

26 2 . 20 + 0 . 01 
−0 . 01 0 . 28 + 0 . 06 

−0 . 04 0 . 48 + 0 . 10 
−0 . 07 0 . 49 + 0 . 09 

−0 . 10 2 . 73 + 0 . 09 
−0 . 07 2 . 20 + 0 . 01 

−0 . 01 0 . 28 + 0 . 06 
−0 . 04 0 . 57 + 0 . 12 

−0 . 09 1 . 03 + 0 . 21 
−0 . 26 2 . 87 + 0 . 12 

−0 . 09 

27 1 . 65 + 0 . 11 
−0 . 08 0 . 02 + 0 . 01 

−0 . 00 0 . 01 + 0 . 05 
−0 . 00 1 . 88 + 0 . 62 

−0 . 52 1 . 85 + 0 . 18 
−0 . 10 1 . 65 + 0 . 11 

−0 . 08 0 . 02 + 0 . 01 
−0 . 00 0 . 01 + 0 . 10 

−0 . 00 2 . 25 + 0 . 75 
−0 . 58 1 . 89 + 0 . 25 

−0 . 10 

28 2 . 72 + 0 . 10 
−0 . 08 0 . 84 + 0 . 13 

−0 . 17 1 . 55 + 0 . 24 
−0 . 30 2 . 17 + 0 . 64 

−0 . 49 4 . 49 + 0 . 23 
−0 . 23 2 . 72 + 0 . 10 

−0 . 08 0 . 84 + 0 . 13 
−0 . 17 1 . 84 + 0 . 29 

−0 . 35 2 . 66 + 0 . 75 
−0 . 47 4 . 83 + 0 . 28 

−0 . 28 

29 1 . 63 + 0 . 03 
−0 . 02 0 . 05 + 0 . 01 

−0 . 02 0 . 05 + 0 . 01 
−0 . 01 0 . 14 + 0 . 03 

−0 . 02 1 . 69 + 0 . 03 
−0 . 02 1 . 63 + 0 . 03 

−0 . 02 0 . 05 + 0 . 01 
−0 . 02 0 . 06 + 0 . 03 

−0 . 02 0 . 26 + 0 . 06 
−0 . 04 1 . 72 + 0 . 04 

−0 . 02 

30 0 . 55 + 0 . 01 
−0 . 03 0 . 37 + 0 . 03 

−0 . 05 0 . 67 + 0 . 06 
−0 . 08 0 . 36 + 0 . 08 

−0 . 03 1 . 26 + 0 . 05 
−0 . 09 0 . 55 + 0 . 01 

−0 . 03 0 . 37 + 0 . 03 
−0 . 05 0 . 80 + 0 . 07 

−0 . 10 0 . 84 + 0 . 14 
−0 . 08 1 . 43 + 0 . 07 

−0 . 11 

31 0 . 73 + 0 . 02 
−0 . 01 0 . 18 + 0 . 03 

−0 . 04 0 . 32 + 0 . 05 
−0 . 06 0 . 92 + 0 . 12 

−0 . 27 1 . 14 + 0 . 05 
−0 . 06 0 . 73 + 0 . 02 

−0 . 01 0 . 18 + 0 . 03 
−0 . 04 0 . 38 + 0 . 07 

−0 . 07 1 . 41 + 0 . 13 
−0 . 32 1 . 25 + 0 . 06 

−0 . 07 

32 0 . 56 + 0 . 02 
−0 . 04 0 . 15 + 0 . 02 

−0 . 04 0 . 31 + 0 . 04 
−0 . 06 0 . 86 + 0 . 38 

−0 . 16 0 . 95 + 0 . 04 
−0 . 06 0 . 56 + 0 . 02 

−0 . 04 0 . 15 + 0 . 02 
−0 . 04 0 . 38 + 0 . 05 

−0 . 08 1 . 36 + 0 . 29 
−0 . 19 1 . 07 + 0 . 05 

−0 . 08 

33 1 . 16 + 0 . 03 
−0 . 02 0 . 24 + 0 . 06 

−0 . 04 0 . 47 + 0 . 12 
−0 . 07 0 . 91 + 0 . 17 

−0 . 29 1 . 72 + 0 . 10 
−0 . 06 1 . 16 + 0 . 03 

−0 . 02 0 . 24 + 0 . 06 
−0 . 04 0 . 57 + 0 . 14 

−0 . 08 1 . 15 + 0 . 20 
−0 . 32 1 . 85 + 0 . 14 

−0 . 07 

34 1 . 14 + 0 . 09 
−0 . 07 0 . 24 + 0 . 09 

−0 . 10 0 . 45 + 0 . 15 
−0 . 20 2 . 85 + 0 . 73 

−1 . 29 1 . 88 + 0 . 14 
−0 . 25 1 . 14 + 0 . 09 

−0 . 07 0 . 24 + 0 . 09 
−0 . 10 0 . 54 + 0 . 17 

−0 . 24 3 . 51 + 0 . 83 
−1 . 40 2 . 04 + 0 . 17 

−0 . 31 

35 1 . 04 + 0 . 01 
−0 . 03 0 . 13 + 0 . 03 

−0 . 03 0 . 25 + 0 . 06 
−0 . 06 0 . 37 + 0 . 32 

−0 . 04 1 . 32 + 0 . 07 
−0 . 05 1 . 04 + 0 . 01 

−0 . 03 0 . 13 + 0 . 03 
−0 . 03 0 . 30 + 0 . 08 

−0 . 07 0 . 73 + 0 . 32 
−0 . 08 1 . 41 + 0 . 08 

−0 . 06 

36 0 . 72 + 0 . 01 
−0 . 01 0 . 06 + 0 . 01 

−0 . 01 0 . 08 + 0 . 02 
−0 . 01 1 . 05 + 0 . 15 

−0 . 08 0 . 90 + 0 . 02 
−0 . 01 0 . 72 + 0 . 01 

−0 . 01 0 . 06 + 0 . 01 
−0 . 01 0 . 10 + 0 . 02 

−0 . 01 1 . 32 + 0 . 18 
−0 . 10 0 . 95 + 0 . 03 

−0 . 01 

37 1 . 65 + 0 . 04 
−0 . 03 1 . 64 + 0 . 18 

−0 . 16 2 . 57 + 0 . 28 
−0 . 25 1 . 95 + 0 . 36 

−0 . 19 4 . 41 + 0 . 27 
−0 . 23 1 . 65 + 0 . 04 

−0 . 03 1 . 64 + 0 . 18 
−0 . 16 3 . 09 + 0 . 35 

−0 . 28 3 . 11 + 0 . 55 
−0 . 31 5 . 05 + 0 . 36 

−0 . 27 

38 0 . 95 + 0 . 02 
−0 . 04 0 . 24 + 0 . 04 

−0 . 03 0 . 43 + 0 . 09 
−0 . 06 1 . 09 + 0 . 44 

−0 . 14 1 . 49 + 0 . 09 
−0 . 06 0 . 95 + 0 . 02 

−0 . 04 0 . 24 + 0 . 04 
−0 . 03 0 . 51 + 0 . 11 

−0 . 07 1 . 42 + 0 . 45 
−0 . 16 1 . 60 + 0 . 11 

−0 . 07 

39 0 . 15 + 0 . 02 
−0 . 03 0 . 57 + 0 . 05 

−0 . 05 0 . 52 + 0 . 05 
−0 . 04 0 . 87 + 0 . 12 

−0 . 14 0 . 76 + 0 . 03 
−0 . 04 0 . 15 + 0 . 02 

−0 . 03 0 . 57 + 0 . 05 
−0 . 05 0 . 71 + 0 . 10 

−0 . 07 1 . 31 + 0 . 16 
−0 . 16 0 . 99 + 0 . 09 

−0 . 07 

40 0 . 97 + 0 . 01 
−0 . 00 0 . 01 + 0 . 00 

−0 . 00 0 . 03 + 0 . 01 
−0 . 00 0 . 82 + 0 . 12 

−0 . 06 1 . 09 + 0 . 02 
−0 . 00 0 . 97 + 0 . 01 

−0 . 00 0 . 01 + 0 . 00 
−0 . 00 0 . 06 + 0 . 02 

−0 . 01 1 . 00 + 0 . 15 
−0 . 08 1 . 14 + 0 . 03 

−0 . 01 

41 0 . 35 + 0 . 02 
−0 . 02 0 . 16 + 0 . 03 

−0 . 03 0 . 31 + 0 . 07 
−0 . 05 1 . 65 + 0 . 31 

−0 . 25 0 . 82 + 0 . 08 
−0 . 05 0 . 35 + 0 . 02 

−0 . 02 0 . 16 + 0 . 03 
−0 . 03 0 . 38 + 0 . 09 

−0 . 06 2 . 02 + 0 . 38 
−0 . 29 0 . 93 + 0 . 10 

−0 . 07 

42 2 . 88 + 0 . 03 
−0 . 05 0 . 66 + 0 . 09 

−0 . 05 0 . 62 + 0 . 08 
−0 . 05 0 . 75 + 0 . 42 

−0 . 40 3 . 57 + 0 . 07 
−0 . 06 2 . 88 + 0 . 03 

−0 . 05 1 . 41 + 0 . 18 
−0 . 13 0 . 82 + 0 . 10 

−0 . 08 1 . 83 + 0 . 91 
−0 . 98 3 . 88 + 0 . 09 

−0 . 09 
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Table B3. Infrared and bolometric luminosities from the SKIRTOR model fits. 

Infrared luminosities Bolometric luminosities 
ID L Sb L o AGN L c AGN L host L c Tot L Sb L o AGN L c AGN L host L c Tot 

10 12 L � 10 11 L � 10 12 L � 10 12 L � 10 11 L � 10 12 L �

1 1 . 48 + 0 . 07 
−0 . 03 0 . 05 + 0 . 02 

−0 . 03 0 . 09 + 0 . 05 
−0 . 04 1 . 39 + 0 . 35 

−0 . 28 1 . 71 + 0 . 10 
−0 . 05 1 . 48 + 0 . 07 

−0 . 03 0 . 05 + 0 . 02 
−0 . 03 0 . 17 + 0 . 20 

−0 . 08 1 . 72 + 0 . 42 
−0 . 32 1 . 82 + 0 . 24 

−0 . 09 

2 6 . 64 + 0 . 35 
−0 . 26 2 . 27 + 0 . 79 

−0 . 43 14 . 15 + 6 . 14 
−3 . 30 1 . 52 + 1 . 37 

−0 . 58 20 . 95 + 5 . 96 
−3 . 01 6 . 64 + 0 . 35 

−0 . 26 2 . 27 + 0 . 79 
−0 . 43 80 . 78 + 34 . 20 

−19 . 33 2 . 16 + 1 . 53 
−0 . 66 87 . 64 + 34 . 03 

−19 . 04 

3 0 . 80 + 0 . 01 
−0 . 00 0 . 55 + 0 . 03 

−0 . 07 0 . 73 + 0 . 04 
−0 . 09 0 . 23 + 0 . 03 

−0 . 03 1 . 55 + 0 . 04 
−0 . 09 0 . 80 + 0 . 01 

−0 . 00 0 . 55 + 0 . 03 
−0 . 07 0 . 77 + 0 . 04 

−0 . 10 0 . 57 + 0 . 07 
−0 . 08 1 . 63 + 0 . 04 

−0 . 10 

4 3 . 79 + 0 . 10 
−0 . 04 0 . 05 + 0 . 00 

−0 . 01 0 . 07 + 0 . 00 
−0 . 01 0 . 51 + 0 . 18 

−0 . 09 3 . 91 + 0 . 11 
−0 . 05 3 . 79 + 0 . 10 

−0 . 04 0 . 05 + 0 . 00 
−0 . 01 0 . 07 + 0 . 01 

−0 . 01 0 . 69 + 0 . 20 
−0 . 10 3 . 93 + 0 . 12 

−0 . 05 

5 2 . 04 + 0 . 02 
−0 . 02 0 . 12 + 0 . 02 

−0 . 04 0 . 15 + 0 . 04 
−0 . 05 0 . 60 + 0 . 15 

−0 . 13 2 . 25 + 0 . 06 
−0 . 05 2 . 04 + 0 . 02 

−0 . 02 0 . 12 + 0 . 02 
−0 . 04 0 . 16 + 0 . 10 

−0 . 06 0 . 73 + 0 . 18 
−0 . 14 2 . 27 + 0 . 10 

−0 . 06 

6 0 . 99 + 0 . 01 
−0 . 03 0 . 20 + 0 . 04 

−0 . 02 0 . 16 + 0 . 04 
−0 . 01 0 . 48 + 0 . 25 

−0 . 07 1 . 20 + 0 . 03 
−0 . 02 0 . 99 + 0 . 01 

−0 . 03 0 . 20 + 0 . 04 
−0 . 02 0 . 20 + 0 . 05 

−0 . 02 0 . 77 + 0 . 26 
−0 . 08 1 . 27 + 0 . 05 

−0 . 03 

7 1 . 07 + 0 . 63 
−0 . 12 0 . 22 + 0 . 19 

−0 . 21 0 . 51 + 0 . 90 
−0 . 49 2 . 23 + 1 . 81 

−2 . 23 1 . 81 + 0 . 87 
−0 . 44 1 . 07 + 0 . 64 

−0 . 12 0 . 22 + 0 . 19 
−0 . 21 1 . 13 + 4 . 63 

−1 . 10 2 . 70 + 2 . 42 
−2 . 70 2 . 48 + 4 . 63 

−1 . 01 

8 1 . 17 + 0 . 03 
−0 . 02 0 . 11 + 0 . 02 

−0 . 01 0 . 15 + 0 . 02 
−0 . 02 1 . 43 + 0 . 35 

−0 . 38 1 . 46 + 0 . 03 
−0 . 02 1 . 17 + 0 . 03 

−0 . 02 0 . 11 + 0 . 02 
−0 . 01 0 . 16 + 0 . 03 

−0 . 02 2 . 22 + 0 . 36 
−0 . 54 1 . 55 + 0 . 04 

−0 . 05 

9 1 . 98 + 0 . 03 
−0 . 09 2 . 30 + 0 . 41 

−0 . 19 2 . 13 + 0 . 56 
−0 . 20 0 . 00 + 0 . 00 

−0 . 00 4 . 11 + 0 . 54 
−0 . 26 1 . 99 + 0 . 04 

−0 . 09 5 . 19 + 0 . 80 
−0 . 37 9 . 08 + 2 . 34 

−2 . 25 0 . 00 + 0 . 00 
−0 . 00 11 . 07 + 2 . 33 

−2 . 29 

10 1 . 91 + 0 . 04 
−0 . 02 0 . 47 + 0 . 08 

−0 . 08 0 . 61 + 0 . 10 
−0 . 10 0 . 94 + 0 . 15 

−0 . 23 2 . 61 + 0 . 11 
−0 . 10 1 . 93 + 0 . 04 

−0 . 02 0 . 47 + 0 . 08 
−0 . 08 0 . 65 + 0 . 11 

−0 . 11 2 . 18 + 0 . 51 
−0 . 62 2 . 80 + 0 . 12 

−0 . 12 

11 1 . 27 + 0 . 03 
−0 . 02 0 . 15 + 0 . 04 

−0 . 03 0 . 48 + 0 . 21 
−0 . 12 0 . 17 + 0 . 02 

−0 . 02 1 . 77 + 0 . 20 
−0 . 11 1 . 27 + 0 . 03 

−0 . 02 0 . 15 + 0 . 04 
−0 . 03 1 . 24 + 1 . 02 

−0 . 40 0 . 39 + 0 . 04 
−0 . 04 2 . 55 + 1 . 01 

−0 . 39 

12 1 . 47 + 0 . 01 
−0 . 02 0 . 10 + 0 . 02 

−0 . 01 0 . 12 + 0 . 02 
−0 . 01 0 . 29 + 0 . 08 

−0 . 05 1 . 62 + 0 . 02 
−0 . 02 1 . 48 + 0 . 01 

−0 . 02 0 . 10 + 0 . 02 
−0 . 01 0 . 13 + 0 . 02 

−0 . 01 0 . 59 + 0 . 16 
−0 . 10 1 . 67 + 0 . 03 

−0 . 02 

13 1 . 40 + 0 . 02 
−0 . 01 0 . 14 + 0 . 02 

−0 . 03 0 . 19 + 0 . 03 
−0 . 04 0 . 70 + 0 . 12 

−0 . 15 1 . 66 + 0 . 04 
−0 . 04 1 . 40 + 0 . 02 

−0 . 01 0 . 14 + 0 . 02 
−0 . 03 0 . 21 + 0 . 03 

−0 . 04 1 . 05 + 0 . 16 
−0 . 20 1 . 72 + 0 . 05 

−0 . 04 

14 0 . 85 + 0 . 04 
−0 . 01 0 . 08 + 0 . 01 

−0 . 02 0 . 11 + 0 . 02 
−0 . 02 1 . 42 + 0 . 14 

−0 . 21 1 . 11 + 0 . 03 
−0 . 02 0 . 85 + 0 . 04 

−0 . 01 0 . 08 + 0 . 01 
−0 . 02 0 . 12 + 0 . 02 

−0 . 02 1 . 70 + 0 . 17 
−0 . 24 1 . 14 + 0 . 03 

−0 . 03 

15 1 . 24 + 0 . 02 
−0 . 03 0 . 15 + 0 . 01 

−0 . 02 0 . 20 + 0 . 02 
−0 . 02 0 . 13 + 0 . 06 

−0 . 03 1 . 45 + 0 . 02 
−0 . 03 1 . 24 + 0 . 02 

−0 . 03 0 . 15 + 0 . 01 
−0 . 02 0 . 21 + 0 . 02 

−0 . 03 0 . 28 + 0 . 11 
−0 . 06 1 . 48 + 0 . 02 

−0 . 03 

16 1 . 39 + 0 . 00 
−0 . 01 0 . 53 + 0 . 07 

−0 . 06 0 . 70 + 0 . 09 
−0 . 08 0 . 55 + 0 . 11 

−0 . 06 2 . 14 + 0 . 09 
−0 . 09 1 . 39 + 0 . 00 

−0 . 01 0 . 53 + 0 . 07 
−0 . 06 0 . 75 + 0 . 10 

−0 . 09 1 . 14 + 0 . 23 
−0 . 11 2 . 25 + 0 . 10 

−0 . 09 

17 1 . 56 + 0 . 03 
−0 . 03 0 . 06 + 0 . 01 

−0 . 01 0 . 09 + 0 . 02 
−0 . 01 1 . 49 + 0 . 35 

−0 . 33 1 . 80 + 0 . 03 
−0 . 01 1 . 56 + 0 . 03 

−0 . 03 0 . 06 + 0 . 01 
−0 . 01 0 . 09 + 0 . 02 

−0 . 01 1 . 77 + 0 . 42 
−0 . 37 1 . 83 + 0 . 03 

−0 . 02 

18 0 . 71 + 0 . 02 
−0 . 04 0 . 64 + 0 . 21 

−0 . 10 0 . 84 + 0 . 27 
−0 . 13 2 . 57 + 0 . 93 

−0 . 49 1 . 81 + 0 . 32 
−0 . 17 0 . 71 + 0 . 02 

−0 . 04 0 . 64 + 0 . 21 
−0 . 10 0 . 90 + 0 . 29 

−0 . 14 3 . 60 + 1 . 18 
−0 . 68 1 . 97 + 0 . 37 

−0 . 20 

19 1 . 81 + 0 . 05 
−0 . 03 0 . 08 + 0 . 01 

−0 . 01 0 . 11 + 0 . 01 
−0 . 01 0 . 89 + 0 . 51 

−0 . 17 2 . 01 + 0 . 04 
−0 . 02 1 . 81 + 0 . 05 

−0 . 03 0 . 08 + 0 . 01 
−0 . 01 0 . 12 + 0 . 01 

−0 . 02 1 . 46 + 0 . 54 
−0 . 21 2 . 08 + 0 . 05 

−0 . 02 

20 0 . 96 + 0 . 03 
−0 . 04 0 . 06 + 0 . 01 

−0 . 01 0 . 08 + 0 . 01 
−0 . 01 0 . 74 + 0 . 39 

−0 . 27 1 . 12 + 0 . 01 
−0 . 01 0 . 96 + 0 . 03 

−0 . 04 0 . 06 + 0 . 01 
−0 . 01 0 . 09 + 0 . 01 

−0 . 01 0 . 98 + 0 . 39 
−0 . 23 1 . 15 + 0 . 03 

−0 . 01 

21 0 . 88 + 0 . 02 
−0 . 01 0 . 06 + 0 . 01 

−0 . 01 0 . 08 + 0 . 02 
−0 . 01 0 . 22 + 0 . 03 

−0 . 02 0 . 99 + 0 . 02 
−0 . 01 0 . 88 + 0 . 02 

−0 . 01 0 . 06 + 0 . 01 
−0 . 01 0 . 09 + 0 . 02 

−0 . 01 0 . 52 + 0 . 07 
−0 . 05 1 . 03 + 0 . 03 

−0 . 01 

22 1 . 11 + 0 . 02 
−0 . 01 0 . 15 + 0 . 03 

−0 . 02 0 . 12 + 0 . 03 
−0 . 01 0 . 22 + 0 . 05 

−0 . 04 1 . 25 + 0 . 03 
−0 . 01 1 . 11 + 0 . 02 

−0 . 01 0 . 15 + 0 . 03 
−0 . 02 0 . 13 + 0 . 04 

−0 . 02 0 . 44 + 0 . 09 
−0 . 07 1 . 29 + 0 . 04 

−0 . 02 

23 2 . 74 + 0 . 04 
−0 . 04 0 . 10 + 0 . 03 

−0 . 02 0 . 13 + 0 . 04 
−0 . 03 0 . 38 + 0 . 08 

−0 . 04 2 . 91 + 0 . 04 
−0 . 04 2 . 75 + 0 . 04 

−0 . 04 0 . 10 + 0 . 03 
−0 . 02 0 . 14 + 0 . 05 

−0 . 03 0 . 93 + 0 . 19 
−0 . 11 2 . 98 + 0 . 06 

−0 . 04 

24 2 . 10 + 0 . 01 
−0 . 02 0 . 04 + 0 . 01 

−0 . 01 0 . 05 + 0 . 01 
−0 . 02 0 . 93 + 0 . 12 

−0 . 15 2 . 25 + 0 . 01 
−0 . 03 2 . 11 + 0 . 01 

−0 . 02 0 . 04 + 0 . 01 
−0 . 01 0 . 06 + 0 . 01 

−0 . 02 1 . 12 + 0 . 15 
−0 . 16 2 . 28 + 0 . 01 

−0 . 04 

25 0 . 77 + 0 . 04 
−0 . 05 0 . 17 + 0 . 04 

−0 . 07 0 . 24 + 0 . 05 
−0 . 12 1 . 58 + 0 . 45 

−0 . 52 1 . 17 + 0 . 05 
−0 . 13 0 . 77 + 0 . 04 

−0 . 05 0 . 17 + 0 . 04 
−0 . 07 0 . 28 + 0 . 06 

−0 . 14 2 . 28 + 0 . 56 
−0 . 73 1 . 29 + 0 . 08 

−0 . 16 

26 2 . 23 + 0 . 04 
−0 . 02 0 . 12 + 0 . 02 

−0 . 02 0 . 16 + 0 . 02 
−0 . 03 0 . 52 + 0 . 12 

−0 . 09 2 . 44 + 0 . 06 
−0 . 03 2 . 23 + 0 . 04 

−0 . 02 0 . 12 + 0 . 02 
−0 . 02 0 . 17 + 0 . 03 

−0 . 03 1 . 20 + 0 . 39 
−0 . 23 2 . 52 + 0 . 08 

−0 . 04 

27 1 . 64 + 0 . 09 
−0 . 14 0 . 02 + 0 . 01 

−0 . 00 0 . 02 + 0 . 01 
−0 . 00 2 . 01 + 0 . 69 

−0 . 87 1 . 86 + 0 . 15 
−0 . 19 1 . 64 + 0 . 09 

−0 . 14 0 . 02 + 0 . 01 
−0 . 00 0 . 02 + 0 . 02 

−0 . 00 2 . 40 + 0 . 82 
−1 . 04 1 . 91 + 0 . 16 

−0 . 21 

28 2 . 97 + 0 . 02 
−0 . 01 0 . 30 + 0 . 03 

−0 . 03 0 . 66 + 0 . 08 
−0 . 06 1 . 37 + 0 . 13 

−0 . 30 3 . 77 + 0 . 08 
−0 . 07 2 . 97 + 0 . 02 

−0 . 01 0 . 30 + 0 . 03 
−0 . 03 1 . 20 + 0 . 17 

−0 . 11 1 . 88 + 0 . 17 
−0 . 37 4 . 35 + 0 . 17 

−0 . 12 

29 1 . 45 + 0 . 01 
−0 . 00 0 . 06 + 0 . 01 

−0 . 01 0 . 07 + 0 . 02 
−0 . 01 0 . 30 + 0 . 06 

−0 . 12 1 . 55 + 0 . 02 
−0 . 02 1 . 45 + 0 . 01 

−0 . 00 0 . 06 + 0 . 01 
−0 . 01 0 . 08 + 0 . 02 

−0 . 01 0 . 50 + 0 . 07 
−0 . 14 1 . 58 + 0 . 02 

−0 . 02 

30 0 . 66 + 0 . 01 
−0 . 02 0 . 01 + 0 . 00 

−0 . 00 0 . 02 + 0 . 00 
−0 . 00 0 . 53 + 0 . 12 

−0 . 09 0 . 74 + 0 . 01 
−0 . 02 0 . 66 + 0 . 01 

−0 . 02 0 . 01 + 0 . 00 
−0 . 00 0 . 04 + 0 . 01 

−0 . 01 0 . 97 + 0 . 16 
−0 . 13 0 . 80 + 0 . 02 

−0 . 03 

31 0 . 87 + 0 . 00 
−0 . 00 0 . 08 + 0 . 01 

−0 . 01 0 . 11 + 0 . 01 
−0 . 01 0 . 36 + 0 . 04 

−0 . 03 1 . 01 + 0 . 02 
−0 . 01 0 . 87 + 0 . 00 

−0 . 00 0 . 08 + 0 . 01 
−0 . 01 0 . 11 + 0 . 02 

−0 . 01 0 . 85 + 0 . 10 
−0 . 08 1 . 07 + 0 . 02 

−0 . 02 

32 0 . 71 + 0 . 01 
−0 . 02 0 . 11 + 0 . 02 

−0 . 01 0 . 14 + 0 . 03 
−0 . 02 0 . 99 + 0 . 25 

−0 . 22 0 . 95 + 0 . 03 
−0 . 04 0 . 71 + 0 . 01 

−0 . 02 0 . 11 + 0 . 02 
−0 . 01 0 . 15 + 0 . 03 

−0 . 02 1 . 44 + 0 . 26 
−0 . 20 1 . 01 + 0 . 04 

−0 . 04 

33 1 . 13 + 0 . 04 
−0 . 04 0 . 09 + 0 . 02 

−0 . 03 0 . 12 + 0 . 02 
−0 . 03 0 . 13 + 0 . 06 

−0 . 04 1 . 26 + 0 . 03 
−0 . 05 1 . 13 + 0 . 04 

−0 . 04 0 . 09 + 0 . 02 
−0 . 03 0 . 12 + 0 . 02 

−0 . 04 0 . 28 + 0 . 09 
−0 . 08 1 . 28 + 0 . 03 

−0 . 05 

34 1 . 43 + 0 . 05 
−0 . 08 0 . 10 + 0 . 02 

−0 . 03 0 . 14 + 0 . 03 
−0 . 05 2 . 28 + 0 . 44 

−0 . 83 1 . 80 + 0 . 05 
−0 . 11 1 . 43 + 0 . 05 

−0 . 08 0 . 10 + 0 . 02 
−0 . 03 0 . 15 + 0 . 04 

−0 . 05 3 . 01 + 0 . 40 
−1 . 20 1 . 88 + 0 . 04 

−0 . 15 

35 1 . 19 + 0 . 01 
−0 . 01 0 . 06 + 0 . 01 

−0 . 01 0 . 08 + 0 . 01 
−0 . 01 0 . 41 + 0 . 24 

−0 . 05 1 . 31 + 0 . 02 
−0 . 01 1 . 19 + 0 . 01 

−0 . 01 0 . 06 + 0 . 01 
−0 . 01 0 . 08 + 0 . 01 

−0 . 01 0 . 77 + 0 . 26 
−0 . 05 1 . 35 + 0 . 02 

−0 . 01 

36 0 . 71 + 0 . 02 
−0 . 08 0 . 03 + 0 . 03 

−0 . 00 0 . 03 + 0 . 16 
−0 . 00 0 . 99 + 0 . 45 

−0 . 25 0 . 84 + 0 . 07 
−0 . 02 0 . 71 + 0 . 02 

−0 . 09 0 . 03 + 0 . 03 
−0 . 00 0 . 04 + 0 . 68 

−0 . 01 1 . 27 + 0 . 51 
−0 . 31 0 . 88 + 0 . 57 

−0 . 03 

37 2 . 43 + 0 . 03 
−0 . 12 0 . 72 + 0 . 13 

−0 . 10 0 . 68 + 0 . 12 
−0 . 08 1 . 01 + 0 . 12 

−0 . 15 3 . 20 + 0 . 11 
−0 . 11 2 . 43 + 0 . 03 

−0 . 12 0 . 72 + 0 . 13 
−0 . 10 0 . 79 + 0 . 14 

−0 . 11 2 . 20 + 0 . 30 
−0 . 34 3 . 45 + 0 . 13 

−0 . 15 

38 1 . 27 + 0 . 02 
−0 . 06 0 . 09 + 0 . 04 

−0 . 01 0 . 12 + 0 . 13 
−0 . 01 0 . 39 + 0 . 16 

−0 . 06 1 . 43 + 0 . 08 
−0 . 03 1 . 27 + 0 . 02 

−0 . 06 0 . 09 + 0 . 04 
−0 . 01 0 . 13 + 0 . 28 

−0 . 02 0 . 76 + 0 . 16 
−0 . 09 1 . 48 + 0 . 24 

−0 . 03 

39 0 . 21 + 0 . 01 
−0 . 02 0 . 56 + 0 . 07 

−0 . 07 0 . 70 + 0 . 09 
−0 . 09 0 . 43 + 0 . 15 

−0 . 07 0 . 95 + 0 . 09 
−0 . 08 0 . 21 + 0 . 01 

−0 . 02 0 . 56 + 0 . 07 
−0 . 07 1 . 60 + 0 . 19 

−0 . 23 0 . 90 + 0 . 30 
−0 . 20 1 . 90 + 0 . 19 

−0 . 21 

40 1 . 08 + 0 . 01 
−0 . 00 0 . 01 + 0 . 00 

−0 . 00 0 . 03 + 0 . 01 
−0 . 00 0 . 21 + 0 . 03 

−0 . 01 1 . 13 + 0 . 01 
−0 . 00 1 . 08 + 0 . 01 

−0 . 00 0 . 01 + 0 . 00 
−0 . 00 0 . 04 + 0 . 03 

−0 . 00 0 . 42 + 0 . 06 
−0 . 03 1 . 17 + 0 . 03 

−0 . 00 

41 0 . 43 + 0 . 01 
−0 . 01 0 . 02 + 0 . 00 

−0 . 00 0 . 02 + 0 . 00 
−0 . 00 0 . 96 + 0 . 14 

−0 . 13 0 . 55 + 0 . 01 
−0 . 01 0 . 43 + 0 . 01 

−0 . 01 0 . 02 + 0 . 00 
−0 . 00 0 . 02 + 0 . 00 

−0 . 00 1 . 30 + 0 . 15 
−0 . 16 0 . 59 + 0 . 01 

−0 . 01 

42 2 . 75 + 0 . 05 
−0 . 03 0 . 71 + 0 . 08 

−0 . 11 0 . 62 + 0 . 07 
−0 . 09 1 . 47 + 0 . 36 

−0 . 62 3 . 52 + 0 . 07 
−0 . 12 2 . 75 + 0 . 05 

−0 . 03 1 . 69 + 0 . 21 
−0 . 22 2 . 16 + 0 . 52 

−0 . 26 2 . 19 + 0 . 31 
−0 . 79 5 . 13 + 0 . 52 

−0 . 27 
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Table B4. Infrared and bolometric luminosities from the Siebenmorgen15 model fits. 

Infrared luminosities Bolometric luminosities 
ID L Sb L o AGN L c AGN L host L c Tot L Sb L o AGN L c AGN L host L c Tot 

10 12 L � 10 11 L � 10 12 L � 10 12 L � 10 11 L � 10 12 L �

1 1 . 72 + 0 . 07 
−0 . 06 0 . 27 + 0 . 10 

−0 . 09 0 . 21 + 0 . 07 
−0 . 06 0 . 74 + 0 . 33 

−0 . 29 2 . 00 + 0 . 10 
−0 . 07 1 . 72 + 0 . 07 

−0 . 06 0 . 27 + 0 . 10 
−0 . 09 0 . 21 + 0 . 07 

−0 . 06 1 . 04 + 0 . 39 
−0 . 31 2 . 03 + 0 . 11 

−0 . 07 

2 10 . 01 + 0 . 22 
−0 . 13 0 . 62 + 0 . 07 

−0 . 13 0 . 53 + 0 . 06 
−0 . 12 0 . 55 + 0 . 66 

−0 . 21 10 . 60 + 0 . 16 
−0 . 14 10 . 01 + 0 . 22 

−0 . 13 0 . 65 + 0 . 07 
−0 . 12 0 . 81 + 0 . 08 

−0 . 19 0 . 99 + 0 . 64 
−0 . 36 10 . 92 + 0 . 14 

−0 . 17 

3 1 . 07 + 0 . 06 
−0 . 04 0 . 71 + 0 . 09 

−0 . 09 0 . 91 + 0 . 12 
−0 . 13 0 . 03 + 0 . 03 

−0 . 03 1 . 99 + 0 . 09 
−0 . 11 1 . 07 + 0 . 06 

−0 . 04 0 . 76 + 0 . 10 
−0 . 09 1 . 12 + 0 . 15 

−0 . 14 0 . 08 + 0 . 08 
−0 . 07 2 . 20 + 0 . 11 

−0 . 13 

4 2 . 72 + 0 . 19 
−0 . 11 1 . 35 + 0 . 13 

−0 . 25 1 . 29 + 0 . 12 
−0 . 29 0 . 00 + 0 . 00 

−0 . 00 4 . 01 + 0 . 06 
−0 . 17 2 . 73 + 0 . 18 

−0 . 11 1 . 35 + 0 . 13 
−0 . 25 1 . 29 + 0 . 12 

−0 . 29 0 . 00 + 0 . 00 
−0 . 00 4 . 02 + 0 . 06 

−0 . 18 

5 2 . 02 + 0 . 02 
−0 . 03 0 . 40 + 0 . 05 

−0 . 04 0 . 50 + 0 . 06 
−0 . 05 0 . 15 + 0 . 02 

−0 . 02 2 . 53 + 0 . 04 
−0 . 04 2 . 02 + 0 . 02 

−0 . 03 0 . 40 + 0 . 05 
−0 . 04 0 . 51 + 0 . 06 

−0 . 05 0 . 26 + 0 . 02 
−0 . 03 2 . 56 + 0 . 04 

−0 . 04 

6 0 . 80 + 0 . 17 
−0 . 04 0 . 61 + 0 . 06 

−0 . 20 0 . 43 + 0 . 05 
−0 . 14 0 . 31 + 0 . 05 

−0 . 04 1 . 26 + 0 . 08 
−0 . 03 0 . 80 + 0 . 17 

−0 . 04 0 . 61 + 0 . 06 
−0 . 20 0 . 43 + 0 . 05 

−0 . 14 0 . 60 + 0 . 07 
−0 . 09 1 . 29 + 0 . 08 

−0 . 03 

7 1 . 46 + 0 . 04 
−0 . 03 0 . 05 + 0 . 01 

−0 . 01 0 . 04 + 0 . 00 
−0 . 01 0 . 16 + 0 . 13 

−0 . 13 1 . 52 + 0 . 02 
−0 . 01 1 . 46 + 0 . 04 

−0 . 03 0 . 11 + 0 . 07 
−0 . 03 0 . 13 + 0 . 04 

−0 . 03 0 . 22 + 0 . 18 
−0 . 18 1 . 61 + 0 . 06 

−0 . 03 

8 1 . 05 + 0 . 03 
−0 . 02 0 . 22 + 0 . 03 

−0 . 03 0 . 21 + 0 . 03 
−0 . 04 2 . 02 + 0 . 23 

−0 . 30 1 . 46 + 0 . 03 
−0 . 04 1 . 05 + 0 . 03 

−0 . 02 0 . 22 + 0 . 03 
−0 . 03 0 . 21 + 0 . 03 

−0 . 04 2 . 68 + 0 . 32 
−0 . 44 1 . 53 + 0 . 04 

−0 . 06 

9 0 . 40 + 0 . 42 
−0 . 16 3 . 14 + 0 . 77 

−0 . 37 2 . 71 + 0 . 66 
−0 . 33 9 . 10 + 1 . 64 

−4 . 71 4 . 03 + 0 . 64 
−0 . 36 0 . 40 + 0 . 42 

−0 . 16 3 . 31 + 0 . 82 
−0 . 39 4 . 14 + 1 . 01 

−0 . 52 12 . 92 + 2 . 25 
−6 . 79 5 . 83 + 0 . 92 

−0 . 72 

10 2 . 24 + 0 . 08 
−0 . 08 0 . 53 + 0 . 03 

−0 . 14 0 . 75 + 0 . 07 
−0 . 28 0 . 84 + 0 . 29 

−0 . 24 3 . 08 + 0 . 06 
−0 . 24 2 . 26 + 0 . 08 

−0 . 09 0 . 54 + 0 . 03 
−0 . 13 1 . 00 + 0 . 14 

−0 . 40 1 . 80 + 0 . 72 
−0 . 61 3 . 44 + 0 . 13 

−0 . 37 

11 1 . 23 + 0 . 07 
−0 . 07 0 . 30 + 0 . 09 

−0 . 07 0 . 25 + 0 . 07 
−0 . 07 0 . 18 + 0 . 01 

−0 . 02 1 . 50 + 0 . 02 
−0 . 02 1 . 23 + 0 . 07 

−0 . 07 0 . 30 + 0 . 09 
−0 . 07 0 . 25 + 0 . 07 

−0 . 07 0 . 41 + 0 . 03 
−0 . 03 1 . 53 + 0 . 02 

−0 . 02 

12 1 . 55 + 0 . 08 
−0 . 01 0 . 06 + 0 . 01 

−0 . 04 0 . 04 + 0 . 00 
−0 . 02 0 . 03 + 0 . 05 

−0 . 03 1 . 59 + 0 . 07 
−0 . 01 1 . 56 + 0 . 08 

−0 . 01 0 . 07 + 0 . 01 
−0 . 04 0 . 04 + 0 . 01 

−0 . 02 0 . 05 + 0 . 09 
−0 . 05 1 . 60 + 0 . 07 

−0 . 01 

13 1 . 22 + 0 . 08 
−0 . 05 0 . 49 + 0 . 07 

−0 . 11 0 . 44 + 0 . 07 
−0 . 11 0 . 62 + 0 . 50 

−0 . 15 1 . 72 + 0 . 05 
−0 . 06 1 . 22 + 0 . 08 

−0 . 05 0 . 49 + 0 . 07 
−0 . 11 0 . 44 + 0 . 07 

−0 . 11 0 . 97 + 0 . 55 
−0 . 20 1 . 76 + 0 . 06 

−0 . 06 

14 0 . 75 + 0 . 05 
−0 . 02 0 . 11 + 0 . 05 

−0 . 02 0 . 40 + 0 . 31 
−0 . 07 0 . 74 + 0 . 31 

−0 . 25 1 . 23 + 0 . 34 
−0 . 09 0 . 76 + 0 . 05 

−0 . 02 0 . 11 + 0 . 05 
−0 . 02 0 . 72 + 0 . 50 

−0 . 12 0 . 99 + 0 . 38 
−0 . 29 1 . 58 + 0 . 54 

−0 . 14 

15 1 . 20 + 0 . 12 
−0 . 02 0 . 39 + 0 . 05 

−0 . 39 0 . 48 + 0 . 07 
−0 . 48 0 . 16 + 0 . 05 

−0 . 02 1 . 70 + 0 . 07 
−0 . 37 1 . 20 + 0 . 12 

−0 . 02 0 . 39 + 0 . 05 
−0 . 39 0 . 49 + 0 . 07 

−0 . 48 0 . 35 + 0 . 10 
−0 . 05 1 . 72 + 0 . 07 

−0 . 37 

16 1 . 10 + 0 . 10 
−0 . 11 1 . 10 + 0 . 14 

−0 . 17 0 . 88 + 0 . 11 
−0 . 13 0 . 54 + 0 . 09 

−0 . 07 2 . 03 + 0 . 02 
−0 . 07 1 . 10 + 0 . 10 

−0 . 11 1 . 10 + 0 . 14 
−0 . 17 0 . 88 + 0 . 11 

−0 . 13 1 . 02 + 0 . 17 
−0 . 14 2 . 08 + 0 . 05 

−0 . 07 

17 1 . 50 + 0 . 03 
−0 . 03 0 . 16 + 0 . 04 

−0 . 03 0 . 14 + 0 . 03 
−0 . 02 1 . 38 + 0 . 23 

−0 . 24 1 . 78 + 0 . 04 
−0 . 02 1 . 50 + 0 . 04 

−0 . 03 0 . 16 + 0 . 04 
−0 . 03 0 . 14 + 0 . 03 

−0 . 02 1 . 78 + 0 . 30 
−0 . 28 1 . 82 + 0 . 04 

−0 . 03 

18 0 . 62 + 0 . 09 
−0 . 12 1 . 20 + 0 . 38 

−0 . 18 0 . 98 + 0 . 33 
−0 . 13 2 . 47 + 0 . 92 

−0 . 35 1 . 84 + 0 . 35 
−0 . 08 0 . 62 + 0 . 09 

−0 . 12 1 . 20 + 0 . 38 
−0 . 18 1 . 07 + 0 . 38 

−0 . 14 3 . 40 + 1 . 23 
−0 . 47 2 . 03 + 0 . 43 

−0 . 11 

19 1 . 59 + 0 . 04 
−0 . 02 0 . 23 + 0 . 04 

−0 . 04 0 . 26 + 0 . 05 
−0 . 05 1 . 57 + 0 . 23 

−0 . 34 2 . 01 + 0 . 05 
−0 . 05 1 . 60 + 0 . 04 

−0 . 02 0 . 23 + 0 . 04 
−0 . 04 0 . 26 + 0 . 05 

−0 . 05 2 . 14 + 0 . 29 
−0 . 40 2 . 07 + 0 . 06 

−0 . 05 

20 0 . 92 + 0 . 02 
−0 . 01 0 . 17 + 0 . 03 

−0 . 03 0 . 40 + 0 . 10 
−0 . 08 0 . 54 + 0 . 10 

−0 . 18 1 . 38 + 0 . 08 
−0 . 07 0 . 92 + 0 . 02 

−0 . 01 0 . 17 + 0 . 03 
−0 . 03 0 . 45 + 0 . 12 

−0 . 09 0 . 81 + 0 . 16 
−0 . 23 1 . 45 + 0 . 10 

−0 . 08 

21 0 . 80 + 0 . 03 
−0 . 03 0 . 32 + 0 . 04 

−0 . 04 0 . 41 + 0 . 04 
−0 . 05 0 . 47 + 0 . 07 

−0 . 15 1 . 26 + 0 . 03 
−0 . 04 0 . 80 + 0 . 03 

−0 . 03 0 . 32 + 0 . 04 
−0 . 04 0 . 41 + 0 . 04 

−0 . 05 0 . 78 + 0 . 08 
−0 . 15 1 . 29 + 0 . 03 

−0 . 04 

22 1 . 03 + 0 . 05 
−0 . 05 0 . 45 + 0 . 06 

−0 . 04 0 . 39 + 0 . 05 
−0 . 04 0 . 23 + 0 . 05 

−0 . 04 1 . 44 + 0 . 07 
−0 . 05 1 . 03 + 0 . 05 

−0 . 05 0 . 47 + 0 . 06 
−0 . 04 0 . 43 + 0 . 06 

−0 . 05 0 . 51 + 0 . 13 
−0 . 09 1 . 51 + 0 . 08 

−0 . 06 

23 2 . 86 + 0 . 05 
−0 . 04 0 . 06 + 0 . 02 

−0 . 02 0 . 07 + 0 . 02 
−0 . 02 0 . 00 + 0 . 00 

−0 . 00 2 . 93 + 0 . 05 
−0 . 04 2 . 86 + 0 . 05 

−0 . 04 0 . 14 + 0 . 02 
−0 . 03 0 . 18 + 0 . 02 

−0 . 04 0 . 00 + 0 . 00 
−0 . 00 3 . 04 + 0 . 04 

−0 . 05 

24 2 . 25 + 0 . 05 
−0 . 02 0 . 08 + 0 . 02 

−0 . 03 0 . 06 + 0 . 01 
−0 . 02 0 . 45 + 0 . 13 

−0 . 13 2 . 36 + 0 . 04 
−0 . 01 2 . 25 + 0 . 05 

−0 . 02 0 . 08 + 0 . 02 
−0 . 03 0 . 06 + 0 . 01 

−0 . 02 0 . 61 + 0 . 16 
−0 . 14 2 . 38 + 0 . 04 

−0 . 01 

25 0 . 80 + 0 . 02 
−0 . 05 0 . 23 + 0 . 06 

−0 . 03 0 . 35 + 0 . 12 
−0 . 05 1 . 72 + 0 . 25 

−0 . 26 1 . 32 + 0 . 10 
−0 . 05 0 . 80 + 0 . 02 

−0 . 05 0 . 23 + 0 . 06 
−0 . 03 0 . 38 + 0 . 19 

−0 . 05 2 . 49 + 0 . 39 
−0 . 42 1 . 43 + 0 . 17 

−0 . 08 

26 2 . 05 + 0 . 12 
−0 . 08 0 . 27 + 0 . 07 

−0 . 07 0 . 23 + 0 . 13 
−0 . 05 1 . 65 + 0 . 84 

−0 . 71 2 . 45 + 0 . 13 
−0 . 04 2 . 05 + 0 . 12 

−0 . 08 0 . 27 + 0 . 07 
−0 . 07 0 . 23 + 0 . 13 

−0 . 05 2 . 30 + 0 . 93 
−0 . 73 2 . 52 + 0 . 14 

−0 . 03 

27 2 . 21 + 0 . 03 
−0 . 06 0 . 02 + 0 . 03 

−0 . 01 0 . 01 + 0 . 02 
−0 . 01 1 . 32 + 0 . 38 

−1 . 08 2 . 36 + 0 . 06 
−0 . 16 2 . 22 + 0 . 03 

−0 . 07 0 . 02 + 0 . 02 
−0 . 01 0 . 02 + 0 . 03 

−0 . 01 1 . 70 + 0 . 48 
−1 . 18 2 . 41 + 0 . 07 

−0 . 16 

28 2 . 89 + 0 . 07 
−0 . 05 0 . 47 + 0 . 09 

−0 . 10 0 . 60 + 0 . 11 
−0 . 13 0 . 42 + 0 . 07 

−0 . 05 3 . 53 + 0 . 11 
−0 . 08 2 . 89 + 0 . 07 

−0 . 05 0 . 47 + 0 . 09 
−0 . 10 0 . 63 + 0 . 11 

−0 . 13 0 . 91 + 0 . 15 
−0 . 11 3 . 61 + 0 . 11 

−0 . 09 

29 1 . 45 + 0 . 00 
−0 . 01 0 . 07 + 0 . 02 

−0 . 01 0 . 08 + 0 . 02 
−0 . 01 0 . 41 + 0 . 13 

−0 . 04 1 . 57 + 0 . 02 
−0 . 01 1 . 45 + 0 . 00 

−0 . 01 0 . 07 + 0 . 02 
−0 . 01 0 . 08 + 0 . 02 

−0 . 01 0 . 61 + 0 . 13 
−0 . 05 1 . 59 + 0 . 02 

−0 . 01 

30 0 . 68 + 0 . 03 
−0 . 03 0 . 29 + 0 . 05 

−0 . 05 0 . 27 + 0 . 05 
−0 . 04 0 . 86 + 0 . 16 

−0 . 13 1 . 04 + 0 . 04 
−0 . 03 0 . 68 + 0 . 03 

−0 . 03 0 . 29 + 0 . 05 
−0 . 05 0 . 27 + 0 . 05 

−0 . 04 1 . 36 + 0 . 19 
−0 . 17 1 . 09 + 0 . 05 

−0 . 04 

31 0 . 32 + 0 . 07 
−0 . 04 0 . 96 + 0 . 03 

−0 . 05 1 . 24 + 0 . 15 
−0 . 05 0 . 76 + 0 . 30 

−0 . 22 1 . 64 + 0 . 15 
−0 . 02 0 . 33 + 0 . 07 

−0 . 04 0 . 96 + 0 . 03 
−0 . 05 1 . 24 + 0 . 15 

−0 . 05 1 . 22 + 0 . 34 
−0 . 24 1 . 69 + 0 . 16 

−0 . 02 

32 0 . 56 + 0 . 05 
−0 . 02 0 . 19 + 0 . 04 

−0 . 04 0 . 18 + 0 . 04 
−0 . 05 0 . 90 + 0 . 16 

−0 . 34 0 . 83 + 0 . 03 
−0 . 03 0 . 56 + 0 . 05 

−0 . 02 0 . 19 + 0 . 04 
−0 . 04 0 . 18 + 0 . 04 

−0 . 05 1 . 43 + 0 . 14 
−0 . 30 0 . 89 + 0 . 03 

−0 . 03 

33 1 . 29 + 0 . 02 
−0 . 02 0 . 29 + 0 . 03 

−0 . 06 0 . 36 + 0 . 03 
−0 . 08 0 . 27 + 0 . 05 

−0 . 05 1 . 68 + 0 . 02 
−0 . 07 1 . 29 + 0 . 02 

−0 . 02 0 . 29 + 0 . 03 
−0 . 06 0 . 36 + 0 . 03 

−0 . 08 0 . 57 + 0 . 11 
−0 . 10 1 . 71 + 0 . 02 

−0 . 07 

34 1 . 21 + 0 . 12 
−0 . 08 0 . 56 + 0 . 08 

−0 . 14 1 . 38 + 0 . 20 
−0 . 31 3 . 13 + 0 . 60 

−0 . 82 2 . 90 + 0 . 18 
−0 . 25 1 . 21 + 0 . 12 

−0 . 08 0 . 56 + 0 . 08 
−0 . 14 1 . 50 + 0 . 25 

−0 . 35 4 . 11 + 0 . 71 
−1 . 01 3 . 12 + 0 . 23 

−0 . 30 

35 1 . 05 + 0 . 05 
−0 . 04 0 . 45 + 0 . 07 

−0 . 06 0 . 97 + 0 . 16 
−0 . 20 0 . 38 + 0 . 07 

−0 . 05 2 . 06 + 0 . 13 
−0 . 17 1 . 06 + 0 . 05 

−0 . 04 0 . 45 + 0 . 07 
−0 . 06 1 . 03 + 0 . 18 

−0 . 22 0 . 74 + 0 . 11 
−0 . 08 2 . 16 + 0 . 15 

−0 . 19 

36 0 . 67 + 0 . 01 
−0 . 01 0 . 00 + 0 . 00 

−0 . 00 0 . 00 + 0 . 00 
−0 . 00 0 . 75 + 0 . 09 

−0 . 12 0 . 74 + 0 . 01 
−0 . 02 0 . 67 + 0 . 01 

−0 . 01 0 . 00 + 0 . 00 
−0 . 00 0 . 01 + 0 . 00 

−0 . 00 1 . 00 + 0 . 12 
−0 . 16 0 . 78 + 0 . 01 

−0 . 02 

37 2 . 17 + 0 . 08 
−0 . 09 1 . 46 + 0 . 16 

−0 . 21 2 . 17 + 0 . 20 
−0 . 35 1 . 03 + 0 . 20 

−0 . 10 4 . 45 + 0 . 18 
−0 . 28 2 . 17 + 0 . 08 

−0 . 09 1 . 49 + 0 . 15 
−0 . 22 3 . 31 + 0 . 23 

−0 . 55 2 . 42 + 0 . 59 
−0 . 19 5 . 73 + 0 . 26 

−0 . 49 

38 1 . 01 + 0 . 03 
−0 . 03 0 . 17 + 0 . 09 

−0 . 03 0 . 38 + 0 . 20 
−0 . 16 0 . 34 + 0 . 12 

−0 . 03 1 . 42 + 0 . 19 
−0 . 14 1 . 01 + 0 . 03 

−0 . 03 0 . 17 + 0 . 09 
−0 . 03 0 . 42 + 0 . 31 

−0 . 19 0 . 69 + 0 . 15 
−0 . 06 1 . 50 + 0 . 31 

−0 . 17 

39 0 . 00 + 0 . 01 
−0 . 00 0 . 76 + 0 . 04 

−0 . 04 1 . 09 + 0 . 05 
−0 . 05 0 . 73 + 0 . 18 

−0 . 19 1 . 16 + 0 . 03 
−0 . 04 0 . 00 + 0 . 01 

−0 . 00 0 . 77 + 0 . 05 
−0 . 04 1 . 88 + 0 . 08 

−0 . 09 1 . 15 + 0 . 26 
−0 . 23 1 . 99 + 0 . 08 

−0 . 08 

40 0 . 59 + 0 . 11 
−0 . 01 0 . 45 + 0 . 02 

−0 . 13 0 . 53 + 0 . 02 
−0 . 12 0 . 60 + 0 . 07 

−0 . 10 1 . 18 + 0 . 04 
−0 . 04 0 . 59 + 0 . 11 

−0 . 01 0 . 45 + 0 . 02 
−0 . 13 0 . 53 + 0 . 02 

−0 . 12 0 . 80 + 0 . 10 
−0 . 11 1 . 20 + 0 . 04 

−0 . 04 

41 0 . 44 + 0 . 04 
−0 . 03 0 . 12 + 0 . 03 

−0 . 02 0 . 16 + 0 . 05 
−0 . 03 1 . 07 + 0 . 37 

−0 . 49 0 . 70 + 0 . 05 
−0 . 03 0 . 44 + 0 . 04 

−0 . 03 0 . 12 + 0 . 03 
−0 . 02 0 . 16 + 0 . 05 

−0 . 03 1 . 45 + 0 . 41 
−0 . 52 0 . 74 + 0 . 05 

−0 . 04 

42 2 . 42 + 0 . 08 
−0 . 22 1 . 67 + 0 . 17 

−0 . 20 1 . 35 + 0 . 14 
−0 . 15 2 . 78 + 0 . 88 

−0 . 43 4 . 05 + 0 . 15 
−0 . 23 2 . 42 + 0 . 08 

−0 . 22 2 . 03 + 0 . 19 
−0 . 28 1 . 36 + 0 . 15 

−0 . 17 6 . 96 + 1 . 43 
−1 . 16 4 . 48 + 0 . 20 

−0 . 29 
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