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ABSTRACT

Aims. By using the spectral energy distribution (SED) from therrirftared to the radio of a statistically significant numiuoé
luminous infrared galaxies we determine important phygiesameters for this population of objects. In particul@r eonstrain the
optical depth towards the luminosity source, the star foionaate, the star formatiorfleciency and the AGN fraction.

Methods. We fit the near-infrared to radio spectral energy distritngiof a sample of 30 luminous and ultra-luminous infrardebga
ies with pure starburst models or models that include battbatst and AGN components.

Results. We find that although about half of our sample have best-fitet®othat include an AGN component, only 30%3®)
have an AGN which accounts for more than 10% of the infraresinosity from 8 to 100Qum, whereas all have an energetically
dominant starburst. Our derived AGN fractions are gengialgood agreement other measurements based in the matedftine
ratios, Ne[V]Ne[ll] and O[IV]/Ne[ll] measured bySpitzerIRS, but much lower than those derived from PAH equivalerttks or
the mid-infrared spectral slope. Our models determine thesof dense molecular gas within which active star formatg&es place
via the extinction required to reproduce the infrared pathe SED. Assuming that this mass is that traced by the HCNoubé, we
reproduce the observed linear relation between HCN flux afndred luminosity found by Gao & Solomon, 2004a. We also firat
the star formationféiciency, as defined by the current star formation rate pemaoiécular gas mass, falls as the starburst ages.
Conclusions. If the evolution of ULIRGs includes a phase in which an AGN titnutes an important fraction to the infrared lumi-
nosity, this phase should last an order of magnitude lessttiain the starburst phase. However, we find no convincirdgage that
an energetically important AGN is associated with a pal@icphase of the starburst. Because the mass of dense nawlgasiwhich
we derive is consistent with observations of the HCN moleciilshould be possible to estimate the mass of dense,stairy
molecular gas in such objects when molecular line data aravailable.
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1. Introduction & Solomon, 2004a), constitute strong evidence that these

, . L sources are powered predominantly by star formation. Hewev

With total infrared luminosities between ¥0- 10" L, and || |rGs ma;F/) commo?\Iy host an KGKI and the evidence‘thhat
2 . ) )

> 10%2 L, respectively, Luminous and Ultraluminous Infrare GN and starburst luminosities are correlated over a widgea

galaxies, (U)LIRGs, are the most luminous objects in thellocy o |y minosities (e.g. Farrah et al. 2003) render the alissie
universe. Although scarce at low redshift, they may accéamt .o intriguing.

the bulk of all star formation activity & > 2 — 3 and dominate

the far-infrared background (e.g. Blain et al. 2002). Many studies have been devoted to the quantification of the
Many of them are found in merging systems (e.g. Sandersretative contributions of AGN and starburst (SB), but theg a

al. 1988), suggesting that dynamical interaction has driy@s hindered by the large and uncertain extinction that, ugusl

towards the nucleus, fueling a massive starburst (SB)oatile not negligible even at NIR wavelengths (Goldader et al. 1995

central massive black hole (Mihos & Hernquist 1996). Silva et al. 1998, Murphy et al. 2001, Valdés et al. 2005).
Despite extensive investigation over the last decadesg the o

is still considerable uncertainty as to the nature of theivgr In order to analyze the power mechanism in these sources,

source. tracers that do not sier large extinction have been recently

The observation that ULIRGs obey the same FIR-radio cdeferred, such as hard X-rays, and MIR to radio diagnastics
relation of normal star forming galaxies (e.g. Sopp, Aleen Rigopoulou et al. (1996) argue that the weakness of the hard X
& Riley, 1990) and display a tight correlation betweefidy luminosity seenin most ULIRGs, reveals a real lack of AGN

dense molecular gas mass and far-infrared luminosity (Gagtivity, because the gas column densities required torhlitso
emission exceed those estimated from CO data. Similar aencl

Send gprint requests toO. Vega, e-mailolga.vega@oapd.inaf.it  Sions have been found by Risaliti et al. (2006) who concluded

* Data and SED models of Fig. 1 are available in electronic f@ee that energetically important AGN are present in only 20% of
also Tables B.1, B.2 and B.3. their ULIRG sample.
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After the advent of ISO an&pitzer MIR diagnostics such Bressan, Silva & Granato (2002) showed that deviations from
as the strengths of PAH emission and theugn&absorption fea- the FIRradio correlation could be used to infer the evolutionary
tures, the high ionization lines, and the MIR continuum slopstatus of a compact starburst. Such deviations are expetted
have been largely used to quantify the AGN contribution (@&n bursts of short duration because, at early times (axt@@ yr),
etal. 1998, Dudley 1999, Imanishi et al. 2007, Farrah ettd)72 there is a depletion of synchrotron emission due to the |des ra
Armus et al. 2007). However, in spite of a general consensoisproduction of core collapse Supernovae. Such young ssurc
that the starburst is dominant in about 80% of ULIRGS, theege characterized by a Fiadio ratio that is larger than the av-
are strong discrepancies in the results obtained with tiierdint erage of star forming objects, and by a radio slope that iflat
methods. This is in line with the recent finding that the sftbn than the average synchrotron slope.
of PAHs and the shape of the mid-infrared continuum cannot be The power of considering also radio data was illustrated by
safely used to disentangle AGN and starburst contributii@is Bressan et al. (2002) and Prouton et al. (2004). While Bressa
cause, on one hand, there is evidence that PAHs can be dabtray al. limited their comparative analysis to the case of [stae-
in strong star forming regions and, on the other, that MIRaad bursts, Prouton et al. (2004) have attempted a full pancatiom
tion can be self absorbed in a highly obscured environmeag#V analysis by including also the possible contribution frame t
et al. 2005, Weedman et al. 2005). AGN. The latter authors pointed out the existence of a aertai

In the radio domain, the most direct way of distinguishdegree of degeneracy between the AGN contribution and dust
ing between AGN and starburst power sources in ULIRGs dptical depth of the molecular clouds, mainly arising fropoar
to search for very compact radio continuum emission towardampling of the SED in the MIR spectral region.
the nuclei. However radio sources of simifdrysicalsizes have The present work supersedes our previous ones for the fol-
been identified as both AGN or a compact starburst, dependiB@ing reasons. From the observational side, we have great
on the resolution of the observations. Nagar et al. (2008)sb  larged the sample from the original 7 of Prouton et al. to 30 ob
ing 15 GHz radio continuum data with a resolution of 150 mafacts. We have also reconsidered and largely increaseditne n
have concluded that most of the 83 ULIRGs of their sample aer of observational data points, and consequently, outlaen
AGN powered because of the compactness of the radio sourggs rely on much better sampled SEDs. This is particutarty
detected. However, the resolution of their data correspdad for the MIR range, where for about one third of the sample we
420 pc at the median redshift of their sample and, as a compdive also included th8pitzerlRS spectrum. From the theoret-
ison, the SNe detected in the NW nucleus of Arp 220 by Smitbal side, we make use of the most recent improvements in our
et al. (1998) are within a region’@ x 0”4 (75x 150 pc). Smith  GRASIL SB models (see Sect. 3). These models adopt a better
et al. find that no AGN is necessary to explain the IR luminogreatment of PAH emission and include results based on IR ob-
ity in this source. As long as the brightness temperatures dagervations so that they allow a more realistic renderinghef t
not exceed 10 K the compactness of radio nuclei alone doesmission in the mid-infrared.
not support an AGN hypothesis. Smith, Lonsdale & Lonsdale The paper is organized as follows. In Secfidn 2 we describe
(1998) find that 711 ULIRGs observed at 18 cm by VLBI couldgyr sample selection and present the observed SEDs of our
be modelled as pure starbursts, which would be consisteht Wia|axies. Sectiofl 3 describes the models and the methodaised
their finding that the molecular gas mass is correlated wieh toptain the best fit to the SEDs. Observed SEDs and best fit mod-
radio flux on small scales. els are published in electronic form, see also Tables B2aBd

In this paper we follow a dierent approach to examine theg 3. The results of the fits are presented in Se¢fion 4 andateey
energetic environment in (U)LIRGs. Instead of considerng discussed in Sectidi 5. Our conclusions are drawn in SeBtion

single spectral region, we base our study on the thorougl-anavhile notes on individual objects are provided in Appendix A
sis of the panchromatic spectral energy distribution (SHDYS,

we first determine the NIR - radio SED of a sample of 30 local
(U)LIRGs by using archival IR photometry and spectroscopy,
and new radio data by Clemens et al. (2007). Then, these data a
compared with suitable models with SB and AGN componentgle study the sample of 30 (U)LIRGs presented by Clemens et
Similar approaches have been adopted by Klaas et al. (2081.)(2007, hereafter Paper 1). The selection criteria weers
and by Farrah et al. (2003). They used starburst and AGN teificated in that work and are summarized as follows: (a) The
plates to model the SED from the NIR-submm range, and frogalaxies are compact (U)LIRGs from Condon et al. (1991@) (i.
the optical-submm range, respectively. We prefer to useetsodbrighter than 5 Jy at 60um) with radio data at 3 or more
built on well calibrated star forming complexes insteadesht frequencies, including the new measurements at 22 GHz (Pape
plates re-scaled to fierent luminosities for two reasons. FirstlyJ). The well-sampled radio spectra will allow us to put stjon
it avoids the dubious process of "re-scaling” a "template&h- constraints on the age of the burst of star formation (Bressa
other luminosity. This point is well exemplified by the linkeb et al. 2002). (b) We also require the galaxies to have a well-
tween lack of PAH emission and dominance of the moleculsampled infrared SED, with data in the NIR, MIR and FIR spec-
cloud component with respect to the cirrus component (Vegal ranges. We have excluded from the analysis data at wave-
et al. 2005). Secondly, the use of models may give access tle@agths shorter than the NIR because, due to the large &gtinc
more sound physical picture of the environment within whicthey are likely to be dominated by the underlying old steiayp-
such objects evolve. We are not only interested in the natureulation and not by the starburst (e.g. Surace et al. 2000aFar
the power mechanism, but also in its environment and ewsiuti et al. 2001). Thus, the inclusion of optical data would idtroe
This, in turn, can be used for the study of even more extremew free parameters, all related with the geometry, ages, an
phases such as those likely found at high redshift, whicmé ometallicities of this unobscured stellar population. Tdrailar
of the ultimate goals of the present investigation. extent, also the NIR continuum may be dominated by the old
Another major diference with previous works is the inclu-population, but its inclusion is needed because a J-K cagur
sion of radio data in the analysis. Radio data constitutenan icess over that expected from a pure stellar component isrgstr
dependent constraint on the starburst strength and ageednd indication of the presence of an AGN (e.g. Berta et al. 2003).

Sample
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Table 1.Global properties of our sample of (U)LIRGs: Loggl is the total (8 - 100@m) IR luminosity calculated from the 4 IRAS
bands following Sanders & Mirabel (1996), is the luminosity distance of the galaxy, /25 and 60100 are the IRAS colours
and J-K is the observed NIR colour. Galaxies marked with laave warm IR colorsf,s/ fgo > 0.2. Galaxies marked with ahave
NIR colours J-K- 2, and those marked with’ahave availableSpitzerlRS spectrag; 4cH; is the FIR to radio luminosity ratio, and
a;-z“ is the radio spectral index between 22 and 1.4 GHz. Galarésrdered by decreasing the total IR luminosity

(@3] (@) (3) (4) ) (6) (7) ® (10) (11)
NAME Log(Lr) D. 1225 60100 J-K Oiaen: @3,  Spectral Radio References
(Lo) (Mpc) type size ()
UGC 80587 12.49 174.0 0.21 1.06 2.22 2.14 -0.25 Syl <0.07x006 ab,cdefghijln
IR 14348-1447 12.30 351.3 0.19 0.97 1.71 2.36 -0.75 L .1D0x 0.14 a,b,j,n
IR 12112+0305 12.28 309.3 0.17 0.85 1.22 2.66 -0.51 HI .19x 0.10 a,b,j,mn, o
IR 05189-2524738 12.11 175.7 0.21 1.20 2.17 2.74 - Sy2 .20x 0.17 a,b,j,np
UGC 9913 12.11 73.5 0.06 0.91 1.18 2.59 -0.46 Ml 0.32x 0.19 a,b,j,l,mno,q
IR 085723915 12.09 243.6 0.19 1.53 1.90 3.27 -0.11 /sSk2 Q09x 0.07 a,j,n,o
UGC 8696 12.09 155.3 0.10 1.01 1.30 2.25 -0.83 8y2 0.32x0.18 a, b, e |kl n,
IR 15250+3609 12.01 229.7 0.15 1.17 1.16 2.76 -0.45 L <0.06x005 a,b,j,mn, o0
IR 10565+2448 11.98 177.9 0.16 0.80 1.09 2.44 - HIl <025x025 a,m,n,o,r
UGC 510% 11.90 162.2 0.24 0.57 1.80 1.99 -0.81 /Sk1.5 014x0.11 a,jkn,s
1IZW 107 11.83 165.6 0.15 0.86 1.11 2.36 -0.95 HI .28x 0.25 a,mo,t
IR 01364-1042 11.78 200.4 0.13 0.96 1.19 2.71 -0.50 L .19 0.08 a
IR 10173+0828 11.74 198.9 0.13 1.07 1.16 2.84 -0.44 - <008x0.05 a,m,o
Arp 299 11.72 41.5 0.16 0.97 1.29 2.09 -0.80 - .38x 0.28 a,q,u,Vv
UGC 4881 11.65 161.8 0.21 0.69 1.15 2.37 -0.85 HII .200< 0.15 a, o
CGCG 436-39 11.64 127.8 0.14 1.11 1.31 2.40 -0.63 /HIU 0.45x 0.30 a,o,w
IC 1623 11.63 81.4 0.19 0.74 1.41 2.08 -0.88 - <040x025 a,t,x,
NGC 1614 11.60 64.5 0.20 0.99 1.28 2.45 -0.68 [Hy2 - a, k,m,o0,s,z, aa, ab, ac
UGC 8387 11.58 95.0 0.19 0.61 0.96 2.32 -0.95 /Hl 0.52x0.33 a, m,o,r, ab
NGC 7469 11.58 66.0 0.23 0.77 1.26 2.29 -0.84 Syl1.2 .16 0.09 a, h, k, o, ad, ae, af
UGC 2369 11.57 127.7 0.17 0.79 1.12 2.33 -0.80 HII .13%x 0.13 a, m, o,t, ag
1zw 35 11.56 112.0 0.10 0.94 1.27 2.58 -0.52 /Hl 0.18x0.14 a, o
IC 5298 11.54 111.9 0.17 0.75 1.29 2.53 -0.79  AyHll 0.12x 0.09 a, o
Arp 148 11.51 141.6 0.33 0.55 1.37 2.37 -0.64 HI .2Dx 0.10 a,m,o
NGC 2623 11.49 74.8 0.12 0.83 1.15 2.49 -0.60 /Slk2 Q38x 0.26 a, k, m, ac
Mrk 331 11.44 74.9 0.19 0.81 1.24 2.52 -0.70 /8M2 Q12x 0.09 a,k,o,rab
NGC 34 11.44 79.6 0.15 1.01 1.18 2.49 -0.79 Sy2 .39 0.29 a, u, ah
NGC 5256 11.44 113.7 0.33 0.66 1.47 1.90 -0.77 /BW2 0.25x0.21 a, b, 0, ac, ad, ai
UGC 6436 11.41 140.1 0.44 0.57 1.05 2.65 -0.70/HIL <030x030 a,o
NGC 6286 11.16 74.4 0.50 0.44 1.36 1.94 -0.95 /HII <025%x025 a,lrw

Rererences: (@) NED, IRSA, Clemens et al. (2007), (b) Klaas et al. (20Q&) Roche & Chandler (1993), (d) Joyce & Simon (1976), (ekei
(1978), (f) Rieke (1976), (g) Joyce et al. (1975), (h) Weedratal. (2005), (k) Benford (1999), (j) Rigopoulou et al. 869, (I) Carico et al.
(1992), (m) Dunne & Eales (2001), (n) Farrah et al. (2003),0onne et al. (2000), (p) Maiolino & Rieke (1995), (q) ChiKiruegel & Lemke
(1986), (r) Dale et al. (2000), (s) Carico et al. (1988), ()rdglio et al. (2002), (u) Gallais et al. (2004), (v) Chandaris, Stacey & Gull (2002),
(w) Stickel et al. (2004), (x) Frayer et al. (1999), (y) Le €lvet al. (2002), (z) Rieke & Low (1972), (aa) Lebofsky & Rekl979), (ab) Soifer
et al. (2001), (ac) Brandl et al. (2006), (ad) Pérez-Ga&Rodriguez- Espinosa (2001), (ae) Alonso-Herrero €&l01), (af) Papadopoulos &
Allen (2000), (ag) Hwang et al. (1999), (ah) Albrecht, Kelig Chini (2007), (ai) Alonso-Herrero et al. (2003)

The original sample presented in paper | is of 31 galaxighe J-K colour. NIR data were taken from IR&An Col. (7)
however we exclude one of the galaxies (IRAS 0388523) we list the value of the FIR to radio luminosity ratig, 4cHz =
S14 cHz

from this analysis because of the confusion with a nearby:soumg(%) - ml(m)v and in Col. (8) the radio

of similar strength in the far-infrared. spectralindex between 22 and 1.4 GHE? = 10g(S 14612/ S2z5H2)

. . . " log(1.4GHz/22GH?2) *
In Table[1 we list some general information for our samplgy poth cases, radio data were taken from Paper I. Column (9)

useful for the analysis performed here. Column (1) dispthgs displays the optical spectral classification of each gafassn

name of the galaxy. In Col. (2) we list the logarithm of theatot Nep | Column (10) displays the size of the radio emitting oegi
(8 - 1000um) IR luminosity (Sanders & Mirabel 1996) for each,; 1 4 GHz from Condon et al. (1991a).

galaxy. In Col. (3) we list the luminosity distancd3,, of the
galaxies, calculated by assumikig = 75 Mpgkm/s, Qy = 0.3
andQ, = 0.7, and the radial velocities given in NEDColumns  2.1. The NIR to radio data
(4) and (5) list the 125 and 60100 IRAS colours respectively,

where all the IR data were taken from NED. Column (6) dispia For all the sources of our sample we collected NIR data fram th

YMASS All-Sky Extended Source Catalog and IRAS data from
NED. Radio data were collected from Paper |. Additional IR

1 The NASAIPAC Extragalactic Database is operated by the Jet?> The NASAIPAC Infrared Science Archive is operated by the Jet
Propulsion Laboratory, California Institute of Technaofpgnder con- Propulsion Laboratory, California Institute of Technojpgnder con-
tract with the National Aeronautics and Space Administrati tract with the National Aeronautics and Space Adminisbrati
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and sub-mm broad-band data were taken from the literatliee. T However, in some cases, the residuals between the observa-
references to those works are quoted in the last column déTabons and the SB model in one or more passbands, mainly in the
[@. In order to clarify which NIR to radio data werdectively NIR/MIR range, are larger than the typical error of the corre-
used in our SED modelling, we also provide, in electronicrfpr sponding flux. Then we reject our null-hypothesis and carsid
the SED data for each galaxy. the possibility that an AGN component, characterized byta ho
We searched foBpitzerlRS spectra of our ULIRG sampleter dust emission, is present. The AGN model is selected &om
in the SSC archive and found them for 11 galaxies (projedisrary generated with the radiative transfer code devedoipy
ID 105, and 14, P.I.: J. R. Houck, and project ID 30323;ranato & Danese (1994) and added to the SB model in such a
P.I.: L. Armus) for eleven galaxies of our sample, UGC 8058yay that the total luminosity is
IRAS 05189-2524, UGC 9913, IRAS 085¥2915, UGC 8696,
IRAS 15250-3609, IRAS 105652448, UGC 5101, UGC 8387, L' = (1- f) x LY®+ f x LAV ,with0 < f < 1. )
CGCG 436-30, and NGC 2623. In order to include them in the o ] ) . ) ]
fitting procedure, we calculated from tB@itzerspectra the val- The best fit is again searched by using the merit functionrgive
ues of the specific fluxes at 5.8 and/®, those in the LW2 and by equatioi L. Since the AGN models are characterized by othe
LW3 ISO bands and those in the IRAS 12 and 25 microns banggven free parameters, one could question that the fit is o m
by taking into account the suitable filter responses. Weueted Well constrained because the total number of free parameter
the fluxes in the IRAC 3 and IRAC 4 bands because these &8 + AGN) may exceed the number of observed passbands.
too dominated by molecular absorption bands (e.g. Lahuit etActually, anticipating our results, this is the case for obgect,
2007), which are not included in our models. IRAS 01364-1042, where _the_number of adopted passbands is
In the compilation of fluxes care was taken to avoid confd-1 and the estimated contribution of the AGN amounts16%.
sion between dierent close sources and, in the case of interfdflowever, as will be discussed below, we could have simply es-
ometric radio data' losses due to h|gh resolution mapp|ng timated the AGN contribution as the flux excess over the biest fi
Our objects are compact, with the radio emitting regionaB model. o _ _ o
ranging from 290« 239 pc for IR 14348-1447 to 48 33 pc A more critical pointis concerned with the radio emission of
for Mrk 331 (see Col. 10 in tabl 1). They are also isolated $8& AGN which is not considered in the model by Granato and

that we are confident that our fluxes sample the entire stsrbUpanese (1994). Following Prouton et al. (2004), we assuate th
in all cases. the contribution from the AGN to the radio emission is neiglig

ble so that the radio emission is entirely ascribed, andadigtu

becomes a strong constrain, to the SB component. This assump
3. Models tion is supported by VLBI observations of the majority of our
eources, indicating an average valuesgfg, /Stot = 0.12 at 1.6
GHz, thus suggesting that the contribution of the AGN to the

As already mentioned, there is considerable evidencefthat {2di0 can be neglected (Smith et al. 1998). , _
starburst component is always present and possibly doesinat In the followings subsections, we briefly describe the lijpra
the bolometric luminosity in luminous and ultra-luminogs  ©f SB and AGN models.
galaxies. Therefore, we adopt the following approach tottied
best fit model. We first test the null-hypothesis that our d@mpz 1. starburst models: a brief description of GRASIL
sources are pure starbursts. Then, if the observed SED shows
an excess emission over the best fit in those wavelengthnegi®@RASIL is a population synthesis code which predicts the SED
that are more fiected by the presence of an embedded AGNf galaxies from far-UV to radio, including state-of-the-&eat-
typically in the NIR-FIR range, we reject the null-hypotlsssnd ment of dust reprocessing (Silva et al. 1998, Silva 1999n&a
add an AGN component to the model. et al. 2000), production of radio photons by thermal and non-

The starburst models (SB) are selected from a library gen#termal processes (Bressan et al. 2002), nebular linesiemis
ated with GRASI@ (Silva et al. 1998) and involve seven mair{Panuzzo et al. 2003) and an updated treatment of PAHs emis-

In this section we describe the model that will be used torint
pret the SEDs of our galaxy sample.

free parameters that will be discussed below. sion (Vega et al. 2005). We refer the reader to the originpépa
The best fit is obtained by minimizing a merit function calfor details, but we summarize here, for convenience, theifea
culated as most relevant to the present work.
N . 2 The star formation history of a galaxy with a burst of star
= 1 Z(Fmod(l) - Fobs(|)) (1) formation is computed in the GRASIL chemical evolution code
N = Err(i) by adopting a Schmidt-type lag FRt) = vSChMgagt)k, of ef-

ficiency vscn, and exponenk. The burst of star formation is
whereFmod(i), Fobs(i), andErr (i) are the model flux values, thesimulated by superposing on this quiescent component a star
observed fluxes and observational errors respectils the burst phase, characterized by an exponentially decreasimg
number of passbands used for the fit and it is always greaer thormation rate, with e-folding timest;” and age age,”. In or-
the number of parameters of the starburst model (i.e. 7, see Sjer to quantify the number of massive stars, the code adopts a
3.2). Thus, the best fit SB model is always well constraineel. Whitial mass function (IMF). The chemical evolution codeete
consider that a satisfactory best fit starburst model ish@@c mines, as a function of the galaxy adgd), the star forming rate
when, in all passbands, the residuals between observaiahs (S FR), the supernova rate (SNR), the number of stars of a given
models are less than the typical observational error of #8389 mass and metallicity, the remaining mass of gds.0, and the
band. total baryonic mass of the galaxiif).

3 GRASIL can be run via the WEB interface Then, GRASIL computes the interaction between the stellar

web.pd.astrojgalsyntii which is maintained at OAPD, INAF by radiation and dust using a relatively realistic and flexigem-
L. Paoletti, A. Petrella & D. Selvestrel, and can also be doaded etry for both stars and dust. In general, the system is deetri
from the web page httfiadlibitum.oats.inaf fsilvg/default.html as a superposition of an exponential disk component andy bul
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component, the latter modelled by a King profile. However, fafable 2. Parameters for the star formation history of the model
the starburst models, we consider that the spherically sgtmmlibrary. Mo and M, are the adopted mass limits of the Salpeter
ric King profile alone, with core radii corresponding to ttee r IMF; vschis the diiciency of the Schmidt-type SFR; ¥y, is the
dial scale lengths for the star and dust componeRisq.s; and percentage of the mass of gas involved in the burst at a galaxy
identical spatial dependence, irg.= rqust = I, is a reasonably age of 11.95 Gy, indicates the e-folding time of the exponen-
good approximation (Silva et al. 1998). tial burst superimposed on the quiescent star formatioragegd

One of the most novel features of GRASIL is that the ISM iis the time, measured from the beginning of the burst, at lwhic
divided into two phases, theftlise ISM, corresponding to cirrusthe SEDs are computed.
dust, and the much denser molecular clouds component (MCs).

The code performs the radiative transfer of starlight tigrothe Miow  Muyp Vsch %M ty log(age)
MCs and dffuse ISM, by taking into account that new stars are My, My (Gyrl)) My  (Myr) (yn
born inside MCs and progressively get rid of them (either be- 0.1 100 0.5 10 5-80 6.0-85

cause they escape or because the clouds are destroyed)rd-his
cess leads toage-dependent extinctiari stellar generations, in

the sense that the younger stars are mfiszted by dust obscu- e
ration in MCs. This is approximately described in GRASIL aisee Vega et al. 2005 for a description of those phases)hor t

: > ) omputation of non-thermal radio emission we assumed tieat t
follows. If tesc is the timescale for the process, the fraction qbwer limit of initial mass giving rise to a type 1l SN is B,

starlight radiated inside the clouds at tilnafter they formed is (Portinari, Chiosi & Bressan 1998, Bressan et al. 2002b).

given by Among the GRASIL parameters that mostiffext the IR-
1 (t < tesd radio range we recall the optical depth of MCs (parametdrize
es via 71 i.e. at um), the mass-fraction of dense molecular gas
F) =4 2— & (tesc< t < 2tesd (3) L ’ :
0 tese (t> tosd to total gas massffo), the escape time of newly born stars
€S

from their parent MCst{s), and the gas-to-dust rati@{D).
Since, there is evidence that the metallicity in this kindjaliax-
ies is slightly super-solar (Rupke, Veilleux & Baker 200Wg
h;ssumed a conservative value for the metallicity of the gas,
is found to be larger in starburst than in normal disk-likiegees < ~ 1120, and aG/D « 1/Z, with the proportionality constant
(Silva et al. 1998). The mass of gas involved in each compon&h©sen to have/D = 110 forZ = Z, (Dwek 1998).
is specified by the the parametia,, which represents the rela- _For the spatial distribution of stars and dust, we adopted a
tive fraction of gas in the molecular cloud phase. Then, atelt SPherically symmetric King profile (Silva et al. 1998) whéhne
molecular massVinol = fime X Mgas is subdivided into spherical the King profile core radiuswas allowed to vary by the typical
clouds whose optical depthy, is another important free param-Sizes of compact starburst regions. The last free parartieter
eter. In general, GRASIL computes the mass of dust by usili§ considered in our models was the sub-mm dust emissivity
a Gas-to-Dust mass rati6,/D. This approach assumes that ga§ldex,. Theoretical studies indicafebetween 1.5 to 2 but in-
and dust are well mixed and have the same spatial distributidared SEDs fitted with single or double modified black bodies
As for the intrinsic dust properties, GRASIL adopts a mietaf reduire values o as low as3 ~0.7 (e.g. Dunne et al. 2000).
graphite and silicate grains and PAHs with continuous sige d!nstead when the dust temperature distribution is propy-
tribution. Here as in other previous works (see Silva et@@8l Puted as in GRASIL, fits to similar sources reqyfre> 1.5,
and Vega et al. 2005 for more details), the dust parameters gPnsistent with theoretical predictions. _
set to match the extinction and emissivity properties ofiticel In summary our starburst models are characterized by the
ISM. following free parameters, whose ranges of values aralliste
The simple stellar populations (SSPs) included in GRASITablesL 2 and3: the e-folding time and age of the btystnd
are based on the Padova stellar models, and cover a wide raf@f. the sub-mm dust spectral indgxthe escape times, the
of ages and metallicities. Starlight reprocessing front duthe - MC optical depth at im, 7;, the fraction of gas in MCéy, and
envelopes of AGB stars is included directly into the SSPs, e core radius of the King profile for the dust-star distfidwis
described by Bressan, Granato & Silva (1998). r.

In practice, 100% of the stars younger thapare considered to
radiate inside the MCs, and this percentage decreasesdyitea
0% in 2gse The timescalé.scis a fundamental parameter, whic

3.2. The library of starburst SEDs 3.3. AGN models:

Our starburst library spans a wide range of parametersfatar A complete description of the AGN models and the numerical
mation history, obscuration times, dust opacities, ete. dider- method developed to compute the emitted SED can be found in
lying quiescent star formation history is fixed using a Sattmi Granato & Danese (1994) and Granato et al. (1997). Only the
type law for star formation with arféciency ofvsch = 0.5Gyr1  basic features are summarized here.

and an exponerk = 1, with an infall of primordial gas on Several papers compared the observed IR SED of AGN with
a timescale oty = 9 Gyr. For the IMF, we have adoptedpredictions from radiative transfer models within dustgi,tm

a Salpeter IMF with slopex = 1.35 andMw = 0.1 M, to order to investigate the validity of the unified model and-con
Myp = 100 M,. To mimic the starburst, we superimposed, atrain possible geometries for the obscuring structuig ger

a late time (11.95 Gyr), an exponential burst witfffelient e- etal. 1993, Granato et al. 1994, Efstathiou et al. 1995, @ceet
folding times,t,. The strength of the burst was fixed by imposal. 1997, Alonso-Herrero et al. 2001, and Nenkova et al. 2002
ing the constraint that the mass of stars formed during thetbu  The Granato & Danese (1994) code solves, through an itera-
is 10% of the gas mass at that epoch. We then follow the evive numerical scheme, the transfer equation of the raidtiat
lution of the SED models at flerent agesage,) from the early originates from the central optical-UV source, in a genaral
starburst phase to the post-starburst and quiescent-hphase isymmetric dust distribution. The dust is composed of a orixt
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Fig. 1. Comparison between the broad band SED (open circles) andesitefit model (thick solid line). The fierent emission
components of the starburst are: th&ule medium (short dashed line), the molecular clouds (titte), thermal radio emission
(three dots-dashed line), and the non-thermal radio eoms$dng dashed line). The additional emission from the A@Kgen
needed, is indicated by a dot-dashed line. When availai@dRS low resolution spectrum (solid thick line) and theresponding
model SED (solid thin line) are shown upward displaced by deve The residuals between models and data are shown in the
bottom panels asffata— fmode)/ faata The thin dotted lines in the residual plots represe2®% of the residual values. The filled
squares represent the residuals and their wavelengtltatedhe data used in the minimization procedure. The vdltieeg, for

the best fit is displayed in each plot. See Jéct. 4 and tablrd[8,dor more details.

of grains, in thermal equilibrium with the radiation fielshdaex- dust in AGN. Here the term 'anomalous’ is relative to the stan
tends out to a maximum radiug. dard properties of dust grains thought to be responsibléhtor
In the absence of precise physical ideas concerning the stréverage Milky Way extinction law and cirrus emission. It &t n
ture of the obscuring torus, several geometries — and asedci Surprising that the properties of dust grains might be veffed
free-parameters — are plausible and indeed have beeniinveditt in the dense and extreme environment of an AGN. In partic-
gated in the papers quoted above (flared discs, tapered diséar, dust distribution biased in favor of large grains,giag up
cylinders, with and without substantial clumping etc). to 1-10um, much larger than the usual cut-a0.3um of Mathis
A problem which is usually overlooked in this kind of study(1977) type models (e.g. Draine 1984, Silva et al. 1998)ghav
is that dust optical properties around AGN are likely to e, {een invoked.
some extent, peculiar. Indeed, Maiolino et al. (2001a),d\iiad Thus, we have adopted severdféient geometries, but also
et al. (2001b) presented evidence for 'anomalous’ propedf investigated models in which the size distribution of gsaéx-
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Fig. 1. Continued.

tends to radiiamay larger than the standard value. Of course, The SED fitting is performed through comparison with li-
the uncertainty on optical properties of dust further Igrtihe braries of models. Each library consists of several hurglodéd
already moderate success of this approach in constraihing inodels belonging to a given "geometry class”, in which typ-
geometry (see below). ically 4-5 parameters are varied assigning 3-#edéent values

to them over a quite wide range. In particular we have consid-
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Fig. 1. Continued.

ered anisotropic flared discs (for definitions, see Efstatlet al. . We also introduce (at variance with respect to Efstathiou
1995). The geometry consists of a structure whose heigiveabd995) a dependence of the dust dengitynd therefore of the
the equatorial plank increases linearly with the distance in theadial optical depth, on the polar angeThe general form used
equatorial plane (Fig. 1a in Efstathiou et al. 1995). Therefordor this dependence and that on the spherical coordimiate

the dust-free region is exactly conical, with half-openamgle o(t, ©) « 18 explca cod ©) @)



Please give a shorter version wiNguthorrunning andor \titilerunning priorto \maketitle

E ' E 1E |
2F 1C5298 3 E ARP148 El
E = 0.0274 3 E ]
E lzog(Lm) - 1164l 3 E z = 0.0402 3
1E SFR, = 25.4 Mo/yr 0F log(Lw) = 11.49 Lo
= AGN/Tot = 0 % E = E SFRe = 37.3 Mo/yr  J
= E Esp = 4.0, 1= 309 3 = E AGN/Tot = 0 % El
. OF x =085 3 — —-1F Esp= 272, 1= 75 _ 3
¥ -1f i 0w ]
L - S _2f E
—2F | 3 Eo €
E I 3 _ab | \
E o \ E 3 E it "
- A 1 1 1 1 1 -
- 3 21 I | . . . .
3 3
T ot = = v T opt - =
- 2
0 1 2 3 4 5 8 0 1 2 3 4 5
Log(\) [um] Log(?) [um]
2F ‘ = 2f MRKéSl E
E NGC2623 E| E 3
E z = 0.0185 3 E z = 0.0185 E
E log(Lig) = 11.49 Lo ] 1F log(Lw) = 1144 Lo
1E SFRc = 47.0 Mo/yr 3 E SFR; = 87.7 Mo/yr 3
= E AGN/Tot = 2 % 3 i~ E AGN/Tot = 4.8 % E
= E Esg= 152, 7= 72 J = ok Esp = 1.80, 7= 53.7
(O X = 0.26 3 E X =174 E
s E E = F E
n E E| n E E
w | E E w —1E E
2 E E 2 E E
-2 \ 3 -2F /1 \ .
E (5 \ _ 3 E I \
E 1 B T 3 _af I I
- 3 . | i1 i | . - 3 iy L h |
3 . 3 B
T 0 Ereerss i = T 0 = - = x
H H
[ &
0 1 2 3 4 5 8 0 1 2 3 4 5 6
Log(\) [um] Log(?) [um]
2F NGC0034 3 2k NGC5256 3
E z = 0.0196 E| E z = 0.0278 E
E log(Lig) = 11.44 Lo 3 E log(Lg) = 11.44 Lo J
1F SFRe = 21.0 Mo/yr 1F SFR, = 40.7 Mo/yr
N E AGN/Tot = 3.7 % E| S E AGN/Tot = 4.7 % E
= E Esg = 3.75, 7= 42.2 ] - E Esg = 2.84, 7= 45.1
— oF Xx =52 3 — 0F x = 1.43 E
3 E E < E E
@ E E @ E E
§ -1 ] P
-2E 3 -2¢ . 3
E/f E E i % E
E o 3 E I A E
ﬁiq hi L L L L L iiq s L L | L L
=) N N 3
2 o = e 2 ofx . = =
g - £ :
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Log(®) [um] Log(A) [um]
E UGC6436 E 2f NGC6286 E
1 E lz :(Lo.;)uzu oL E E z = 0.0183 E
E 0g(Li) = 11.39 Lo 3 1 log(Lg) = 11.16 Lo
E SFRc = 25.0 Mo/yr 7 F soFgR(:m:) 14.0 Me/y:: q
"= 0 E ﬁg,NéTé’.Lzs:, 2.2 409 3 IES E AGN/Tot = 4.7 % E
= E =021 E| 2 0f Es = 4.36, 7= 94.2 4
E x 3 E x =07 |
S -1F 3 > E : El
n E 3 n E I ] R 3
= E E| % —1F i el 1 K =
) E| 0 E f e v E
] E 3 o % U ‘W“‘ ! 3 El
- -RF 3 - E /sy 3
E a E pok E
L \ E -2 3
-8f U X 3
. . . Ny e - . . \ . L
3! . 3
Z 0 " 5 T 0 P - D =
& €
0 1 2 3 4 5 0 1 2 3 4 5 6
Log(®) [um] Log(A) [um]
Fig. 1. Continued.
wherea andg are model parameters. The parameter values used in the libraries are:

The two additional parameters used to fully characterige th rm/ro = 30,100,300 100Q 3000
models are the ratio between the outer and inner (i.e. sablim
tion) radiirm,/ro, and the equatorial optical depth to the nucleus £=0051
at 97um, teg7 ®n = 20,30,40°
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Table 3. GRASIL parameters for the starburst SED libragyD is the gas to dust mass ratis the dust emissivity indexgscis

the escape time of newly born stars from their parent Migg;is the fraction of gas in MCs;; is the Jum optical depth of MCs,
andr is the core radius of the King profile for the dust-star disttions.

G/D ﬁ tesc T1 fmol r
(Myr) (kpc)
100 15-2 5-80 10-180 0.05-09 0.01-1

Table 4. List of parameter values for the AGN model libra®yis the view anglery/ro is the maximum radius of the torus,and
[ are model parameters of the dust density distribut@nis is the half opening angle of the dust free regiag;x is maximum
radius of the dust grain, and o7 is the equatorial optical thickness of the dust in the torus.

€] l'm/l’o ﬁ Oh a Amax Te9.7
(deg) (deg) fum)
1-90 30,100, 300, 1000,3000 0,0.5,1 20,30,40 0,3,6 0.3,0.5113,10

Table 5. Best fit parameters for the starburst model, see Selctiondefails.Esg = Agep/ty, is the parameter which quantifies the
evolutive phase of the SB. Logﬁﬁ) is the total (8 - 100@:m) IR luminosity calculated by integrating the starburangmnent of
the SED model. hgn/L1ot is the percent contribution of the AGN to the IR luminosityal&xies marked with ahhave warm IR
colors, f25/ fso > 0.2. Galaxies marked with ahave NIR colours J-i 1.7, and those marked with’ahave availabl&pitzerlRS
spectra. The last row gives an estimate of the errors on ttaamers as described in Sédt. 4.

NAME ty log(age) B tesc T fmol r Ess Log(Lyy) | Lacn/Ls-1000
(Myr) (yr) (Myr) (kpc) (Lo) %

UGC 8058+ 35 7.572 2.00 26 33.13 0.65 0.4p1.07 12.35 16

IR 14348-1447 10 7.170 1.95 14 49.09 0.26 0.2[71.48 12.17 8

IR 12112+0305 25 6.880 2.00 7 4580 0.35 0.200.30 12.24 -

IR 05189-2524% 10 6.750 2.00 6 27.37 040 0.6b0.56 11.93 17

UGC 9913 35 7.340 1.80 20 6493 0.14 0.5p0.62 12.10 -

IR 08572-3915+ 7 6.590 2.00 3 64.93 0.95 0.250.56 11.76 a7

UGC 8696 20 7.650 1.95 37 56.72 0.20 0.372.23 11.99 11

IR 15250+-360% 20 7.289 2.00 16 53.66 0.47 0.7p0.97 11.85 20

IR 10565+2448 45 7.910 2.00 60 4743 0.29 0.141.80 11.94 -

UGC 510% 7 7.440 1.95 22 50.85 0.18 0.2p 3.93 11.88 1

1ZW 107 30 7.770 2.00 40 33.13 0.17 0.271.96 11.79 -

IR 01364-1042 10 7.290 2.00 14 116.1 0.53 0.5A.95 11.67 11

IR 10173+0828 40 7.200 2.00 14 4222 0.27 0.410.41 11.68 -

Arp 299 25 7.756 2.00 43 31.75 0.17 0.7p2.28 11.68 -

UGC 4881 40 7.986 2.00 44 49.97 0.22 0.202.42 11.64 -

CGCG 436-38 15 7.500 2.00 24 45.09 0.15 0.6Dp2.11 11.55 5

IC 1623 25 7.635 1.80 24 39.63 0.17 0.511.73 11.60 -

NGC 1614 20 7.840 2.00 50 33.13 0.17 0.3D3.46 11.48 18

UGC 8387 20 7.720 1.95 33 63.65 0.28 0.2p2.62 11.55 -

NGC 7469 30 7.938 2.00 45 33.13 0.16 0.432.89 11.55 10

UGC 2369 25 7.840 2.00 36 31.70 0.12 0.672.77 11.55 -

1ZW 35 45 7.545 1.95 35 61.20 0.18 0.550.78 11.50 -

IC 5298 20 7.900 2.00 60 30.88 0.10 0.4p4.00 11.53 -

Arp 148 20 7.735 1.80 27 75.07 0.20 0.242.72 11.49 -

NGC 2623 35 7.726 2.00 30 7194 032 0.3p1.52 11.45 2

Mrk 331 45 7.910 2.00 35 53.66 0.14 0.701.80 11.38 5

NGC 34 20 7.875 2.00 65 4223 0.14 0.453.75 11.39 4

NGC 5256 15 7.630 1.75 15 45.09 0.30 0.602.84 11.41 5

UGC 6436 30 7.990 1.90 34 40.89 0.05 0.373.25 11.39 -

NGC 6286 10 7.640 1.80 23 9425 0.50 0.474.36 11.20 5

Error (%) 13.0 23.0 - 36.0 140 240 -1 12.0 6.0 -

a=0,3,6 al. (1997). Here we recall only that, roughly speakingjro is
_ related to the width of the IR bump, whilstg 7 controls mainly
8max = 0.3,0.5,1.0um the NIR slope of the SEDs, as observed from obscured direc-
Teo7=1,3,10 tions, as well as its anisotropy.

All possible combinations of parameter values are consid- Indeed, the global result of the various work is that the nu-
ered in the libraries. For each corresponding model we céenpulear SED alone does not allow a strong constraints on the pre
the SED for viewing angles fronf@ 90 in steps of 10 degrees. cise geometry of the torus. Several individual analysielzaen

The impacts of changing various parameters on the predicted optimistic in this respect, due essentially to an fhisient
SED have been explored in Granato et al. (1994) and Granat@gploration of the parameter space. Some constraints cpatbe
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Table 6. Derived quantities from the best-fit starburst modefsis the free-free opacity at 1.4 GHE, is the fraction, in %, of
the total energy of the starburst reprocessed by the cioogonentMgas Mp, Mgen, ME, andMr are the logarithms of the final
gas mass, the dust mass, the dense molecular gas mass, thefrsiass created during the burst, and the total mass ofalasg
calculated advigas+ Mp + M SFR is the star formation rate averaged over the last 10 Myr,eMiSIIFR is the SFR averaged
over the age of the burstylis the percentage of thermal emission to the 22 GHz flux. Téterdav gives an estimate of the errors
on the parameters as described in Séct. 4.

NAME T C Mgas Mp Mgen MP Mr (SFR SFR Tin
%Mo) (Mo) (M) (Mg)  (Mo)  (58) () %
UGC 8058 0.03 3.0 1026 826 10.08 1040 1141 6815 435.87 20.

IR 14348-1447 2e-3 125 10.44 8.44 9.86 9.86 10.95 492.3 333&0.7
IR12112-0305 0.28 13.8 10.44 8.44 9.98 9.59 11.07 508.3 5029 504
IR 05189-2524  0.02 50 10.02 8.02 9.62 9.18 10.51 260.8 22%8.4

UGC 9913 0.56 7.0 1065 8.65 9.79 980 1110 288.3 2351 33.2
IR08572-3915 0.58 1.9 9.16 7.16 9.14 890 10.13 2055 1298 789
UGC 8696 0.01 7.7 1041 841 9.71 1025 11.19 400.8 137.8 193

IR 152506+3609 1.08 2.0 9.77 1.77 944 961 10.67 209.8 1545 296
IR 10565+2448 7e-3 25.0 10.29 8.29 9.75 10.36 11.27 2815 116.3 254
UGC 5101 0.13 209 10.55 855 9.81 10.10 11.08 4548 715 48
IZW 107 0.03 13.0 1024 824 950 10.12 11.06 2258 87.2 225
IR 01364-1042 0.76 3.7 9.66 7.66 9.38 9.55 10.50 180.7 91.7.0 26

IR 10173+0828 0.67 7.0 10.06 8.06 9.36 9.28 10.66 120.3 109.7 41.7

Arp 299 0.03 53 1019 8.19 941 10.07 11.00 207.4 67.3 15.6
UGC 4881 le-3 21.0 10.05 8.05 9.39 10.25 11.12 184.0 53.8 24.7
CGCG 436-30 0.39 6.4 10.02 8.02 9.20 9.67 10.65 146.5 58.01 23.

IC 1623 4e-4 10.8 10.18 8.18 9.41 9.78 10.82 139.2 655 19.4
NGC 1614 0.24 116 9.89 7.89 9.12 10.09 10.95 179.6 294 18.1
UGC 8387 0.31 17.1 10.07 8.07 9.52 9.93 10.84 160.9 435 148
NGC 7469 0.02 143 10.04 8.04 9.24 10.20 11.06 181.2 40.8 20.1
UGC 2369 0.13 11.4 1028 8.28 9.36 10.13 11.04 194.1 473 23.7
IHIZW 35 0.64 23 10.07 8.07 9.33 9.46 10.64 81.9 60.0 29.1

IC 5298 0.03 12.8 10.28 8.28 9.28 10.21 11.06 206.6 255 26.8
Arp 148 032 216 10.06 8.06 936 990 10.82 146.2 37.3 16.8
NGC 2623 0.42 8.7 9.77 7.77 9.28 9.70 10.66 95.3 47.0 23.1
Mrk 331 0.17 99 10.08 8.08 9.23 9.87 10.82 91.3 37.7 318

NGC 34 0.01 7.8 9.93 7.93 9.08 10.05 10.91 150.7 21.0 183
NGC 5256 0.01 15.0 9.77 1.77 925 985 10.73 164.7 40.7 110
UGC 6436 0.19 27.1 1036 8.36 9.07 10.12 11.04 1353 25.0 22.2
NGC 6286 5e-3 136 9.65 7.65 935 977 1059 136.1 140 5.2
Errors (%) - - 56.0 56.0 17.0 22.0 8.0 3.0 7.0 -

on the torus extension and on the optical thickness, and fifsodyoung red supergiants to the NIR, by the heating of the cir-
are obtained with flared disc models. rus from un-extinguished young stars, and by the heating of
However, we point out that in this paper our aim is just tMCs from extinguished young stars, respectively. pgfects
asses the possible contribution of the warm AGN componenttte radio spectral index, and in combination wighit has also
the total SED of ULIRGSs, without any pretence of discriminatbeen used to parameterize the evolutive phase of the staesur
ing the precise torus characteristics. Esg = Agey/ty. Higher values oEsgg, indicating more evolved
starbursts, are associated with higher NIR fluxes and cé&dfer
colour (see Vega et al. 2005 for a thorough discussiofy). f
4. Results affects the FIR colour and the sub-millimetre region, wigile
4.1. Model fits mainly afects the sub-millimetric region.

Summarizing, earlier evolutionary phases, longer escape
es and lower dust masses in MCs combine to heat the molec-
ular clouds producing warmer FIR colour. The sub-millineetr
§pectral region provides information on the dust emisgiwit

dex, and also on the total dust mass, because in this regisn em
sion from the MCs and from thefllise components are compa-
rable. The form of the radio spectrum is defined mainly by the
age of the starburst, in the sense that younger objects lztex fl
radio slopes.

The good spectral coverage from the NIR to the radio of our
sample imposes strong constraints, not only on the glolmgd-pr
erties of the galaxies, i.e. SFR, but also on other impoghps-
ical parameters. In the absence of an AGN, the fit to the tBtal
and radio luminosities is related to the star formation, ratgle
the detailed shape of the SED iffexted mainly by the optical
depth of the dustr), the escape timedJ), the age of the burst
(agg), the e-folding time of the burstyf, the fraction of gas in
molecular clouds (fc) and the sub-mm dust spectral indg. (
The optical depth mainly fiects the MIR spectral range  The presence of an AGN may alsffext the shape of the
by varying the contribution of the MC emission in the MIRSED by adding an extra warm component. Typical evidence of
tesc affects the NIR region, the PAH emission, and FIR coloukGN in our observed SEDs is the presence of a near power-law
(feo/ fro0) by changing the contribution of un-extinguishedghape in the NIR to FIR spectral region.
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Table 7. AGN fitted parameters. See text for details.

NAME ® rnffo B On @ amax Tesr e
(deg) (deg) Am) (pe)
UGC 8058 20 1000 05 20 6.0 03 10/068.98

IR 14348-1447 46 3000 0.5 40 0.0 d.3 3.009.00
IR 05189-2524 41 1000 0.0 40 00 05 10.0,7.29
IR 085723915 77 1000 1.0 40 60 03 10)J062.48

UGC 8696 74 1000 0.5 40 6.0 1.0 10]029.01
IR 15250+3609 90 300 1.0 40 00 03 10010.38
UGC 5101 10 3000 1.0 40 30 03 3/056.44

IR 01364-1042 62 300 0.0 20 30 10 1006.01
CGCG 436-30 40 1000 0.0 40 0.0 03 10.8.08

NGC 1614 74 1000 1.0 40 6.0 1.0 10]022.24
NGC 7469 21 1000 0.0 20 00 13 3|019.67
NGC 2623 22 3000 0.5 20 00 0.3 3|022.44
Mrk 331 48 3000 0.5 40 6.0 03 10.032.05
NGC 34 60 1000 0.5 40 0.0 03 1.0 9.79
NGC 5256 39 3000 1.0 40 00 03 1/067.58
NGC 6286 40 3000 1.0 20 6.0 0.3 10j032.57

@ Maximum radius of the torus model. It was calculated fromebaation given in Sect. 3 in Granato & Danese (1994)§@nd the value of
the parameter,/rq given in Col. (3) of this Table.

Table 8.Total (SB+ AGN) luminosity from the SED models infierent spectral windows and the corresponding AGN conidhut
Galaxies marked with anhave warm IR colorsfzs/ feo > 0.2. Galaxies marked with fahave NIR colours J-K 1.7, and those
marked with & have availabl&pitzerlRS spectra.

NAME L15/AGN L3 30/AGN  Lg_100dAGN L1 100AGN  L4g 50/ AGN L3 1100AGN  Luo/AGN
(Lo/%) (Lo/%) (Lo/%) (Lo/%) (Lo/%) (Lo/%) (Lo/%)
UGC 8058+% 11.6471 11.6642 12.4216 12.5124 12.187 12.4821 12.5124
IR 14348-1447 10.7556 11.4827 12.218 12.2310 12.076 12.2310 12.2310
IR 05189-2524+% 11.0174 11.6030 12.0117 12.0723 11.7913 12.0%20 12.2(023
IR 08572-3915+:% 10.8891 11.6481 12.0447 12.0952 11.7730 12.0952 12.0952
UGC 8696 10.6814 11.2929 12.0311 12.0712 11.906 12.0612 12.0812
IR 15250-3609 10.4530 11.3749 11.9420 11.9721 11.738 11.9621 11.9721
UGC 510%*% 10.7153 11.0612 11.891 11.924 11.790 11.902 11.976
IR 01364-1042 10.1326 10.8360 11.73211 11.7412 11.613 11.7412 11.7%12
CGCG 436-39 10.3842 10.9214 11.575 11.6%7 11.433 11.596 11.7310
NGC 1614 10.5518 11.13137 11.5818 11.6319 11.338 11.6320 11.6%18
NGC 7469 10.7620 11.0625 11.5510 11.6312 11.3¢4 11.5912 11.7013
NGC 2623 10.2515 10.5612 11.462 11.503 11.371 11.483 11.5%3
MRK 331 10.4720 10.7120 11.405 11.466 11.273 11.436 11.486
NGC 34 10.4717 10.7917 11.44 11.465 11.241 11.435 11.485
NGC 5256 10.7815 10.9125 11.435 11.5412 11.282 11.478 11.7316
NGC 6286 10.5(82 10.4¢41 11.225 11.319 11.151 11.268 11.339
L B B L L A e B S B 0 e R

8 ; - - _ _ _Normal SB | [ - - — —Normal SB
L Vo —(U)LIRGs ] o5 [ (U)LIRGs ]

6 - 20 ]

Z r Z 15+ —
4 | - —

1

1

1
0 20 40 60 80 100 120 140 0 2 4 6 8 10
DUST OPTICAL DEPTH AT 1 MICRON Agep/tesc

Fig. 4. Left panel histogram of the distributions af; for our sample of (U)LIRGs (solid line), and a sample of norstarburst
galaxies (dashed lineRight panel:histogram of the distributions of the ratidge,/tesc for the (U)LIRGs (solid line), and the
starburst galaxies (dashed line). This ratio gives theakegf obscuration of the newly born stars. See text for detail
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Table 9. Total (SB+ AGN) flux from the SED models in flierent IR spectral bands and the corresponding AGN conititout
Galaxies marked with ahhave warm IR colorsfss/ fgo > 0.2. Galaxies marked with &have NIR colours J-K 1.7, and those
marked with & have availabl&pitzerlRS spectra. For the latter galaxies the lower row provides# calculated from th8pitzer
spectra in the IRAC 3 and IRAC 4 and MIPS 24 bands. In the IRAC bands,ftkrences with models in the upper row, are mainly
attributable to &ects of molecular absorption bands.

NAME H J K IRAC1 IRAC2 IRAC3 IRAC4 | MIPS1  MIPS2  MIPS3
1.23um 1.66m 2.1um 3.55m 4.5um 5.73m 8m 24um 7Qum 16Qum
(Jy/%) (Jy%) (Jy%) (Jy/%) (Jy%) Qy%)  (Qy%) | Qy%)  (y%)  (Jy%)

UGC 8058+ 0.0624 0.1¥52 0.2¥76 0.3890 0.4882 0.7062 1.1643 | 6.7927 34916 14.873
0.7062 0.8%64 | 6.7027
IR 14348-1447 1.7E-35 2.5E-311 3.2E-334 | 0.01/83 0.0779 0.0455 0.0831 | 0.5718 6.976 4.223

IR 05189-2524% 0.0277 0.0383 0.0490 0.0788 0.1¥65 0.2¥41 0.4327 | 2.6224 12.9412 5.866
0.1557 0.2841 | 2.7§23
IR 08572+-3915*% 1.7E-326 2.8E-44 3.7E-363 | 0.0295 0.0797 0.1795 0.2¢92 | 1.6772 6.7827 1.8318
0.1985 0.3471 | 1.5478
UGC 8696 0.022 0.034 0.0311 0.0234 0.0338 0.0827 0.2022 | 2.4Q31 22826 12.072
0.0727 0.127 | 2.1Q35
IR 15256+3609 4.3E-30 5.5E-30 4.9E-30 | 3.7E-317  0.0359 0.0364 0.1255 | 1.2747 7.236 2.702
0.0480 0.1066 | 1.2548

UGC 510%#% 0.0238 0.0351 0.0363 0.0364 0.0358 0.0726 0.208 0.964 15.5%0 13.520
0.0920 0.1411 | 0.934
IR 01364-1042 4.0E/8 5.2E-31 49E-35 | 4.6E-331 4.7E-362 0.0)65 0.0448 | 0.5060 7.682 3.260
CGCG 436-39 0.01/26 0.0234 0.0248 0.0264 0.0353 0.0727 0.1%15 | 1.318 10.693 5.361
0.0447 0.1219 | 1.318
NGC 1614 0.093 0.116 0.1%13 0.1137 0.1841 0.4435 1.0¥33 | 7.4437 35.287 18.7722
NGC 7469 0.156 0.1910 0.1819 0.1942 0.2347 0.4%32 1.0919 | 5.4023 34.433 22.171
NGC 2623 0.042 0.055 0.0513 0.0437 0.0448 0.0927 0.2312 | 1.737 29.291 15.041
0.0461 0.1418 | 1.7Q7
MRK 331 0.061 0.075 0.0718 0.0850 0.0957 0.1635 0.3317 | 2.0511 22.512 14.041
NGC 34 0.051 0.073 0.0612 0.0647 0.0849 0.1332 0.2922 | 2.408 18.131 9.740
NGC 5256 0.0R4 0.0734 0.0849 0.0864 0.0870 0.1243 0.3416 | 0.9§12 9.761 7.660
NGC 6286 0.06 0.0813 0.0932 0.1061 0.0977 0.1358 0.3323 | 0.6129 16.9321 15.480
[ SN SN SN SR SN . 8 T T T T T T
5 b UGC9913 E L ___ AGN+SB (U)LIRGs |
: \ E 6L ---1 --- pure SB (U)LIRGs |
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Fig. 2. Fits to the UGC 9913 observed and simulated SEDs péiig. 3. Distributions of the e-folding times of the burst for
formed to estimate the errors in thdfdrent model parameterspure SB (U)LIRGs (dashed line) and for mixed (AGSB)
and derived quantities. The open circles represent therabse (U)LIRGs (solid line).
tional data. The three dots-dashed line is the best fit to site d
while the thin solid line and the dotted line represent thet bis
to two simulated data-sets drawn randomly from the observeder the SB component of the SED, and the fractional contribu
valuest a full standard deviation. tion of the AGN to the 8-100am flux indicated as AGNot.
Some important physical quantities derived from the best fit
models are listed in Tablg 6. In Col. (2) we show the required
free-free opacity at 1.4 GHzyg, to fit the 1.4 GHz data, i.e.

In Fig.[d we show the full SED fits for the galaxies of ourffﬁgGHz = f{f“4°§GHZ x €™, Column (3) lists the % fraction of
sample. The corresponding best-fit parameters of the stdrbthe total energy of the starburst reprocessed by the cioos ¢
components are shown in table 5. The last three columns of ghenent,C; Cols. (4), (5), (6), (7) and (8), show the logarithms
table display the value of the evolutionary phase of thévstat, of the current total mass of gas (i.e. M€rrus), Mg, the total
Esg, the logarithm of the IR (8-1000m) luminosity integrated mass of dustMp, calculated asvip = Mga/(G/D); the mass
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AGN contribution of 11.5 %, while the number of passbands

0.0f o ' ' ' ' ' " was eleven. However, the scope of this work is not the phys-
i ] ical characterization of the AGN component but the contribu
-0.2 . tion of the AGN to the luminosity expressed as an excess over
& o . ] the SB luminosity. In Tablg]8, we show the contribution of the
~ ~04p e oo ] AGN emission to the luminosity in ffierent IR spectral ranges.
< i & f ] In particular, the spectral ranges between 8 - 10803 - 1100
g 06 o i o o 7] um, and 40 - 50Qum, are those used in fierent calibrations
Eﬁ . xess  [xioa ‘;(’29‘?‘" oss ] for the total IR luminosity (Takeuchi et al. 2005). In Tafle 9
-o.8p @ e Pafwfﬂom ] we show the flux and the corresponding AGN contribution in
i S, ] 2MASS andSpitzerbands. These fluxes were calculated on the
-Lor ] SED by using the appropriate filter responses. For the gadaxi
12k s o) 1 with Spitzerspectra thg lower row provides fluxes calculated on
L , , , , . ] the observed spectra in the IRAC 3 and IRAC 4 and MIP&24
-04 -03 -02 -01 00 0.1 0.2 bands. In the IRAC bands,ftierences with models in the upper
Log(feo/f100) row, are mainly attributable toffects of molecular absorption

bands (Lahuis et al. 2007). The maximum AGN contribution is
Fig. 5. IRAS colour-colour diagram for our sample (U)LIRGsalways confined in the NIR and MIR spectral range. Actuatly, i
Crosses denote the pure starburst galaxies, while opdesite- was already known both from theoretical studies (e.g. Goana
note the galaxies with AGN. The filled circles denote the rdixeet al. 1997) and direct observations (e.g. Alonso-Herréml.e
(SB+AGN) galaxies but with the IR colours corrected from th@001) that the AGN radiation field can heat the dust up to 1000-
AGN contributions. The numbers correspond to the values D500 K, resulting in a dust thermal emission peaking in the
the parameter &. The four closed regions highlight the fourNIR to MIR range. Moreover, all galaxies in our sample with
evolutionary phases of our starburst model: (a) early ph@ge J-K> 1.7 (see Tabl€]8) cannot be modelled with pure SB and
peak phase, (c) the old starburst phase, and (d) the pobtisgt have AGN contributions to the 1 - &@mn region higher than 50
phase. %. However, the presence of J-K colours as blue as those of typ
ical of SB galaxies, cannot be used to discard the preserae of
important AGN contribution to the IR luminosity. This is,rfim-
Stance, the case of IRAS 15258609, with a J-K 1.16, typical
of a stellar population, but whose SED fitting required a AGN
contribution~ 20% to the total IR luminosity. Another typical
' AGN diagnostic in the NIR-MIR range is the 280 um ratio

involved in the MC componentylgen, calculated from the pa-
rameterfyol @S Mgen = fmol X Mgas the mass converted in star
during the burstM?, and of the final baryonic galaxy madés,

calculated adVigas+ Mp + M respectively. By construction
the SFR in our starburst models is a decreasing functiom, ti -- " "
with a characteristic e-folding timig of the order of a few tens (De Grijp et al. 1985, Sanders et al. 1988). Thus, "warm” gala

; - > jes, with 2560 > 0.2 are likely dominated by the AGN, while
of Myr. Therefore, the SFR may change considerably durieg thcold" gala?(ies (2560 < 0.2) );re probably c}/ominated by star

age of the burst. We show in Cols. (9) and (10) respectiviedy, tormation. In Tabl&1L. we mark with 2"warm” ;
: . . , galaxies of our
SFR averaged over the entire burS,FR, and the SFR in the sample. However, as a result, we can see in Table 8 that not all

last 10 Myr, i.e. the current star forming r&é-R, as generally o\ arm galaxies needed an AGN contribution, e.g. Arp 299
probed by line emission diagnostics. Notice that non-tmérnbs/Go — 0.23) or IC 5298 (2%60 = 0.22), and on the con-
emission probes typical lifetimes of the SNII productien50 trary some cold galaxies, IRAS 15258609 (2560 = 0.18)

Myr. Finally, the percentage of model thermal emission @28 '\ cc 8696 (2BB0 = 6.10), needed AGN contributions to

GHz flux is given in the Col. (11). inosity hi 0
The last rows in Tabldd 5 afdl 6 list the estimate of the errotrhse total IR luminosity higher than 10%.

on the parameters. To estimate the errors we have assunted tha
the SED of UGC 9913 is representative of the starburst com- The FIR to sub-mm spectral range is the least sensitive to the
ponent of our sample of (U)LIRGs. We then calculated several P 9

: : resence of an AGN. In the 40 - 5pén range, only two galax-
simulated SEDs for UGC 9913, by randomly varying the ob- A ;
servational data by the corresponding observational error an es needed AGN contributions higher than 10%, IRAS 05189-

for each new SED, a new fit was performed. The fractional 524, and the completely AGN dominated, IRAS 0853915.

rors on the parameters were then estimated as the ratio émetwo':nail2g:§sfét§fh2a7v§:||§?ngﬁ%nrézl:]ngsbéss‘:hwe'tzer et ab§po
their range of values and their mean value: P :

oar Valugny — Values _
error- = Value . (5) In summary, of the 30 galaxies of our sample, 16 needed
an AGN contribution in order to fit the SEDs. Only 1 galaxy,

Figure[2 shows, as an example, three fits to the UGC 99IBAS 08572+3915, seems to need a dominant AGN contribu-
obtained in this way. The largest values of the errors arigel®r tion (~ 47%) to the total IR luminosity. Seven of these galax-
for the total mass of gas and duddas Mp) because the emis- ies require an AGN contribution to the IR luminosity (8-1000
sion in these objects is dominated by the molecular compgongm) lower than the estimated error in the IR luminosity@%,
while the cirrus component is not well constrained. Themrrosee last row of Col. 10 in Tablg 5). The NIR to MIR spec-
for the other parameters are typicady25%. tral range was well constrained only for the 11 galaxies with

In Table[¥, we list the values of the 7 parameters for tteMIR spectrum. Of those, 8 needed an AGN contribution in or-
best-fit AGN models for the 16 galaxies with emission excessder to explain their SEB MIR spectrum, and only UGC 9913,
that could not be fitted by the SB model alone. As already alRAS 105652448, and UGC 8387 could be well modelled with
ticipated, one of the galaxies, IRAS 01364-1042, requined @aure starburst models.
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Fig. 6. Left panel best fit to the IRAS 152503609 SED without the inclusion of thgpitzerspectrumRight panel:best fit to the
IRAS 1525063609 SED with the inclusion of th®8pitzerspectrum. The meaning of lines and symbols are the same aguired.

by a more rapidly declining SFR, than pure starburst (U)L$RG
500F ' ' e ' E An exciting interpretation of this finding is that the SFReifs

: 3 sufers negative feedback from the AGN.

On the contrary, no significant fiierences are found in the
other parameters, i.e. dust opacities, escape times, etc.

The ranges of ages varies betwee® & 10° yr for
IRAS 08572-3915 to 98 x 10’ yr for UGC 6436, with a small
trend for older bursts in pure SB objects.

More interesting is the comparison of the MC optical depth,
71, and the degree of obscuration, measured by the quantity
age/teso between (U)LIRGs and normal starburst galaxies.
Both parameters indicate that (U)LIRGs constitute a pdjnra
: ] of very dust enshrouded objects with respect to normal starb
- : : : : - galaxies. In Figl4, we show the distributionsaf (left panel)

5.0x10M  1.0x10%2 1.5x10™ 2.0x10'% 2.5x10'*  gnd agg /te. (right panel) for our sample of (U)LIRGs (solid

L (SB) [Lo] line) and the sample of normal starburst from Vega et al. $200
_ ) . dashed line). Both histograms indicate that (U)LIRGs aad s
Fig.7. _Correlatlon between AGN corrected IR luminosity ang) (st are two very distinct populations and that, consetyen
the derived SFR averaged over the last 10 Myr for our sampleyk infrared properties of (U)LIRGs cannot be obtained from

(U)LIRGs. The circles denote the individual galaxies, théds  4se of starburst galaxies just by re-scaling them to higtae
line represents the best fit to the correlation, and the dal§h® 15 mation rates.

represents Kennicutt's relation.
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The values of the SB evolutionary paramekgyg, show that
many LIRGs and ULIRGs (180) are found in the peak phase
5. Discussion of the starburst phenomenonZ0 < Esg < 2). None of galaxies

is in the early phaseHsg < 0.2); 14 are in an older phase
One of the main results emerging from our investigation & thEsg < 4), and only one, the least IR luminous NGC 6286, is
in all but one galaxy, IRAS 085423915, the starburst dominatesfound in the post-starburst phase. The starburst phasesdddin
the bolometric £ IR) emission of the source, with a fractionakhe IR colours (an observational quantity) is in perfeceagnent
contribution that is always larger than 80%. About half of thwith that defined by th&sg parameter (a theoretical quantity),
sample can actually be fitted by a pure starburst. see Fig[h. In the same figure we notice that when the estimated

We thus begin the discussion by looking into the main fe&GN contribution is subtracted from the fluxes in the IR bands
tures of the SB components of (U)LIRGs and their possible difU)LIRGs with AGN fall on the same trend as pure starburst
ferences with respect to normal starburst galaxies. (U)LIRGs (open circles connected to solid circles), intliog
that our determination of the AGN contributions is robust.

Another important quantity derived from our fits is the
mass of dust. Dunne et al. (2000) have published dust mass
All the pure-starburst (U)LIRGs in our sample have e-fofdinmeasurements for their SLUGS sample, which includes some
times ranging between 20 to 50 Myrs, while some shorter ef our objects. In general, there is a very good agree-
folding times are obtained for the mixed (AGN SB) sub- ment between their determinations from 8o observations
sample. In Fig.B, we show the distributiontgpffor pure SB and and ours. However, for three galaxies, IRAS 0853215,
mixed (U)LIRGs. A K-S test for the two distributions indieat IRAS 15256-3909, and NGC 1614, their estimates are consid-
a high probability that the two distributions ardfdrent. This erable higher than ours, reaching one order of magnitudeein t
would indicate that (U)LIRGs with an AGN are characterizedase of IRAS 085723915. The likely origin of the discrepancy

5.1. The Starburst Component
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is that Dunne et al. (2000) determinations are based on the esntribution of the AGN is only 20% of the IR luminosity, othe
sumption that the dust emitting in the sub-mm range is cotflantities have changed by a significant factor. The opdiepth

(T~ 20 K), while GRASIL accounts for a distribution of dustof MC has almost doubled, and now it fits better in the range of
temperatures within the ISM. In the above three galaxiesame (U)LIRGs. The current SFR has decreased fro@46 M, /yr to

see, from the fits, that the sub-mm spectral range is still-dom 154 M, /yr while the model still fits very well the radio data.
inated by a warm MC component which thus require a signit-his happens because the evolutionary phase becomes more ad
icantly lower dust mass. We believe that our estimate is moranced (kg ~ 1 instead of 0.4) and what actually fuels the radio
correct, since it is based on the fit to the whole MIR-FIR-sulflux is the the SNII rate, which probes a time interval five time
mm spectral range. larger than the 10 Myr adopted for the current SFR. It is worth

The total baryonic mass derived for our sample of (U)LIRGsoticing that the common belief (e.g. Elvis et al. 1994) iatth
is also in good agreement with dynamical mass estimates (atwg presence of the AGN eventually dilutes théu®n feature.
Genzel et al. 2001, Colina, Arribas & Monreal-lbero 2009RAS 152506-3609 actually shows the opposite case, since the
Dasyra et al. 2006). Moreover, our estimates of the totahggss  9.7um feature is intrinsically less pronounced in the less opaqu
are in agreement with those derived from available obsemnat MCs of the pure starburst model.
in HI and in CO, see for instance Cols. 7 and 8 in Table 4 by In the other 10 galaxies, the inclusion of the IRS spectrum
Dunne et al. (2000), provided that a reduced conversiomifactlid not change our classification, although it allowed a nzare
(X-factor) between CO luminosity and mass of molecular gascurate estimate of the SB parameters and, of the AGN contribu
used (Solomon et al. 1997). tion.

Finally, in Fig.[1 we plot the current SFB FR versus In summary, of the subsample with IRS spectra, three galax-
the AGN corrected IR luminosity of the best-fit modeIL'TS,RB. ies, UGC 9913, IRAS 10562448 and UGC 8387, were still
The solid line represents the best linear fit to the data, iwell fitted by pure SB models. Seven galaxies, UGC 8058,
SFR= 1.82x 10 g (M, Lo™). By comparison we also UGC 8696, UGC 5101, NGC 2623 CGCG 436-30, IRAS 05189-
plot the SFRLr calibration of Kennicutt (1998) (dashed line)2524 and IRAS 085723915 were fitted with almost the same
The two calibrations coincide within the accuracy of the mled SB and AGN components. In IRAS 15288609 the IRS spec-
(Kennicutt 1998). tra revealed the presence of an almost entirely obscured AGN
contributing 20% of the IR luminaosity. This is where the com-
52 Spit ; bined analysis of the IRS spectra and panchromatic SED #splo

<. Spitzer spectra its maximum capability.
In our starburst models the MIR spectral domain is largeindo
inated t_)y the MC component. However, in (U)LIRGS this SP€Gs 3 Star formation versus AGN
tral region may be significantlyfiected by the presence of an
AGN. The interpretation of the MIR broad band fluxes magixteen galaxies (53 %) of our sample of 30 (U)LIRGs require
be dfected by a degeneracy between the optical depth of thie AGN contribution in order to fit their SEDs. However, only 9
MCs and the contribution of the putative AGN. Indeed observ€30%) need a contribution to the IR luminosity which is highe
warm MIR colours may be almost equally well reproduced hiphan 10 %. In most cases it is lower than 20 %. Only one galaxy,
increasing the MC optical depth and, at the same time, isere#RAS 08572-3915, seems to be AGN dominateg 60%, see
ing the AGN contribution (see e.g. IRAS 08572915 in Fig. 1 the discussion below). In/20 (6%) objects, the AGN contribu-
of Prouton et al. 2004.) However an increase of the MC opticé@bn (8-1000um) is less than 2%. In these objects the AGN con-
depth has thefect of strengthening the Bum silicate absorp- tribution is more important at NIR wavelengths, where it may
tion feature. Thus, a possible way to break this degenesatty i reach 15% or more, as for UGC 5104 $0%), while the AGN
complementthe broad band fluxes with the 5 u85SpitzedRS  contribution to the IR (8-1000) luminosity is 1%. However,
spectrum which carries a great deal of additional inforomati it is worth remarking that UGC 5101 shows an evident power

We thus searched f@pitzer RS spectra of our ULIRG sam- law NIR SED and [NeV]1am emission in th&pitzernRS spec-
ple in the SSC archive and found them for 11 galaxies. Foethasum (Armus et al. 2004). In the remaining® (17%) the AGN
galaxies the fitting procedure includes also Btzerspectra contribution (8-1000) is of the order of 5%.
which are shown in Fid.]1, together with the correspondingmo  For those objects that have been observed Gititzer we
els, upwardly displaced by one dex, as solid thick and shbli t find that our estimates of the AGN contribution agree veryl wel
lines, respectively. with those derived by Armus et al. (2007) usitig line ratios

The largest fect, after accounting for the analysis of thée[V]Ne]ll] or O[IV] Ne[ll], although many of their values are
Spitzerspectra, was found for IRAS 15258609. As an illus- quoted as upper limits. We find affirent result for two galaxies,
tration purpose, Fid.]6 shows how the inclusion of the IR®spdRAS 14348-1447 and IRAS 15253609. The first was classi-
trum changes our spectral classification of IRAS 1525809. fied as a pure SB by Armus et al. (2007), based on the strength
The left panel shows the best fit to the broad band SED aloéthe PAH features. However, we require an AGN contribution
The 20 continuum passbands are very well fitted by a pure $Babout 10 % to the IR luminosity, in order to match its red NIR
model with e-folding time of 25 Myr, age of 1§, 71 of 29 and colour (J-K= 1.7). In the case of IRAS 1525®609, Armus et
a large current star forming rat8,FR. ~ 246 M /yr. However, al. find that the power source remains buried even in the MIR,
the IRS spectrum of IRAS 15253609 shows the presence ofwhile our analysis of the NIR to radio SED (including the IRS
a deep silicate absorption feature at8n (right panel). With a spectrum) requires a buried AGN contributing about 20 % ¢o th
starburst alone, it is not possible to reproduce the lardieap IR luminosity.
depth required by this silicate absorption feature and this-e Armus et al. (2007) have estimated the AGN fractions also
sion in the MIR-FIR continuum, at once. Indeed, the fit shownwith other methods, using either the equivalent width of the
in the right panel includes an obscured AGN (torus incloati 6.2 um PAH feature, or the mid-infrared spectral slope, or the
~ 90°) contributing~ 20% of the IR (8-100Q:m) luminosity, ratio between the total PAH flux and the IR flux. These methods
and about 50% to the MIR luminosity. We notice that, though thprovides AGN fractions that are in general very much higher
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than those obtained by analyzing the high ionization line rguencies (Lonsdale et al. 2003). On the other hand it isylikel
tios which are similar to our values (see appendix for compdhat the lower fluxes are the genuine emission from the stst;bu
isons for individual objects). Therefore, our work suppdtte because, in the other alternative and given the amplitudtardf
notion thatneither the mid-infrared slope nor the PAH equivaability, they should show a much larger scatter around time sy
lent widths or relative fluxes provide a good estimate of tB&A chrotron relation. In the fitting procedure we have thus el
contribution(see conclusions in Vega et al. 2005). that the lower level radio emission is representative ofstiag-
Summarizing the above results, we find that the contribburst. Both galaxies have published IRS spectra which thege
tion of the AGN is well determined in ¥80 objects (33%), with the broad band SED, are well fitted by a composite model,
while in 530 objects it is minimal (5%). In the remaining/B® SB plus AGN.
objects (50%) the SED can be well fitted by almost pure star-

bursts because the total contribution of the AGNid%, less 5 Molecul . tivelv star formi Jaxi
than the accuracy of the model in all bands. Even in the o> Molecular masses in very actively star forming galaxies

jects where the presence of the AGN is well determined, onfyur SED fitting technique allows a fairly accurate determina
in one case, IRAS 08543915, does the AGN dominate thetion of the main physical parameters of the power sources in
bolometric luminosity. In general, the optical spectrglég of compact (U)LIRGs, and in particular, a full characteriaatof

the galaxies (Col. 9 in Tablgl 1) agree very well with the rehe starburst component. One of the quantities that we eldriv
sults from the SED analysis. All galaxies classified &1 rectly from the fit is the mass of the obscuring dust present in
were well modelled with pure SB models. While those classifishe dense molecular clouds. This can be converted into a mass
as "Sy needed some AGN contributions. The situation is lessf dense molecular gas associated with star formatiorr, agte
clear for galaxies classified as Liners. Some of them (4) wes@ming a suitable g#gust mass ratio. This method of determin-
modelled with pure SB models, while 5 of them, IRAS 14348ng the mass of dense molecular gas in galaxies with high star
1447, IRAS 152563609, IRAS 01364-1042, CGCG 436-3(ormation rates, may constitute a viable alternative tortivge
and NGC 6286, required of the presence of a buried AGN.  traditional methods based on the molecular tracers of high d

Since only 1130 objects have publisheSpitzerIRS data sity regions (e.g. HCN, see Gao & Solomon 2004a and refer-
that can be used to add further constraints to our fitting @roences therein).
dure, we cannot definitely rule out that the AGN contributien In order to obtain molecular gas masses from the dust
larger and, in particular, that our conclusions on some pta&'e  masses, we have adopted a conservative value /BEB00
bursts need revision. It is, however, less likely that theusion which is typical of nearby star forming galaxies. This value
of Spitzerspectra changes our conclusion of the overall dondeems adequate also for our sample because there is evidence
nant contribution of the SB in (U)LIRGs (see Séct]5.2). that the metallicity in these objects is around solar (Rupke
Veilleux & Baker 2007). Furthermore, our chemical evolatio
models indicate that the metallicity of the gas changes by le
than 30% during the whole duration of the burst. This allows u
In paper | we found a systematic deficit of the 22 GHz emissida assume a constant dust to gas ratio for all the objects; ind
in our galaxies when compared with that expected from the faendent of their evolutionary status.
dio spectral slope calculated at lower frequencies (Clereéal. In Fig.[8 we plot the infrared luminosity (8 - 100@m)
2007). Actually, FigllL shows that the 22 GHz data fall belbev t against the values of the dust masses of our objects. In therup
best fit model in 180 of the galaxies. In 16 out of 19 objets théhorizontal axis we show the corresponding molecular masses
differences between models and 22 GHz data are small, mosphtained by assuming/G=100. The existence of the tight linear
them within the 26- 30%, as can be seen from the residual plotorrelation between the infrared luminosity and the dusssna
of the same figure. For 9 objects the 22 GHz deficit is within thaf the dense star forming component, reproduced in[Hig. 8, is
observational error. For the other 7 we notice that the 22 Glznatural consequence of the fact that the infrared emission
flux, though below the total predicted radio emission, dbtua our objects is dominated by the MC component. The correla-
falls above the predicted synchrotron emission (long déihe tion codficient is R = 0.874, and the non-parametric Kendall
in the plots). Thus a possible explanation is that the deft@?2 tau codficient istx = 0.74, indicating a very low probability
GHz may be due a deficit of thermal emission caused by absoppnon-correlation. Assuming =100 we find that the best-fit
tion of ionizing photons by dust within the Hll regions (Vakl (logarithmic) relation for the galaxies of our sample is
et al. 2005). In the above 7 objects we estimate that the frac- , sg,
tional absorption is between 20% to 40%, as can be seen fri‘)%g(L'R) = (1.01+ 0.08) logMaer) + (220+ 0.79) (6)
the open squares in the residual plots of Eig. 1. Finallygehror, in linear form,
galaxies, UGC 8387, 1IZW 107 and Arp 199, show a deficit insg _ 1
the high frequency radio emission that can not be explaiyed E'R /Maen = 18311) LoMo". )
observational errors (unless we have severely underdstitith  This relation is plotted in the figure as a thick solid line,ilgh
or by dust absorption. We are currently investigating trenéwal the thin solid lines correspond to the one-sigma deviationrd
origin of this discrepancy (Clemens et al. in preparation). the mean relation.

Two galaxies of the sample, UGC 8058 and UGC 8696, show It is also remarkable that objects with a significant contri-
variability at radio frequencies (Figl 1, Paper 1) on a tices of bution from an AGN lie above this relation. However, when
a few years (Condon et al. 1991). In the case of UGC 8058 ttiee contribution of the AGN to the IR luminosity is subtratite
higher radio fluxes in Fid.]1 are from observations taken en tthese objects nicely fit on the relation. The unique excepto
same day. They are higher by about 0.4 dex and have a sIbRAS 08572-3915 which seems to require an IR contribution
which is strikingly similar to that at the lower radio fluxé&he from the AGN even higher than the value of 47% obtained from
latter data result from observations taken over a periodotia the SED fit.

15 Years. The variability may be an indication that the AGN All these findings support the existence of a fairly robust co
actually powers sporadic emission which dominates at fadio relation between the infrared luminosity and dgas mass of

5.4. SED fits at radio frequencies
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Fig. 8. Correlation between the dust mass in the dense componewedié&om our best fit models, and the IR luminosity for our
sample of 30 (U)LIRGs. In the upper axis, we display the egjeint molecular mass for a dust-to-gas ratio of 100. Filkedss
denote the total IR luminosity, calculated from the 4 IRASds(Sanders & Mirabel 1996), while the black open circlesodethe

IR luminosity corrected for the AGN contribution. The latteas obtained by integrating the luminosity of the starboosnponent

of the best-fit model. The thick solid line is a linear fit tosiGN corrected IR luminosity, i.e. the IR luminosity due e istarburst
emission component, while the dot-dashed line correspuniti fit to the total IR luminosity. See text for details. Tdwted line
corresponds to the fit between the IR luminosity and the demdecular mass as traced by HCN emission obtained by Gao &
Solomon (2004a). The cross to the upper left denotes thedleirors of the IR luminosities and masses derived withnoodels

as explained in Sed] 4.

the star forming component, which could possibly be used to Table[0 lists the values of the IR and HCN luminosities of
determine the fractional contribution of the AGN in lumirsouthe 15 common galaxiB:whiIe Fig.[9 shows the derivegcn
IR objects where the gas mass is known by other methods. against the IR luminosity. The median value @fcy for the

As a check of our finding, we have compared our results wii®mmon objects is 6.0 MK km s™'pc®)™ with 87% of the
that obtained by Gao and Solomon (2004a) for their sample @laxies havingcn = 6. + 2.75. The exceptions are Arp 299,
64 star forming galaxies. For these objects, they derivéghe t and NGC 1614 that are also outliers in the Gao & Solomqn cor-
correlation between the HCN luminosity and the IR lumingsit'elation. These galaxies have valued.gf/Lcn ~ 3000, while
that was interpreted as evidence that both originate inahees the mean value ofr/Lncn in their sample is 900 - 1200, im-
region. They obtained the mass of dense molecular gas frem Biing significantly weaker HCN emission.

observed L|CN by adopting a conversion faCthendeHCN Our median value QﬂHC-N is about half that derived by Gao
& Solomon (2004a) for their full sample. However ttagey fac-

tor derived by by Gao & Solomon (2004a) is certainly biased to
anen = 2.14/n(H2)/Tp = 10 Mo(K - km - st - pd) 2, (8) wards normal galaxies, that constitute the majority ofrteam-
ple, and may not be representative of the more extreme condi-
tions of the molecular gas in (U)LIRGs. That a lowg/cy fac-
tor would be more appropriate for (U)LIRGs was also argued by
Gao & Solomon (2004a), who noticed that this factor is a sensi
tive function of the brightness temperaturg, that can be higher
in (U)LIRGs. Indeed, that conversion factors between molec
L.SRB/Mden= 90 L, - Mgl, (9) ular gas mass and luminosity may be lower in more extreme
star forming conditions has already been found for CO emis-
sion (Solomon et al. 1997, Downes & Solomon 1998). Moreover
brightness temperatures reaching hundreds of kelvinslbese

assuming a typical density ofH,) ~ 3 x 10* cm™ and bright-
ness temperaturg, E 35 K. Their relation between IR luminos-
ity and dense mass is shown in Eig 8 as a dotted line:

Their relation falls below our relation by about a factor wbt
In order to understand the origin of this discrepancy wecest
the Gao & Solomon sample for common objects and derived the actually, there are 14 galaxies in common between the two- sam

conversion factorsyycn, between our estimated gas masses apfks. We also included in the study IRAS 1230305 from the Gracia-
the HCN luminosities quoted by them. Carpio et al. (2006) sample
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Fig. 9. Values ofapcy for the 15 galaxies in common between the Gao & Solomon saammdeour sample of (U)LIRGs as a
function of the starburst IR luminosity. The filled circlegdhe data, the thick solid line represents the median \&#lugcy, the
thin solid lines represent the derivedbf the distribution ineycn. The histogram of the distribution is shown to the uppertrigh

found in massive Galactic star forming cores (Boonman et about 10%, but, and more importantly, its dense gas mass will
2001). be 40% higher than that derived from the assumed/gastra-

Making the same approximation as Gao & Solomon, that t€- This would push the galaxy on the border of the — Mgas
HCN emission originates in gravitationally bound cloudesyr correlation.
and assuming the same core density of )(H 3 x 10* cm3,

\év5e+2easlt<imate from equatié 8 that auicy would requirea ¥~ 5 6. The star forming efficiency, SFE
21 ™ , . .

Actually, an accurate determination of the conversion falVith the ratio between the current star formation rate ard th
tor between HCN and the mass of the very dense molecular J&&SS Of dense gas, we obtain a quantity which measures the re-
needs more extensive studies, including observations dfl H |pr9cal of t_he SF time scale and which is usua}IIy ca}llgdfsnar

mation dficiency (SFE, Gao et al. 2004a). This ratio is plotted

lines at higher frequencies. In this respect, we anticiplade . . . .
: '9 quenc ! b W i [ the diferent panels of Fid. 10. There is only a weak corre-

preliminary results of the combined analysis of the SED and.. -2
the high excitation HCN transitions in Arp 220 (Vega et ation between the SFE and the IR luminosity of the SB or the

; CN o : ; f dense gas, while an anti-correlation becomes faiily
in preparation) indicate that these high brightness teatpezs @SS 0 : " ;
are likely, but also that other factors (abundances, dessite- dent (Kendall cofficient, 7« = ~0.85) when the SFE is plotted

locity gradients) fect the derived value afycy. Greve et al. agai.nst the evolutionary phgse_of the SB (bottom left paiiel
(2006), in their very extensive study of the molecular efiss efficiency of the star formation is larger in the early-peak pkas

in Arp 220, derived a likely range of dense molecular massgg_th‘_a starburst (6 < 1) and then tails ¥ to values charac-
of [0.6 - 2.0]x10 M. Their derived lower limit correspondste”St'C of more normal galaxies (Gao & Solomon 2004) as the

to our derived value. We notice also that the upper limit orarourst reaches the later phases.

grsez)/ﬁ)ritoz;l.(%ggids the dynamical mass estimated by Dowrp(se&(s FE) = —(0.18+ 0.02)- Esg + (1.79 0.05) (10)

We finally notice that IRAS 085723915 falls significantly Stars in the bottom panels mark objects in common with Gao
above the correlation, suggesting that we could have ottere& Solomon (2004b). The right panel shows that this anti-
mated the SB contribution. However, a further decrease @f tborrelation exists even adopting the gas masses derivdtehy; t
SB component is incompatible with the radio SED, dominatedthough with a larger scatter. This shows that the existeric
by thermal emission, so that a fraction of it should be aitél this anti-correlation is not a spurious result of the metie
to the AGN. Alternatively, the starburst in IRAS 085#3915 have used to determine the gas mass. On the contrary, we are
could be characterized by a metallicity significantly lowlean confident that our method provides more reliable SFR and gas
the average in the sample. In fact, while the typical metiafli mass estimates, because it reduces the scatter in spiterefs
of (U)LIRGs is 1.1 solar (Rupke, Veilleux & Baker 2007) thatng the number of objects. We notice also that Gao & Solomon
of IRAS 08572-3915 is only 0.8 solar (as obtained from th€2004b) claim that the star formation rate per unit mass ofde
N2 calibrator, Denicold, Terlevich & Terlevich 2002 andtiep gas is constant for all galaxies, including ULIRGs, and that
cal emission lines Veilleux et al. 1995). In this case, trerial star formation law in terms of dense molecular content id wel
radio emission is enhanced (with respect to FIR emission) bgpresented by a power law with exponeitO.
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Fig. 10. Correlations of the SFE with fierent quantitiedJpper left: Correlation of AGN corrected IR luminosity from the best-fit
models and the derived SFE for our sample of (U)LIRGgper right: SFE vs. the derived dense gas masses of the madei®r

left: SFE as derived from our models versus the evolutive phadeeoftarburst. Galaxies in common with the Gao & Solomon
sample are marked as stars. Filled symbols correspond aaigslfitted with pure SB models while open symbols corredgon
those fitted with mixed (AGN+ SB) modelsLower right: As adjacent panel but for the subset of galaxies in commoln thig
Gao & Solomon sample and calculated using their derived cotde gas mass and our estimate of the recent SFR. Fillesl star
correspond to galaxies fitted with pure SB models while opars €orrespond to those fitted with mixed models.

Such as rapid decrease of the star formatifiitiency as AGN contribution,rx = 0.78. This correlation remains strong
the starburst evolves, strongly suggests that feedbagis @a (rx = 0.77) if the observed IR colors, i.e. without AGN contri-
major role in the evolution of these extreme objects. To khebution correction, are used.
whether there are significanttérences between pure and mixed
ULIRGs, we have plotted the former objects with filled symiog(S FE) = (1.74+ 0.20)- log(fso/ f100) + (1.55+ 0.03)  (11)
bols and the latter objects with open symbols. In the lowtr le
panel of FigLID there appears to be a separation betweendhe t  |nstead of SFE we could have used the ratio/Lign and
classes of ULIRGs, with thefiéciency in early mixed objects obtained a correlation analogous to that shown in Figuref9a o
being on the average 40% larger than in early pure starburstsgao & Solomon (2004). Notice, that considering only ULIRGs
Given the small number of objects, this is far from being a defh, this Figure, a definite trend of decreasinfa@ency at cooler
inite <_:0nc|u3|0n. However, if conﬂrmed,. it will shed impant feo/ f100 colour, with slope- 1.72, is seen. Therefore, this strong
new light on the AGN-Starburst connection. At present, we cacorrelation between the observed colour and the observed SF
not say whether a highefiigiency in mixed (U)LIRGs is due to indicates that this variation of the SFE is real. The addilo
an enhancement of the SFR due to positive AGN feedback, ohformation on the evolutive phase of the starburst and en th
lower mass of dense gas, due to negative AGN feedback.  AGN contamination, allowed by a realistic modelling procesi

While Esg (=Agey/1y) is a quantity entirely derived from our eliminates a large part of the dispersion in the star foromati
best fit models it would be desirable to put the above finding @fficiency found by Gao & Solomon (2004).
observational grounds, to check its independence from thte m
elling process. As already mentioned, Vega et al. (2005)dau
tight correlation betweeksg and the FIR colouffgg/ f1po. This

correlations goes in the sense that as the SB evolveszde2. || hut one of the 30 compact (U)LIRGs we have analyzed are
increases, the infrared colour gets cooler, feg/ f100 decreases. predominantly powered by a starburst, contributing moesnth

Indeed, by using the FIR colour instead of our indicator &0% of the bolometric light. Sixteen galaxies show evideioce
the evolutive phase of the starburst, we obtain the coroglat the presence of an AGN, but only nine have an AGN contribution
shown in Fig[Ill. A Kendall test indicates a very strong cothat exceeds 10% of the IR luminosity, although it may bedarg
relation between the SFE and the IR colours corrected for taENIR-MIR wavelengths.

5.7. Implications for the evolution of LIRGs and ULIRGs
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Table 10.Molecular data for the galaxies in common between the Ga&atainon (2004a) sample and our sample of (U)LIRGs.
Column (1) lists the name of the galaxy; (2) the luminositstaince in Mpc; (3) the total k, in units of 16'L,, given by Gao

& Solomon (20044a) but corrected for ourfi@irent luminosity distance; (4) thed.due to the starburst component from our fitted
model; (5) the ey from Gao & Solomon, in units of K km s™*pc?, and corrected by using our calculated luminosity distance
and (6) thexpcn needed to convert our molecular mass (Col. 4 in table 6) toliserved k.

NAME Do Lir Ly Lren aeN
(Mpe)  (100L) (104L.) (1PKKkmsip@) (Mo/K km sipcd)

UGC 8058 173987 31678 22.043 19.414 6.190
IR 12113-0305 309.289 19.000  19.000 141 6.772
IR05189-2524  175.661 12.565 5943 6.596 6.320
UGC 9913 73.465 13560  13.560 8.898 6.929
UGC 8696 155376 13537 10204 13.57 3.780
IR 10565-2448 177.947 9.889  9.889 10.754 5.229
UGC 5101 162193 9143  7.705 10.250 6.208
Arp 299 41500 5849  5.849 1.956 13.140
UGC 4881 161812 4520 4520 3.758 6.531
IC 1623 81452 4641  4.641 8.448 3.100
NGC 1614 64.480 4019  3.507 1.301 10.133
UGC 8387 95.008 3918  3.918 9.979 3.318
NGC 7469 66.000 3802 3548 2.094 8.208
Arp 148 141647 3566  3.566 3.908 5.802
Mrk 331 74931 2663 2419 3.317 5.120

6. Conclusions

2.0[
- ] Based on homogenized literature data and on our own radio ob-
1.8 7] servations (Prouton et al. 2004, Clemens et al. 2007) we have
C ] constructed well-sampled, broad band, NIR to radio spketra
— L8[ g ergy distributions of 30 luminous and ultra-luminous iméa
:_>;~ Lal 1 galaxies, selected from the sample of compact (U)LIRGs of
g 1 Condon et al. (1991). For one third of the sample, the broad ba
; 12k ] SED has also been complemented by the published low reso-
® [ ] lution SpitzerIRS spectrum. The library of SEDs, available in
=]

E electronic form (see Tables B.2 and B.3), constitutes awesk
bench for models aimed at interpreting such powerful and ob-
. scured sources. Itis tempting to say that the template SEdys m
r ] be used for the analysis of huge star forming objects datexdte
o6l ' : ' : : : high redshifts, if it were not that one of the strongest wagsi
-04 -03 -02 -0.1 00 0.1 0.2 . : ; . -
Log(feo/100) emerging from this V\_/ork is that itis (_jangerous to S|mplyce_a+e
observed SEDs to highest luminosities. On the contraraitime

Fig. 11.Correlation between the far-infrared coldgd/ fio0) and  Of the present investigation was to determine physicalrpara
the derived SFE for our sample of (U)LIRGs. The meaning §f'S and environmental conditions that accompany very $tigh

the symbols are the same as in IFlg. 5. The thick solid lineds tfPrmation rates, that can be used to model high redshifkgzsa
best fit to this correlation. To this end, we have analyzed the observed SEDs with a

chemo-spectro-photometric code that includes one of th&t mo
advanced and realistic treatments of the complex intenadte-
tween star formation, starlight and dust reprocessing (SRA
Since there is much evidence that IRAS bright galaxies afgaddition, emission from an AGN, based on the same homoge-
associated with gas-rich mergers, this could suggest ttatgs neous physics, was added in those cases where the purastarbu
AGN activity is only triggered in certain types of mergersirO model failed to fit the data.
sample is biased toward IRAS bright objects, and the memngers  Our results can be summarized as follows:
volved should be those in which disruption @mdnfall of gas is
expected, such as discussed by Sopp, Alexander & Riley §1990- 16/30 sources show evidence for the presence of an AGN.
However, modelling of such encounters does not indicate tha However only in 930 sources does the contribution of the

1.0}

08

the dynamical parameters (prograde, retrograde orbitreftay AGN to the total infrared luminosity exceed 10%. Only one
ence the fueling of an active nucleus, at least for Seyfdaixigs galaxy, IRAS 085723915, seem to be powered by an AGN.
(Keel, 1996). We therefore find that the fraction of starburst dominated ob

The alternative explanation is that strong AGN activity is jects (i.e. pure SB galaxies and mixed galaxies with AGN
common to most such mergers, but lasts for an order of magni- contributions lower than 10%) in our sample, is 70%. This
tude less time than the starburst. This would corresponda™NA  value is in good agreement than that found by Farrah et al.
lifetimes of a few million years. The latter figure is in vergag (2003).
agreement with AGN lifetimes derived from the comparison of- In a previous paper we noticed that the results of fitting
the ratio between SNIJb and SNII rates in normal spirals and  (U)LIRGs SEDs could beféected by a degeneracy between
in Seyfert Il galaxies (Bressan, Della Valle & Marziani 2002 optical depth of the starburst MCs and the presence of the
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AGN, since both may féect the MIR emission. By sam-  Notable outliers from this correlation are those few olgect

pling the silicate absorption feature a?@m, low resolution with an energetically important AGN. After correcting thei
SpitzerIRS spectra can actually break this degeneracy and IR luminosity for the AGN contribution, they also lie on the
provide a more accurate quantification of the AGH pa- correlation. This is an independent check of the robustness
rameters. of our method. If confirmed by the study of a larger sam-
The largest revision after including tispitzedRS spectrum, ple of (U)LIRGs this correlation can be used to evaluate the

has been found for IRAS 15253609, whose broad band  AGN fraction in distant ULIRGs with known IR and HCN
SED could be fitted by a pure starburst, whereas reproduc- luminosities (e.g. such those observed by Gao et al. 2007).
ing also the 9um feature, revealed a dust obscured AGN- Using the ratio between the current SFR and the mass of
contributing 20% of the IR luminosity. The classification of dense molecular gas we obtain an estimate of the recipro-
the other three pure starbursts remained unchanged. la thos cal of the consumption time that we calfficiencyof star
cases where the presence of the AGN were already suspectedormation. While there seems not to exist clear correlation

from other diagnostics, the inclusion 8pitzerlRS observa- between SFE and IR luminosity of the starburst or mass
tions, confirmed this presence and increased the robustnessof dense molecular gas, an evident anti-correlation agpear
of the derived parameters. when SFE is plotted against the starburst phase. The SFE de-

Our measured AGN fractions are consistent with those re- creases by about one order of magnitude as the SB evolves
ported by Armus et al. (2007) based on the mid-infrared line from its early phase to the more advanced phases.

ratios Ne[V]INe[ll] and O[IV]/Ne[ll]. These lines may thus  This anti-correlation is not due to a circularity in our fitgi
provide a fairly accurate measure of the AGN contribution method, because it is also evident if we adopt the gas masses
to the bolometric luminosity of infrared luminous galaxies obtained by Gao & Solomon (2004a), although with a larger
The PAH equivalent widths and mid-infrared spectral slope dispersion. Indeed, most of the dispersion in the star ferma
on the other hand, overestimate (often by large factors) the tion efficiency derived observationally from HCN emission
AGN fraction. (Gao & Solomon, 2004b), can be attributed to this evident
For two galaxies, our findings are markedlyfdrent from fall in efficiency during the lifetime of a starburst.

those of Armus et al., namely IRAS 14348-1447 and

IRAS 152506-3609. For the former, we find an AGN con-

tribution to the IR luminosity~ 10%, while they find no ev-

idence of an AGN from the MIR analysis. Indeed, this AGN

contribution is required by its red NIR colour, J=K1.71

which can not be explained with stellar populations alone.
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Takagi, T., Arimoto, N., & Hanami, H. 2003, MNRAS, 340, 813 Farrah et al. (2003) find that this source has an AGN ac-
Takeuchi, T. T., Buat, V., Iglesias-Paramo, J., Boselli,@Burgarella, D. 2005, counting for 17% of the IR luminosity. Armus et al. (2007) es-

A&A, 432, 423 : ; : : 0
Taylor, G. B.. Silver, C. S., Ulvestad, J. 5. & Carilli, C.1999, ApJ, 519, 185 imate the AGN fraction usm@p:}tzerdgta to be between 1%
Vacca, W. D., & Conti, P. S. 1992, ApJ, 401, 543 (Ne[V]/Ne[ll] line ratio) and 65% (mid-IR slope). Imanishi et
Valdés, J.R., Berta, S., Bressan, A., et al. 2005, AGA, 4319 al. (2007) do not find AGN signatures in tB@itzerspectrum but
Vega, O., Silva, L., Panuzzo, P., et al. 2005, MNRAS, 3646128 find strong evidence of the AGN in the 3un spectral range.
Veilleux, S., Kim, D. C., Sanders, D. B., Mazzarella, J. M.S&ifer, B. T. 1995, Our models do not fit the SED unless an AGN component

ApJS, 98,171 . o o UL IESS
Veilleux, S., Sanders, D. B., & Kim, D. C. 1999, ApJ, 522, 139 accounting for 8% of the IR luminosity is included.

Veron-Cetty, M. P. & Veron, P. 1991, ESO, Sci. Rep., 10 IRAS 12112+0305

Wang, J., Heckman, T. M., Weaver, K. A., & Armus, L. 1997, Ap34, 659 ; ; ;
Weedman. D. W.. Hao, L. Higdon, S. 3. U, et al. 2005, ApJ. 688 Colina et al. (2000) find that the star formation as traced by

Wu, H., Zou, Z. L, Xia. X. Y., & Deng, Z. G. 1998, AGAS 132 181 Ha emission is dominated by that in the two nuclei. Risaliti et
Zezas, A., Ward, M. J., & Murray, S. S. 2003, ApJ, 594, L31 al. (2006) and Imanishi, Dudley & Maloney (2006) find a high
equivalent width for the 3 um PAH feature, no 3 um absorp-
] o ) tion and a flat near-infrared spectrum in both nuclei, givirng
Appendix A: Individual objects evidence for the presence of an AGN. Hard X-ray data support

Below we compare our results with the relevant literatune-cothis conclusion (Franceschini et al. 2003). Veilleux, Sesc&

cerning the power sources for each of our sample objects. THE (1999) also find no spectroscopic evidence for a BLR at

AGN contributions described refer to the wavelength randi§@-infrared wavelengths. In the diagnostic diagram afZae
8 — 1000um. etal. (1998) based on the strength of thieim PAH feature and

the ratio of high and low excitation mid-infrared emissiares
UGC 08058 (Mrk 231) the object lies at a position implying an AGN contribution of

The identification of this source as the nearest broad abisorp _ 554, | 17 et al. (1999) classify the IR spectrum as a statburs
line quasar is supported by a wide range of observational dat Armus et al. (2007) find that the AGN fraction estimated

Compact radio emission from its nucleus (Lonsdale et aIB)LOO]c : : : ;

) o rom the line ratio Ne[V]NeJll] is < 1% whereas if the SED
its ?(-r_ay luminosity (Maloney & Reynolds 2000), short terrr]S fitted from 1— 1000y[m1the[e]stimate is 65%.

variability at X-ray wave_Iengths (_Gallagher_et _aI. 2002y éow We find a good fit to the SED without the need for an AGN
3.3 um PAH feature equivalent width (Imanishi & Dudley 2000l:omponent, consistent with the SED fits of Farrah et al. (2003

all point to the presence of an AGN. : . )
: Takagi, Arimoto & Hanami (2003), model the uv-far-
However, a central starburst is also probably present amrared SED as a starburst and find a current star formaditan r

accounts for a significant fraction of the soft X-ray lumiitps Lo ;
. . . 7~ _of 244 M, yr~* which is about half that of our model, but their
(Braito et al. 2004). Davies, Tacconi & Genzel (2004) eStEmaSaIpeter IMF is truncated at 60Mather than 100 M.

that star-formation in the nuclear disk accounts for 25-48f%
the bolometric luminosity. Taylor et al. (1999) use highs-re IRAS 05189-2524
olution multi-wavelength radio observations to deduce tha Imanishi & Dudley (2000) find that the small equivalent width
central starburst component forms stars at a rate of 230M.  0Of the 33 um PAH feature shows that 90% of the 3- 4 um
Condon, Frayer & Broderick (1991) classify the source d8!x comes from an AGN. They conclude that the bolometric
AGN-dominated based on the radio morphology and infrareéminosity output is dominated by an AGN power source. The
radio flux ratio, as do Lutz et al. (1999) using mid-infrarpds- Mid-infrared imaging of Soifer et al. (2000) leads them tna-s
troscopy. Farrah et al. (2003) require a 30% contributiomifr ilar conclusion. Dudley (1999), on the other hand, finds that
an AGN for their SED fit. An AGN fraction ok 10% is found 8 — 13 um spectrum is indicative of a starburst by the presence
by Armus et al. (2007) using the line ratios Ne[M[ll] and ©f the 113 um PAH feature. He argues that the discrepancy be-
O[IV]/Ne[ll], whereas values of close to 100% are obtaindween the mid-IR classification and the optical classifaats
from the PAH equivalent widths or the mid-infrared spectr&@n AGN can be reconciled if the AGN is responsible for the near
slope. IR emission but contributes little at mid- and far-infrargdve-

Our best fit to the SED plus the IRS spectrum requires &ngths. The X-ray and near-infrared spectroscopy of $ewer
active nucleus accounting for 16% of the infrared luminpsitet al. (2001) lead to the conclusion that the AGN accounts for

Notice however, that our fit is based on the assumption tteat th 10% of the IR luminosity.
lower radio fluxes are due to the SB. Armus et al. (2007) have us&pitzerlRS spectra to classify
IRAS 14348-1447 the source based on various mid-IR line ratios and the mid-IR

The source lies at a position in the mid-infrared diagnagiic continuum slope, and find AGN fractions from 33 to 95%.

agram of Genzel et al. (1998) that suggests an AGN contribu- e fit the SED plus the IRS spectrum with the inclusion of
tion < 25%, and both Lutz et al. (1999) and Charmandaris 8 AGN component that accounts for 17% of the infrared lu-
al. (2002) classify this source as starburst dominatedcas minosity. This is lower than the AGN fraction of3 found by
mid-infrared ISO data. Farrah et al. (2003).

Risaliti et al. (2006) find a high equivalent width for theUGC 9913 (Arp 220, IRAS 1532%2340)
3.3 um PAH feature and flat near-infrared continuum in botBmith et al. (1998) resolved the compact radio emissionsefn
nuclei, suggesting a starburst origin, although ImanBhilley arate supernova remnants and subsequent, high sensitixity
& Maloney (2006) find weak evidence for the presence of amdonitoring of both nuclei has now succeeded in obtaining a di
AGN in the NE nucleus using similar data. Franceschini et akct estimate of the supernova rate (Lonsdale et al. 2006) of
(2003) find no evidence for the presence of an AGN at hard %=t 2 yr-X. The implied star formation rate is #icient to supply
ray wavelengths. the bolometric luminosity of the system.

Takagi, Arimoto & Hanami (2003), model the uv to far-  Shier, Rieke & Rieke (1996) concluded that a large fraction
infrared SED with a starburst model with current star foiiprat of the luminosity must come from an AGN unless the IMF for re-
rate of 327 M, yr~! but do not consider an AGN component. cent star formation is very biased towards high mass stéesy T
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note, however, that very high extinction may be confusinchsudence for the presence of an AGN in hard X-rays despite it's
conclusions. optical classification as a Seyfert 2.

Condon, Frayer & Broderick (1991) classify the source as Farrah et al. (2003) find a 11% AGN contribution to the IR-
starburst-dominated from the radio morphology, infrarpecs  [uminosity whereas Armus et al. (2007) find contributionbef
tral index and infrared-radio flux ratio, and Soifer et alD@2) tween 17 and 33% based on the NgNg[lI] and O[IV]/Ne]ll]
classify both the eastern and western nuclei as starbunsi-doline ratios respectively (from the PAH equivalent width oidm
nated based on the strength of the3Lam PAH feature. The IR spectral slope they find 70%). Our fit to the SED plus the
position in the mid-infrared diagnostic diagram of Genzedle |IRS spectrum includes an AGN component that contributes 11%
(1998) implies at most a negligible contribution from an AGNof the far-infrared luminosity.
Lutz et al. (1999) also classify the source as a starburagusi  Takagi, Arimoto & Hanami (2003), model the uv to far-
mid-infrared spectroscopy. infrared SED with a starburst model with current star foriorat

Risaliti et al. (2000) find no X-ray evidence for the presenggte of 207 M, yr-1, higher than our value of 138 M.
of an AGN.

Takagi, Arimoto & Hanami (2003), model the uv to far/RAS 15250+3609 o _
infrared SED with a starburst model with current star foiorat Lutz et al. (1999) use mid-infrared spectroscopy to clgdtié
rate of 260 M, yr-t, and Farrah et al. (2003) find that less thafource as starburst powered and Takagi, Arimoto & Hanami
1% of the IR-luminosity of this source comes from an AGN. (2003), model the uv to far-infrared SED with a starburst elod

Armus et al.(2007) usSpitzerIRS data to estimate AGN with current star formatic_m rate of 1856M!r‘_1. Imanishi et al.
fractions from 2- 90%. Imanishi et al. (2007), by usingfirent (2006) do notfind any evidence of an AGN in the 8um range
MIR diagnostics, conclude that an AGN is possibly powerin%esp'te strong absorption features seen at mid-infrarawa
the MIR spectrum of this galaxy. However, we find a good fit tfngths (Spoon et al. 2002). Klaas et al. (2001) classifyirhe

the SED plusRSspectrum without the inclusion of an AGN.  frared to millimetre spectrum as the result of starbursivigt
Armus et al. (2007) were not able to clarify the power mecha-

IRAS 08572+3915 nism of this galaxy from their analysis of the IRS spectrum.

This source consists of two nuclei_separqted by. 8t is _the We fit the SED plus the IRS spectrum, with an AGN compo-
north-west component which dominates in both the mfrareh nt of about 20%. This imconsistentvith Farrah et al. (2003)

and radio (Sanders et al. 1988; Condon et al. 1991). Surac : : : o
Sanders (2000) found evidence for stars no older than 100 &rﬁjmggg?; the source requires an AGN supplying 60% of the

and despite the warm IRAS colour, Veilleux et al. (1999) fdun
no clear evidence for the presence of an AGN from NIR SpeiRAS 10565+2448

troscopy. Farrah et al. (2003) find an AGN contribution of 34%udley (1999) detects strong PAH features in the mid-irfdar
to the IR luminosity. The inclusion of radio data allows upto-  spectrum which is consistent with the optical classificatibthe
vide a more accurate quantification of the starburst pasiet spectrum as HIl and Goldader et al. (1995) detect a stropg Br
Our derived age is 4 Myr versus Farrah et al.s upper limit of 57ine. Downes & Solomon (1998) find a compact nuclear ring of
Myr. Imanishi et al. (2007) find strong evidence of AGN in thenolecular gas containing an estimatedl4® M. of molecular
high resolutionSpitzerspectrum, and conclude that this galaxysm.

is AGN domingted. Prouton et al. (2004) fail to obtain a fit to  F5rran et al. (2003) require an AGN component accounting
the NIR to radio SED with a starburst model alone. They neggl 5o, of the infrared luminosity for an acceptable SED fit. We

a contribution of between 37 to 47 % (for the cases of low anghq 4 good fit to the SED and the IRS spectrum without any
high dust optical depth respectively, i®m. = 20 andr; = 45) pAgN component at all.

in order to fit the SED. The inclusion of tt&pitzerspectrum in

the fit, allows us to provide a more precise determinatiomef t UGC 5101

MC optical depth, and therefore, of the AGN contribution.rOuA 12.3 mJy radio source lies’ 1o the north-east. IRAS fluxes
SED plus IRS spectrum fit required the highest AGN contribweduced by 8%.

tion of our sample of 47%, with &, = 65. Notice however, that  Much observational evidence exists for the existence of an
our fit to the MIR spectral range is the poorest of our sample AGN in this source. Imanishi & Maloney (2003) and Ptak et al.
(U)LIRGs, and seems to require a higher AGN contributioe (s¢2003) detect the 6.4 keV FeK line, Armus et al. (2004) detect
the discussion in Se¢t. 5.4). the [NeV]14.3um line suggesting the presence of a buried AGN
UGC 8696 (Mrk 273) and Lonsdale et al. (2003) find a very compact radio sourge the

The mid-infrared spectrum of Dudley (1999) suggests the-prdnterpret as having an AGN origin. Imanishi & Maloney (2003)
ence of an AGN that dominates the far-infrared luminosity] a @1d Imanishi, Dudley & Maloney (2001) show that the absorp-
Lutz et al. (1999) also classify this source as AGN-domidatdion features at at.3 and 34 um are inconsistent with well-
based on ISO data. However, the sub-arcsecdhdr® imaging mixed geometry for luminosity sources and absorb_ers s_uch as
of Eales et al. (1990) shows that the central source is redolvthat expected in a starburst, and favour an energeticaftyi-do
Imanishi & Dudley (2000) find that 50% of the 3— 4 yum NantAGN luminosity source.
flux originates from an AGN. Indeed, in the mid-infrared diag  Condon, Frayer & Broderick (1991) classify the source as
nostic diagram of Genzel et al. (1998) this source lies at-a pggiarburst-dominated from the radio morphology, infrarpeics
sition implying an AGN contribution of~ 50%. Soifer et al. tral index and infrared-radio flux ratio. In the mid-infrareli-
(2002), in fact, find that the the NE nucleus is starburst doragnostic diagram of Genzel et al. (1998) this source lies at a
inated whereas the SW nucleug’ (dway) is AGN dominated position implying an AGN contribution of 25%.
using mid-IR spectroscopy. Armus et al. (2007) find that the AGN fraction as estimated
Condon, Frayer & Broderick (1991) classify the source dsom the line ratios Ne[V]Ne[ll] and O[IV]/NeJll] is ~ 7%
starburst-dominated from the radio morphology and inftarewhereas if the equivalent width of PAH features or the mid-IR
radio flux ratio. Risaliti et al. (2000) find that there is nd-ev slope are used estimates of 5830% result.
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Farrah et al. find a 7% AGN contribution is necessary for@n be explained with a starburst model. Our model fit to the
good fit to the opticafar-infrared SED. Our models show that arSED needs no AGN component.
AGN contribution of only 1 % produces the best fit to the SEDc GG 436-30

1Zw 107 (Mrk 848) This galaxy is almost certainly interacting and is detedteid!
Dudley (1999) classify the source as starburst dominateddain both emission and absorption; the deduced atomic gasimass
on the large equivalent width of the Blum PAH feature. greater than 3x 10° My, and must be concentrated near the core

Although we fit this source with a pure starburst model, the order to explain the absorption feature (Mirabel & Sasder
fit at radio frequencies is very poor. The data suggest a veeps 1988). There is evidence of a compact radio core that may be
radio spectral index at 8 GHz of -1.4 that is steeper thandhatdifficult to explain as an ensemble of young supernovae asso-
our assumed synchrotron component of -0.8. ciated with the starburst; the major contribution to the &Rl
IRAS 01364-1042 radio emission originates on larger spatial scales (Ldesztal.

The low value of the 2wm IRAS flux required the highest value1993; Smith et al. 1998). _ _

of the dust optical depth of our sample (= 116). The best fit Our SED plus IRS spectrum fit confirms the value for the
to the SED also required an AGN contribution of 11%. NoticéVIC optical depth ofry = 45 found by Prouton et al. (2004), and
however, that the SED is poorly sampled, with only 13 dat&equires an AGN contribution of 5%.

points, while the number of free parameters is 14. The ProutiC 1623 (VV 114, Arp 236)

et al. (2004) analysis required an even higher optical depthThe mid-infrared emission is dominated by the eastern mem-
181, but a lower AGN contribution of 4%. ber of this interacting pair and Soifer et al. (2002) clas#ifis
IRAS 10173+0828 source as a starburst, based on the strength of ti3euii PAH
Baan, Salzer & LeWinter (1998) fail to classify this megasera feature. Laurent et al. (2000) however, also using midairefd
galaxy due to the non-detection of any strong optical emissidata, classify the nucleus as an AGN. Le Floc’h et al. (2002)
lines. The sub-arcsecond 15 and 22 GHz observations of Smftate that only 40% of the mid-infrared emission originates
Lonsdale & Lonsdale (1998) show an unresolved nuclear sourthe compact nucleus of the eastern component with the remain
We fit the SED without the need for an AGN component. der of the emission being extended. The fact that both thie rad
Arp 299 emission (Condon et al. 1991) and the molecular gas emission

Actually a close interacting pair consisting of NGC 3690 angf® @S0 extended seems to indicate that the source is starbu
IC 694)./The 38um imaging gf Charmandgris, Stacey & GuHS‘ommated. Frayer et al. _(19.99).f|nd the cool dust (_em|§S|®n fo
(2002) shows that IC 694 emits twice as much energy laws the molecular gas distribution and argue that it wiblee
NGC 3690. However, at 15m both galaxies emit similar fluxes INto @ compact starburst. We fit the SED of this source with a
(Gallais et al. 2004). pure SB model.

Soifer et al. (2001) show that the 12m flux measured NGC 1614
by IRAS originates entirely from 5 compact emission region&oifer et al. (2001) find that 87% of the 12m flux origi-
These regions are also detected at radio wavelengthiEéNal. nates within the 4 (1.2 kpc) diameter nuclear region. flet al.
2004). Although Risaliti et al. (2000) find no evidence foe th(1990) find no evidence for an AGN from the optical to the radio
presence of an AGN at hard X-ray wavelengths the later detdatst argue that it will develop an AGN in the future. Risallitiae.
tion of the FeV line in IC 694 and of Fe<in NGC 3690 (Ballo (2000) find evidence for the presence of an AGN from hard X-
et al. 2004) and of hard X-ray continuum emission from bottay data. Alonso-Herrero et al. (2001) explain the neanairefd
(Zezas et al. 2003, Della Ceca et al. 2002) gives evidendador line fluxes using a starburst model with 2 short duration tsurs
presence of AGN. However, Meet al. (2004) point out that the separated by 5 Myr. Shier, Rieke & Rieke (1996) fit near-irgda
size and radio flux of source A (nucleus of IC 694) are similafata with a starburst model with an age of 12 Myr. Young ages
to that seen in Arp 220, which has been resolved into indafiduare consistent with the detection of Wolf-Rayet featurethi
sources. It seems likely that there is indeed an AGN in each rapectrum (Armus et al. 1989, Vacca & Conti 1992).
cleus but that only one (source B1, nucleus of NGC 3690) may Our fit to the SED includes an 18% AGN contribution. The
be energetically important. The mid-infrared results ofl@s modelled, current star formation rate of 30,y is similar
et al. (2004) show strong PAH lines in all positions and they dto the value of 27 Myr-! found by Kotilainen et al. (2001) by
rive visual extinctions of 40 mag towards source A and 60 maging Bry observations and near-infrared photometry, if a con-
towards source B1. They conclude that only source B1 isylikelinuous star formation is assumed.
to be an AGN based on the strong hot dust continuum at thigsc 8387 (Arp 193, IC 883)

location. ) ) Downes & Solomon (1998) find a compact nuclear ring or disk
At near-infrared wavelengths there is no evidence &mt of molecular gas and identify the CO peak as an ‘extreme star-

of the compact sources are an AGN (Alonso-Herrero et al. 20QQrst region’. Clemens & Alexander (2004) find that freesfre
Satyapal et al. 1999). _ _ absorption flattens the radio spectral index towards theeef

_ This system illustrates particularly well how an infrareel | the molecular gas distribution showing there to be a largre
minous object, known to contain an AGN, nonetheless has §sdense ionized gas. The strongyBine and CO index (Smith
far-mfrared_emlssmn dominated by thg energetic outpatsir- gt ). 1995), strong.3 um PAH emission (Dudley, 1999) and ex-
burst. In this merger, the nucleus which harbours the AGN bgmded 12:m emission (Soifer et al. 2001) are further evidence
comes progressively less luminous towards far-infraredewa that intense star formation powers the source.

lengths, where most energy is emitted. The starburst nsicleu condon, Frayer & Broderick (1991) classify the source as

dominates at far-infrared wavelengths. o starburst-dominated from the radio morphology, infrarpecs
We find a gOOd fit to the SED of the pair with a pure SBra' index and infrared-radio flux ratio.

model. We find a good fit to SED and the IRS spectrum with a pure

UGC 4881 (Arp 055) starburst model at all frequencies with the exception otilgl

Smith, Lonsdale & Lonsdale (1998) find that the radio emissidrequency radio data.
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NGC 7469 long as a large fraction of the Bflux can come from the AGN.
This source is thought to have a Sy 1.2 nucleus and a circum@endon, Frayer & Broderick (1991) assign a starburst diaasi
clear starburst. Using high resolution MIR observatiormfe® tion based on the radio morphology, infrared spectral ireteck

et al. (2003) argued that the central source is an AGN raltizer t infrared-radio flux ratio.

a nuclear starburst because of its very higla®surface bright- We fit the SED plus the IRS spectrum with an AGN compo-
ness. Miles et al. (1994) and Nikolic et al. (2003) both fothmit  nent accounting for just 2% of the infrared luminosity.

PAH features in the MIR spectrum, thought to trace star fermgyk 331

tion, are found in the ring of emission surrounding the nusle opservational data show evidence of both starburst (eaggan

but not in the nucleus itself. If the hard ionizing photonsnfr et 5], 1996; Veilleux et al. 1995; Roche et al. 1991) and AGN

the AGN destroy PAH molecules this supports the picture of @gnsdale et al. 1993) activity.

central AGN surrounded by a starburst ring. _ Prouton et al. (2004) found an upper limit to the contribu-
The best fit model derived by Prouton et al. (2004) requirgfn of the AGN of about 23 %. Their average SFR was between

an AGN contribution< 17% and a MC optical depth betweenz2 and 84M, /yr for the case with and without an AGN respec-

20 to 45. Our best fit, to a better sampled SED, requires an AGiely.

contribution of 10% and a MC optical depth of 33, in agreement Qur best fit to a better sampled SED requires an AGN con-

with the Prouton et al. results. tribution of 5% and a MC optical depth of 54.

UGC 2369 NGC 0034 (Mrk 938)

Smith, Lonsdale & Lonsdale (1998) argue for the presence Tiie presence of two nuclei separated by approximatelyiri.2
an AGN based on 18 cm VLBI radio continuum observationghe mid-infrared (Miles et al. 1996) and optical tidal taiits

We model the SED of the source without the need for an AG#cate this galaxy is undergoing a merger (e.g. Mulchaey.et a
component. 1996). The nature of the activity has been controversiaheso
NZw 35 authors (e.g., Véron-Cetty & Véron 1991) claiming a Seyfe

Pihlstrom et al. (2001) map both the 18 cm radio continuuch aRucleus, while others suggest a composite spectrum. Meycha
OH maser emission at VLBI resolution and find that the radff &l- (1996) emission-line images show the galaxy to be &wea
continuum can be explained as a combination of supernova regnitter of [O111]45007 when compared with Seyfert galaxies in
nants and very luminous radio supernovae. Earlier radicapr their sample. In addition they argue its strong emission, dis-

~ 1” resolution concluded that he source was instead an Adfputed over the entire galaxy, as indicative of a starburs
(Chapman et al. 1990). A compact (100 pc) molecular disken th PrOL_Jton etal. (2004) f|_nd that a f!t with no AGN component
nucleus is responsible for the dynamical properties of tasen 1S marginally consistent with the radio data, but also tharge
emission (Montgomery & Cohen, 1992). The optical spectruHO%) AGN contribution results in a good fit if a model with

has been classified as liner by Baan et al. (1998). We model theger MC optical depth is used (i.e. = 181).

and a MC optical depth af; = 42.
IC 5298

; .. NGC 5256 (Mrk 266)
Wu et al. (1998) found that IC 5298 has properties that are ip- .
termediat((e betvaeen HII regions and Iinerps; i? was classiied Botn Wang etal. (1997) and Condon, Frayer & Broderick (1991)
a Seyfert 2 by Veilleux et al. (1995) although t@I] lines are classify the source as having both starburst and AGN compo-

P : ; ts. Mizutani, Hiroshi & Toshinori (1994) detect th& aim
rather weak. Poggianti & Wu (2000) classify this galaxy &g e(nen k \ , o
type, namely with k in emission with moderate equivalentwithPAH feature despite the source’s optical classification &gz

. . ! Our model fit to the SED is excellent from the near-infrared
(= 52 A) and Hy in absorption € 4 A). The best fit to the SED A o
obtained by Prouton et al. (2004) required and AGN Contribto the radio with an AGN component contributing about 5% to

tion of 36 % and a very high optical depth for the moleculaﬂ1e IR luminosity.

clouds,r; = 181. However, a reasonable good fit was also oblGC 6436 (IC 2810) _
tained without the inclusion of an AGN and with a much lowefhe NVSS shows that a companion galaxy, IC 2810b, located

optical depth {; = 15). 1:2 to the south-east has a flux off7mJy compared to the
Our best fit model to a better sampled SED is with a pure SE8:4 mJy of UGC 6436. This would be confused at IRAS reso-
model and with an optical depth of 33. lutions and so the IRAS fluxes have been reduced by 26%. No

other observations were at so low a resolution as to make con-

Arp 148 (A 1101+41) tamination from this source a problem. Hattori et al. (200
Mouri et al. (1998) demonstrate the presence of a dust &{yih extended and nucleartemission.

shrouded starburst from the detection of strong PAH featire Our purely starburst fit to the SED is the oldest of our whole

the 6— 12 um ISO spectrum. sample with age~ 10 yr.
We find a good fit to the infrared-radio SED with a pure Stakl

GC 6286
burst model. Condon, Frayer & Broderick (1991) assign a starburst diaasi
NGC 2623 tion based on the radio morphology and infrared-radio fliiora

Soifer et al. (2001) find 80% of the Jan flux originates within An AGN component accounting for 5% of the infrared lumi-
the 4’ (1.5 kpc) diameter nuclear region. The sub-arcsecofgsity provides the best fit to the SED.

2.2 ym imaging of Eales et al. (1990) shows that the central

source is extended but nonetheless contains an unresaved c

less than 0.3 kpc in diameter. Risaliti et al. (2000) find no XAppendix B: Tables provided in electronic form
ray evidence for the presence of an AGN whereas later work

by Maiolino et al. (2003) argue for the presence of a heawly o

scured AGN based on Chandra X-ray data. Shier, Rieke & Rieke

(1996) argue for the presence of both a starburst and an AGN as
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Table B.1.0Observed (U)LIRG SEDs. This table is provided in electrdaren.

NAME Aobs Flux Error

() (Jy) y)
UGC08058 1.23 6.20E-02 1.15E-03
UGC08058 1.66 1.13E-01 2.00E-03
UGC08058 2.16 1.99E-01 3.14E-03
IRAS14348-1447 1.23 1.70E-03 1.00E-04
IRAS14348-1447 1.66 2.50E-03 3.00E-004
IRAS14348-1447 2.16 3.30E-003 3.00E-004

Table B.2.Best fit models for (U)LIRG SEDs. The models include also thssible AGN contribution. Notice thatis in the rest
frame and should be converted to observed wavelength bg tisenradial velocity provided in the second row. Fluxes arthe
observed rest frame. This table is provided in electronimfo

NAME UGC8058 IR14348-1447 1R1211P305 IR05189-2524 UGC9913 IR085#2915 uGC8696 ...
V. (Km/s) 12642.0 24802.0 21980.0 12760.0 5400.00 17493.0 11326.0..
Arest (A) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) R(y) e
1.6870E-002 | 3.6604E-006  1.2163E-007 1.7817E-008 1.0241E-004 3.59GBE 2.5111E-007 5.6713E-007...
2.0200E-002 | 4.0096E-006 1.3195E-007 2.1113E-008 1.4306E-004 4.26080E 2.7477E-007 6.5618E-007...
2.4200E-002 | 4.2074E-006  1.3802E-007 2.6699E-008 1.9900E-004 5.40FE 2.8617E-007  7.4418E-007...
1.0400E-005 | 1.1139E-000  3.2844E-002 3.4478E-002 4.2329E-001  3.3697E-002 396902  6.6111E-002 ...
1.0500E-005 | 1.1514E-000  3.5322E-002 3.8008E-002 4.4170E-001 3.5531E-002 98EH02 7.2495E-002 ...
1.0600E-005 | 1.1899E-000  3.7927E-002 4.1767E-002 4.6065E-001  3.8162E-002 48BD02  7.9397E-002 ...

Table B.3. As in table[B.3, but including only the starburst compondrthe best fit model. This table is provided in electronic
form.

NAME UGC8058 IR14348-1447 1R1211P305 IR05189-2524 UGC9913 IR085#2915 uGC8696 ...
V. (Km/s) 12642.0 24802.0 21980.0 12760.0 5400.00 17493.0 11326.0..
Arest (R) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) Flux(Jy) R(y) .

1.6870E-002 | 3.6604E-006 1.2163E-007 1.7817E-008 1.0241E-004 3.5968E 2.5111E-007 5.6713E-007...
2.0200E-002 | 4.0096E-006  1.3195E-007 2.1113E-008 1.4306E-004 4.266BE 2.7477E-007  6.5618E-007...
2.4200E-002 | 4.2074E-006 1.3802E-007 2.6699E-008 1.9900E-004 5.402E 2.8617E-007 7.4418E-007...
1.0400E-005 | 4.8245E-001 1.6684E-002 3.4478E-002 2.8236E-001 3.36@2E 8.8408E-004 3.4949E-002. ..
1.0500E-005 | 5.1720E-001  1.8587E-002 3.8008E-002 2.9908E-001 3.58@PE 9.6866E-004  3.8960E-002...
1.0600E-005 | 5.5300E-001 2.0601E-002 4.1767E-002 3.1635E-001 3.8082E 1.0779E-003 4.3316E-002...
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