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ABSTRACT

Aims. We aim to constrain new starby'sGN models of IRAS bright galaxies via their spectral enedigtribution from the near-
infrared to the radio. To this end, we determine the radictspefor a sample of 31 luminous and ultraluminous IRAS gaksx
(LIRGYULIRGS).

Methods. We present here new high frequency VLA observations at 2242 énd 8.4 GHz and also derive fluxes at other radio
frequencies from archival data. Together with radio datenfthe literature, we construct the radio spectrum for eathice. In
the selection of data we have made eveffpre to ensure that these fluxes neither include contribatioom nearby objects, nor
underestimate the flux due to high interferometer resatutio

Results. From our sample of well-determined radio spectra we find ¥eag few have a straight power-law slope. Although some
sources show a flattening of the radio spectral slope at higjuéncies, the average spectrum shogisspening of the radio spectrum
from 1.4 to 22.5 GHz. This is unexpected, because in sourdbshigh rates of star formation, we expect flat spectrung-free
emission to make a significant contribution to the radio fluRigher radio frequencies. Despite this trend, the radezspl indices
between 8.4 and 22.5 GHz are flatter for sources with higHeeseof the far-infrared (FIR)-radio flux density ratiy,when this is
calculated at 8.4 GHz. Therefore, sources that are defitigatlio emission relative to FIR emission (presumably ymirsources)
have a larger thermal component to their radio emission.d¥ew we find no correlation between the radio spectral ifdgween
1.4 and 4.8 GHz and at 8.4 GHz. Because the low frequency spectral indefésted by free-free absorption, and this is a function
of source size for a given mass of ionized gas, this is evielémat the ionized gas in ULIRGs shows a range of densities.
Conclusions. The youngest LIRGs and ULIRGs are characterized by flattera@e radio spectral indices from 1.4 to 22.5 GHz,
and by a larger contribution to their high frequency, ragiecra from free-free emission. However, the youngestcasuare not
those that have the greatest free-free absorption at low fejuencies. The sources in which tiféeets of free-free absorption are
strongest are instead the most compact sources. Althoegk tiave the warmest FIR colours, they are not necessaijjotmgest
sources.
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1. Introduction As ULIRGs may commonly host both an AGN and a starburst,
their relative contributions need to be quantified.
The nature of the power source for ULIRGs remains a much de-
bated issue. The presence of either an AGN or a starburst in aApart from the rarity of ULIRGs (there is no example closer
given source is not evidence that one or the other is theipahc than Arp 220 at 72 Mpc) their study is madefdiult by the
power source for the infrared luminosity. The observativat t large and uncertain extinctions toward their centres. Imyna
ULIRGs fall on the same FIR-radio correlation as star-forgni cases the extinction is not even negligible in the mid-irefda
galaxies (e.g. Sopp, Alexander & Riley, 1990) was taken as dyis likely that Hx emission detected from a ULIRG does not
idence that these sources are powered predominantly by st@ginate from the deeply embedded regions where the FIR lu-
formation. Analogous correlations exist between the Bmi- minosity is generated. The less extinguished, outer regiba
nosity and far-infrared luminosity (Goldader et al. 199Rpa ULIRG may host a certain rate of star formation that causes a
dense molecular gas mass and far-infrared luminosity (Gaoc&rtain amount of bt emission but this could be quite indepen-
Solomon, 2004). However, evidence that AGN activity is met i dent of whether it hosts a central starburst or an AGN. Murphy
dependent of starburst activity have made such conclugess €t al. (2001) find very few broad near-infrared lines in ULIRG
secure. Farrah et al. (2003) show, in fact, that AGN and statb that would be the signature of an AGN, but note that very high

luminosities are correlated over a wide range of IR lumitiesi extinctions could exclude their detection even ain2. Flores et
al. (2004) recently showed that even when correctedpgata,

the Hx luminosity can underestimate the star formation rate by a
Send  offprint  requests to:  M.S. Clemens, e-mail: factor of 2 for ULIRGs. Both Goldader et al. (1995) and Valdé
marcel.clemens@oapd.inaf.it et al. (2005) find that near-infrared recombination lineaa(P
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and Br) are under-luminous in ULIRGs compared with whature slightly (Valdés et al, 2005) but the mairfdiulty is in esti-
would be expected from a starburst of similar bolometricitummating the thermal fraction. Although the fractional cdmition
nosity. Their results indicate that even near-infrareceoltions from thermal emission to the total radio flux increases wih f
may not penetrate the most obscured regions in these sourgegncy, the radio emission from ULIRGs is dominated by syn-
This picture is consistent with the conclusions of Poggiaht chrotron radiation even at frequencies above 15 GHz. As We wi
al. (2001) that the extinction in the centre of ULIRGs is adun see later, the radio spectral indices around 15 GHz are nigrma
tion of the age of the star formation episode, with youngarsst much steeper than the -0.1 expected from a purely thermed spe
being more heavily extinguished, as introduced by Silval.et &rum. The motivation for the 22 GHz observations describeé h
(1998) to describe star forming regions. The lack of cotiefa was to better constrain the thermal radio flux.
between super star clusters and HII regions found in lumgnou Because the thermal radio flux provides an estimate of
infrared galaxies by Alonso-Herrero et al. (2002) also sufsp the present star-formation rate, it is important in fittingrs
a scenario of age-dependent extinction. In order to estitiet  bursfAGN models to the spectral energy distribution (SED)
star formation rate in these sources tracers that do ritgrsex- from the near-infrared to the radio. Bressan, Silva & Granat
tinction are preferred. (2002) showed that deviations from the Fi&lio correlation
Perhaps the most direct way to determine the power sourmild be used to derive the evolutionary status of a compact s
in ULIRGs is via radio recombination lines that trace the-iorburst. Such deviations are expected in bursts of shortidaraé-
ized gas without diiering extinction. Observations of severatause at early times (a fewl(® yr) even the most massive stars
lines between 1.4 and 207 GHz of Arp 220 have been usedfoymed in the burst will not have ended their lives as supeairo
Anantharamaiah et al. (2000) to show that this source is peve and no excess synchrotron emission should result from éne st
by star formation. Unfortunately, very few ULIRGs are acies burst activity. Such young sources then, should have #&tio
ble observationally to these kind of observations with tixis ratio above the mean FIR-radio correlation and should hate fl
instruments. ter radio slopes due to the greater ratio of theysyaichrotron
One approach which has been used to distinguish betwegission. In Prouton et al. (2004) we illustrated the povi¢his
AGN and starburst power sources in ULIRGSs has been to seatebhnique with special emphasis on high frequency radia. dat
for very compact radio continuum emission towards the rugclesecond paper, Vega et al. (2007), hereafter paper 2, wilbhe ¢
or nuclei. Interestingly, radio sources of similatrysical sizes cerned with the model fits to the SEDs from the near-infraped t
have been identified as both AGN and compact starbursts, tfes radio.
pending on the resolution of the observations. Nagar e2803) Here we present new radio data at 22.5 and 8.4 GHz, as
use 15 GHz radio continuum data with a resolution of 150 ma¢ll as archival radio data which has been re-reduced, afid ra
to investigate the nature of 83 ULIRGs. One argument used tiyxes from the literature. The result is a set of 31, well-pled
these authors to conclude that most ULIRGs are AGN powereatlio spectra for infrared-luminous galaxies §I&l we describe
is the compactness of the radio sources detected. The tiesoluthe sample selection and §13 the data acquisition and reduc-
of their data corresponds to 420 pc at the median redshifisaf t tion. In § [4 we describe the radio spectra in detail, ang [,
sample. However, the supernovae (SNe) detected in the NW tfe implications of these spectra when compared to faaiatt
cleus of Arp 220 (Smith et al., 1998; Lonsdale et al. 2006) afixes and the FIR-radio flux rati@. Conclusions are reached
within a region @2 x 074 (75x 150 pc). Both of these studiesin § 6. In an appendix we comment on individual objects and
found that no AGN is necessary to explain the IR luminosity gfresent the radio spectra in tabular form.
Arp 220. As long as the brightness temperature does not éxcee
10° K the compactness of radio nuclei alone does not supportfn
AGN hypothesis. '
Rather than look at the radio morphology, we examine ttwe have based our sample on that of Condon et al. (1991a)
spectrum of the radio emission. In star-forming galaxiesrds who made 8.4 GHz observations of the 40 ULIRGSs brighter than
dio spectrum is made-up of two components: a non-therm8al25 Jy at 6Qum in the IRAS Bright Galaxy Sample. In Prouton
synchrotron component and a thermal, ‘Bremsstrahlung’-comt al. (2004) we observed 7 of the ULIRGs observed by Condon
ponent, often referred to as ‘free-free’ emission. At GHe-fr et al. but restricted our attention to objects with a ratié-b% to
quencies, the synchrotron spectru8), « »*, has a typical 1.4 GHzluminosityg > 2.5, in an attempt to preferentially select
power-law slopea ~ —0.8, while the free-free emission hasyoung starbursts. Here we have relaxed this restrictiomsmas
a much flatter slopay = —0.1. Free-free emission thus makeso maximize the sample size and include more diverse objects
a larger contribution at higher radio frequencies, so thaira- and have observed a further 18 sources at 22.5 GHz. The re-
dio spectrum flattens at high frequencies. Half of the radi® fl maining sources were either too weak for observation at 22 GH
is expected to be of thermal origin at 20 GHz (Condon, or were too confused with nearby sources to construct etelia
1992). Towards lower radio frequencies (below 1 GHz in noiSED. We also re-observed 7 sources at 8.4 GHz for which the
starburst galaxies) the free-free optical depth becormge End high resolution observations of Condon et al. (1991a) caold
the (synchrotron-dominated) radio spectrum shows a shexp gdrovide reliable integrated fluxes. Our final sample is tfeeee
cline due to free-free absorption (see Fig.4 of Condon, 19920t a far-infrared flux limited sample like that of Condon Et a
In sources with very intense star-formation, free-freeogison  but simply contains all those brighter thai25 Jy at 6Qum for
may be expected to occur at higher frequencies than in quiegiich an integrated 22.5 GHz flux could be reliably obtained.
cent objects; the 1.4 GHz fluxes from such objects are prgbabl In addition to the new high frequency observations, we have
affected. obtained, either from the literature or from reduction aftaval
In principle, a measure of the thermal radio flux from &LA data, radio fluxes at as many frequencies as possible. In
ULIRG would be an excellent measure of the star formatidotal, of the 40 ULIRGs of the sample of Condon et al., 31 have
rate, because, being emitted by the same gas from which radio data at 3 or more frequencies and 29 of these have fluxes
combination lines originate, it traces gas ionized by yostags. at 22.5 GHz.
Absorption of ionizing photons by dust may complicate thés p All our sample galaxies are at a redshift 0.1.

Sample selection
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3. Observations and data reduction Table 2.8.4 GHz fluxes for the newly observed objects.
3.1. New 22.5 and 8.4 GHz data Source Source flux  Phase cal Phase cal flux
22.5 GHz observations were carried out on 2004, August 13 and (mJy) (J2000) y)
14 with the VLA in D-configuration. Total integration timesrf IC 1623 546+30 0118216  (B54+0.002
the sources were between 16 and 24 minutes, with scans on- Arp 148 118+06  1130r382 1338+ 0.005
source being interleaved between scans of phase calibmtor UGC 6436 2+03 1122180 0639+ 0.003

. . . IRAS 14348-1447 18+ 0.5 1439-155 (09 0.003
ery 8 minutes. Before each new source was observed, a ppintin 1Zw 107 143+ 07 15000478 Q341+ 0001
scan was carried out on the phase calibrator at 8.4 GHz imorde  NGC 6286 315+ 1.6 1638573 1261+ 0.003
to determine a pointing correction. 3C 286 was observed as an  Mrk 331 223+1.0 001G:174 Q670+ 0.002

absolute flux calibrator on 13 August and 3C 48 on 15 August.

The weather conditions on August 13 were not ideal for high
frequency radio observations, data were taken in the pcesemmission from this source is variable. A significant fractiaf
of thunder storms. As water vapouffects the measured fluxits radio flux must therefore come from an AGN. The 5 fluxes
for a given source at 22 GHz, and the flux calibrator may halisted in table[B were all measured on the same date. The maps
been observed through affdirent cloud density than some ofof sources reduced from the VLA archive are shown in[Hig. 3.
the phase calibrators, the bootstrapping of the phaseraalib  All calibration and mapping was carried using the NRAO
tor fluxes to those of the flux calibrators is not guaranteed fstonomical Image Processing Systeary). The radio fluxes
work. After flux calibration based on theean component mod- for our sample galaxies (in the range 100 MHz to 100 GHz) are
els for 3C 286 and 3C 48 provided by NRAO the phase calibrsted in table 1 in the appendix, along with notes on setkcte
tor fluxes were within 20% of those given by the VLA calibratosources.
database. Only in the case of 13823 (the phase calibrator for
UGC 8387) was there a larger discrepancy (a factor of 2 less t
given in the database).

Maps were made using 'natural’ weighting in the uv-plane order to make comparisons between our radio data and in-
and in the case of UGC 6436, IZW 107 and IRAS 14348-144feared data, we also collected J,H and K-band fluxes from the
uv-taper of 30 K was applied to avoid the possibility of missing2MASS Extended Source Catalogue (Jarrett et al., 2000)2nd 1
flux due to extended but weak structure. The final maps, sho@®, 60 and 10@m fluxes from the IRAS Faint Source Catalogue
in Fig.[d, had a typical resolution of’46” where tapered) and (Moshir et al., 1990).
after cLeaning had a typical rms noise level ofl2 mJybeam. In the collection of fluxes at other frequencies from theite
Fluxes were measured by direct integration on the maps.eThasure, care was taken to ensure that the fluxes were not @hfus
fluxes (reported in tablgl 1) have errors which include the rmas, in the case of interferometric radio data, underesthaue
noise and the flux calibration errors described above. to high resolution. While most sources are compact and do not

8.44 GHz observations were made on 2005, July 12, 20 anave other strong sources nearby, a small number of soweces r
27 with the C-configuration of the VLA. Integration times df 1 quired corrections to some fluxes.
to 14 minutes were used and interleaved with observations of Confusion is most likely to be a problem for the IRAS fluxes
nearby phase calibrators. 3C 286 and 3C 48 were used as als@-to the very low resolution. To try to quantify any possibl
lute flux calibrators and, as for the 22 GHz data, calibrati@ule problems with confusion in the absence of a higher resalutio
use ofcLean component models for these sources. Derived flux€$R survey, we used the NVSS and the far infrared-radio cor-
for all phase calibrators agreed with those in the VLA caltbr relation. In those cases where an unrelated radio source was
database to better than 5%. All sources were also selfrasdith within the IRAS beam we reduced the IRAS flux by the frac-
to correct for phase only. Maps were made by natural weightitional contribution of this source in the radio. Few sounvese
the uv-data andieaned in the standard way. Resolution and rmaffected, but one source (IRAS 033585%23) has its FIR emis-
in the resulting maps were typically’3and 003 mJy beam'. sion confused with a source of similar strength. Because the
The radio maps for these sources are presented ififFig. 2 andetror on a correction of this scale would render the fluxes un-
corresponding integrated fluxes in table 2. reliable this source will not be considered in the modelnfiti

described in paper 2. The ULIRGs for which the IRAS fluxes
. were reduced because of the presence of a nearby contarginati
8.2. Archival VLA data source were as follows: UGC 6436 (26%), RAS 1220305
In addition to the above data and fluxes taken from the lineeat (15%), NGC 6286 (6%), UGC 5101 (8%).
the VLA archive was searched for data at additional freqiganc ~ The full list of fluxes for the sample galaxies from the near-
so as to maximize the coverage of the radio spectrum. Data sififrared to the radio will be presented in paper 2, where trey
able for the measurement of integrated fllixesre downloaded used to model the spectral energy distributions.
and reduced following standard procedures. Where the ssurc
were of sifficient strength, a single iteration of self-calibration
was applied allowing for the correction of antenna phaség on
Fluxes were measured by direct integration oncilzened maps
and are presented in talble 3. For UGC 08058 (Mrk 231) archival
data were downloaded and reduced, despite the presencaof me
sured fluxes in the literature, because of evidence thatzithe r

h3.3. Data at other frequencies

1 i.e., where the source extent was smaller than the larggstlam
scale which can be mapped by the VLA in the given configuradioa
frequency band.
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Table 1.22.5 GHz fluxes derived from the new VLA observatiohn®bservations described in Prouton et al. (2004)

Source R.A. Dec. Source flux Phase cal Phase cal flux
(J2000) (J2000) (mJy) (J2000) Jy)
NGC 34 001106.550 -120626.33 .41+0.14 2358-103 (®719+ 0.005
IC 1623 01 07 47.49 -17 30 26.3 k2.0 0050-094 (B05+ 0.007
CGCG436-30 012002.722 +14214294 &3+031 012%118 1177+0.007
IRAS 01364-1042 013852.870 -102711.70 .9 +0.19 0141-094 (¥395+ 0.003
1Zw 35 0144 30.53 +170608.5 a+0.3 0121118 1449+ 0.011
UGC 2369 025401.81 +145814.5 B+03 0238+166 2041+ 0.015
IRAS 033591523 033847.12 +153253.5 6£+03 0325+226 Q768+ 0.006
NGC 1614 04 34 00.02 -08 34 44.98 Qk1 0423-013 780+ 0.058
NGC 2623 08 38 24.08 +2545 16.40 18+0.2 08306+241 1822+ 0.013
IRAS 08572-3915 0900 25.390 +39 03 54.40 38+0.3 092%390 7688+ 0.15
UGC 4881 09 1555.52 +441957.5 H+05 09206+446 2140+ 0.010
UGC 5101 093551.72 +612111.29 1®+10 0958:655 Q0972+ 0.010
IRAS 10173-0828 102000.22 +081334.5 0+04 1041061 1672+ 0.009
Arp 148 11 0353.95 +405059.5 6l+0.3 1146399 1330+ 0.012
UGC 6436 112545.15 +144029.4 B+05 1118+125 1238+ 0.016
IRAS 12112-0305 121346.1 +024841.5 5 +0.3 1224+035 0788+ 0.006
UGC 8387 132035.34 +340822.19 5+20 13106+r323 0963+ 0.042
UGC 8696 1344 42.11 +555313.15 18+03 1419543 0935+ 0.023
IRAS 14348-1447 14 37 38.30 -150024.0 .5405 1448-163 (B76+ 0.006
1Zw 107 1518 06.07 +42 44 45.19 $+03 1521436 Q195+ 0.005
IRAS 152506-3609 1526 59.40 +3558 37.53 £+03 1521436 Q195+ 0.005
NGC 6286 16 58 31.70 +58 56 14.50 12+15 1638+573 1259+ 0.018
NGC 7469 230315.623 +085226.39 1K0+050 2326-052 05661+ 0.004
IC 5298 231600.690 +253324.20 B6+0.18 2321275 07178+ 0.009
Mrk 331* 235126.802 +203509.87 ®5+0.29 2358199 02683+ 0.002

Table 3. Fluxes derived from archival VLA data.No flux calibrator observed. Flux of 0513-219 set to this eahsing the VLA
calibrator database. The last columnshows the scaling of the contours in Hig. 3.

Source Frequency Flux Phase cal Phase cal flux Program ID yArra Date n
(GHz) (mJy) (J2000) Jy)
NGC 34 4.8 28+ 0.3 2358-103 (B080+ 0.0013 AM451 B 1994-Jul-24 6
MzZw 35 15 100+1 0149189 03538+ 0.003 TYPO4 B 2002-sep-06 -1
NGC 1614 8.4 40 +0.3 0423-013 31178+ 0.004 AK331 C 1993-aug-03 6
IRAS 05189-2524 15 B+02 0513-219 ®2+0.0I AC624 C 2003-jan-05 4
IRAS 10173-0828 4.8 588+ 0.2 1150-003 17056+ 0.004 AK184 CD 1988-mar-28 4
15 31+03 1150-003 (M135+0.004 AK184 CD 1988-mar-28 1
Arp 148 4.8 140+ 0.5 11306+382 Q7813+ 0.002 AH333 A 1989-jan-09 5
15 80=x1 1130+382 06237+ 0.007 AJ105 C 1984-may-24 4
Arp 299 8.4 2438 1219484 Q7873+ 0.003 AW641 C 2005-aug-20 -1
15 160+3 1219484 08489+ 0.012 AS568 C 1999-jan-21 2
22.5 T4+ 2 1128594 Q4509+ 0.004 AN095 C 2001-aug-25 2
IRAS 12112-0305 438 14 +02 1150-003 17056+ 0.004 AK184 CD 1988-mar-28 3
15 57+02 1150-003 (®135+0.004 AK184 CD 1988-mar-28 1
UGC 08058 14 2743  1219%484 05987+ 0.001 BUOO6Y B 1995-nov-17 1
4.8 265+ 1 1219+484 Q7885+ 0.002 BUOO6Y B 1995-nov-17 3
8.4 189+ 1 1219+484 Q9363+ 0.002 BUOO6Y B 1995-nov-17 4
15 146+ 1 1219+484 10916+ 0.005 BUOO6Y B 1995-nov-17 3
22.5 137+ 2 1219+484 11123+ 0.008 BUOO6Y B 1995-nov-17 0O
UGC 8387 15 122 3C286 345375 AN35 C 1985-aug-30 O
NGC 5256 8.4 24 +1 141#461 05880+ 0.003 AP233 C 1992-apr-28 4
15 210+1  1349+536 06003+ 0.006 AM198 CD 1987-jan-22 2
UGC 8696 15 2% +1 1349536 06003+ 0.006 AM198 CD 1987-jan-22 2
NGC 7469 8.4 52+ 0.6 2320052 05897+ 0.05 AP233 C 1992-apr-28 3




Table 4. Far-infrared-radio flux ratios, at 1.4 and 8.4 GHz and radio spectral indices for the whotg#ain various frequency
ranges. The value of FIR 1.26 x 10714(2.58Sgo + S100), as used to calculatg is also given.

lame FIR G %os o % a3 oz o o
(/103Wm2)

\GC 34 769+ 0.02 249+ 0.02 313+0.02 -0.79+0.02 -0.70+0.03 -0.83+0.04 -1.12+0.10 - -0.73+0.06 -

C 1623 112 + 0.63 208+ 0.03 274+ 0.03 -0.88+ 0.04 -0.77+0.11 -0.85+0.02 -1.01+0.23 - -0.94+0.10 -
>GCG 436-30 &4/0+0.03 240+ 0.01 299+ 0.02 -0.63+0.02 -0.69+0.05 -0.77+0.03 -0.94+0.12 - -0.38+0.06 -

RAS 0136-1042 D2+ 0.02 271+ 0.02 299+ 0.02 -0.50+0.02 -0.24+ 0.05 -0.37+0.04 -0.65+0.12 - -0.74+ 0.07 -

|Zw 35 574+ 0.35 258+ 0.03 289+ 0.03 -0.52+0.02 -0.35+0.05 -0.40+0.03 -0.52+0.13 -1.17+0.19 -0.72+0.06 -0.08+0.26
JGC 2369 304+0.16 233+ 0.02 290+ 0.03 -0.80+ 0.02 — -0.73+0.03 - - -0.93+0.08 -

RAS 033591523 288+ 0.14 260+ 0.03 284+ 0.03 -0.53+0.03 -0.41+0.05 -0.32+0.03 -0.11+0.13 - -0.91+0.08 -

\GC 1614 146 + 0.45 245+ 0.02 298+ 0.01 -0.68+ 0.02 -0.63+0.14 -0.68+ 0.02 -0.78+ 0.31 - -0.67+0.05 -

RAS 05189-2524 B89+ 0.19 274+ 0.02 314+0.03 - -0.43+0.05 -0.52+0.03 -0.71+0.13 -0.65+0.10 - -

\GC 2623 110 + 0.35 249+ 0.02 292+ 0.03 -0.60+0.01 -0.39+0.14 -0.55+0.03 -0.91+0.32 - -0.67+0.05 -

RAS 08572-3915 297+ 0.02 327+0.04 329+ 0.02 -0.11+0.05 002+ 0.08 -0.03+0.06 -0.13+0.12 - -0.26+0.11 -

JGC 4881 P2+0.13 237+ 0.02 299+ 0.03 -0.85+ 0.05 — -0.80+0.03 - - -0.94+0.15 -

JGC 5101 628 + 0.29 199+ 0.03 250+ 0.03 -0.81+0.02 -0.69+0.17 -0.66+0.03 -0.59+0.38 -0.97+0.58 -1.09+0.08 -1.26+0.83
RAS 10173-0828 258+ 0.14 284+ 0.05 310+ 0.03 -0.44 + 0.06 -0.42+0.08 -0.34+ 0.06 -0.15+0.11 -0.96+0.19 -0.63+0.15 -0.16+0.42
RAS 10565-2448 584+ 0.22 244+ 0.02 304+0.03 - -0.77+0.03 -0.78+0.03 -0.81+0.09 - - -

\rp 148 323+0.13 237+ 0.02 287+ 0.04 -0.64+0.02 -0.78+ 0.04 -0.63+ 0.05 -0.31+0.16 -0.66+ 0.26 -0.67+0.10 -0.67+0.33
JGC 6436 23+ 0.06 265+ 0.02 322+0.03 -0.70+0.07 - -0.73+0.04 - - -0.63+0.19 -

\rp 299 472 +2.13 226+ 0.03 271+ 0.02 -0.80+ 0.02 -0.43+0.10 -0.58+ 0.03 -0.90+0.21 -0.72+0.07 -1.21+0.04 -1.90+0.08
RAS 12112-0305 402+ 0.17 266+ 0.02 303+0.03 -0.51+0.02 -0.37+0.03 -0.47+0.03 -0.69+0.09 -0.97+011 -0.57+0.07 -0.00+0.16
JGC 8058 14 + 0.54 214+ 0.02 230+ 0.02 -0.25+0.01 -0.03+0.01 -0.21+0.01 -0.60+ 0.01 -0.45+0.01 -0.33+0.02 -0.16+ 0.04
JGC 8387 818+ 0.49 232+0.03 280+ 0.03 -0.95+0.10 -0.78+0.05 -0.61+0.03 -0.24+0.13 -1.84+0.30 -1.56+0.28 -1.16+0.78
\GC 5256 378+ 0.17 190+ 0.03 262+ 0.03 -0.77+ 0.04 -0.77+ 0.06 -0.93+0.03 -1.28+0.14 -0.23+0.11 -048+0.11 -0.85+0.27
JGC 8696 975+ 0.30 225+ 0.02 278+ 0.03 -0.83+0.01 -058+0.17 -0.67+0.03 -0.88+0.39 -0.67+0.10 -1.13+0.06 -1.79+0.10
RAS 14348-1447 32+0.14 237+ 0.02 289+ 0.04 -0.75+ 0.04 - -0.67+ 0.05 - - -0.89+0.15 -

Zw 107 434+ 0.13 236+ 0.02 291+ 0.03 -0.95+0.03 -0.37+0.03 -0.70+0.04 -1.44+0.13 - -1.40+0.11 -

RAS 15256-3609 311+ 0.12 276+ 0.02 290+ 0.03 -0.45+0.03 -0.09+0.19 -0.18+ 0.04 -0.38+ 0.42 -0.47+ 0.65 -0.93+0.09 -159+0.94
\rp 220 479+ 141 259+ 0.02 294+ 0.03 -0.46+0.03 -0.36+0.08 -0.44+0.03 -0.63+0.19 -0.51+0.09 -0.50+0.08 -0.49+0.17
\GC 6286 508+ 0.13 194+ 0.02 263+ 0.02 -0.95+ 0.05 -0.88+0.13 -0.90+ 0.03 -0.93+0.28 - -1.05+0.15 -

\GC 7469 13 +0.08 229+ 0.01 285+ 0.01 -0.84+0.01 -0.77+0.10 -0.71+0.02 -0.59+021 - -1.07+0.03 -

C 5298 446 + 0.02 253+ 0.02 316+ 0.02 -0.79+ 0.02 -0.74+ 0.05 -0.81+0.04 -0.94+0.12 - -0.76 + 0.07 -

ARK 331 871+ 0.03 252+ 0.01 302+ 0.02 -0.70+0.02 -0.67+0.05 -0.64+0.03 -0.59+0.12 - -0.81+0.05 -

lean 2441+ 0.004 2906+0.005 -0.671+0.007 -0521+0.018 -0596+0.007 -0.698+0.040 -0.790+0.079 -0.814+0.020 -0.842+0.136

[e 19 suswsa[D "SI\
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4. Results of the star formation we may expect to see a correlation keiwe
the radio spectral index and the near-infrared colourschvhie
sensitive to the presence of an AGN. In fig. 6 we plot the ra-

Before describing the observed radio spectra, we recakxhe dio spectral index against the near-infrared colour indeK),

pected, general form of the radio spectrum for a compact stahere is no indication of a general correlation, which ssgge
burst, as outlined ir [. At frequenciesy ~ 10 GHz, a steep that most sources do not contain a radio loud AGN. However,

synchrotron spectrum dominates, wB « v*, @ ~ —0.8. At We do note that UGC 8058 (Mrk 231) which has the highest

both lower and higher frequencies the spectrum may be ee(qbed{alue of (J-K) also has a very flat radio spectral index. As-men
free emission (high frequencies). radio loud.

In fig.[4 we show the radio spectra for all our sources and ta-
ble [4 lists the radio spectral indices, for the sample objects in 4.3, Radio spectral indices and IRAS colour, (fso/ f100)
several frequency ranges. Also shown are the far-infraaelib ] _ o _
flux ratios,q = log(FIR/3.75x 10* Hz)/S,, whereS, is the In fig. [1 we plot the radio spectral indices against the IRAS
radio flux in units of Wm2Hz! (Condon et al., 1991a). We colour (feo/ f100). a3 shows a correlation with IRAS colour (in

will use the notationgy 4, to refer to this quantity calculated atgood agreement with the results of Sopp & Alexander, 1992)
1.4 GHz. but this correlation almost dlsappearsbzﬁﬁ"5 is considered in-
The mean value of between 1.4 and 4.8 GHz{? here- stead. Because warmer IRAS colours are accompanied by large
after) is -0.521. This steepens steadily towards higheyiea- FIR fluxes (Young et al. 1989, Soifer et al. 1989) warmer IRAS
cies, witha8 = —0.698,084. = —0.813, andyg = -0.842 (al- cqlours imply higher rates of star formation. Theref(_)re(sea
though only 12 objects have values in this last range). Taist with warmer colours should have larger masses of ionized gas
can also be seen in the lower-right panel offflg. 4. At low frexgu H&Never, the weakness of the correlation betwefgg (100) and
cies, the flatter spectra are probably due to free-free ptisar @275 Suggests that thiskect is not the main driver of the stronger
However, the fact that the spectra steepen to frequencigiglas correlation seen withyg.
as 22.5 GHz is unexpected, since these sources should hgve ve The compactness of the regions is probably what causes the
significant free-free emitting components, which woulddtém correlation in the upper panel of fig. 7. If warmer IRAS colsur
flatten the spectra at high frequencies. Some sources even siere associated with more compact sources, then greater fre

spectral indicese3, ., that are steeper than what is expecteltiee absorption would be seen in warmer sources and a correla

4.1. Radio spectral indices

from pure synchrotron emission. The general trend, andethdion between o/ f100) andad would result, even if the mass of
sources in particular, are further discussed 3. ionized gas does not change witlyd/ f100). Source geometry is

In Fig.[B we show how the radio spectral index is related gpnsidered in more detail #l5.
g. There is a clear tendency for higher valuegpf to be asso-
ciated with radio spectral indices which are flatter, on ager
from 1.4 to 22.5 GHz. There is also a clear correlation betwe
014 andagg, with a much weaker correlation betweaty and  5.1. The radio spectral index and the FIR-radio flux ratio, q
ag8. On the other handg4 is not correlated with eithet;3 or
agy. This trend would be observed if the 1.4 GHz radio fluxegeqiency spectral flattening are seen (e.g. IRAS 120895).
were reducedlliy theffiects of free-free absorption. In this case]-hiqS flattgniﬁg is due to freg-free absogpti%n at low freq]jlezsl
bothqy 4 anday; are dfected. The 4.8 GHz flux should be muchyp g free free emission at high frequencies. However, theze
less dfected than the 1.4 GHz flux because the free-free Opt"‘eﬂlo sources which show evidence of free-free emissiongét hi
depth depends on frequency as'. The 8.4 GHz flux is free ¢o

f h f ab . q lation i b guencies, with no sign of free-free absorption at lovgéren-
rom the gfects of absorption, and so no correlation is seen bges (e.g.CGCG436) and others that show signs of free-free a

VY.
tweendg, anda; g Or agy. _ sorption, with no sign of free-free emission (e.g. NGC 2623)
At high frequencies we see a correlation betwegnand Tne simplest explanation for these contrasting radio spest

8.4 : i i i U i~ .
@y, The correlation seen in the lower right panel offig 5 showsyopaply variations in the compactness of the emittingaesyi
that the fractional contribution of free-free emissionasgler in For a region of radiusr and densityNy maintained

sources with higher values of4. Therefore, despite the facti jonization equilibrium by a source of ionizing radiation
that the average source shows a radio spectrum which s&epgnfixed Juminosity, the total ionizatigrecombination rate,
towards higher frequencies, flatter spectral indices terattur (4/3)1r3N2as, Where g is the recombination cdicient, is

in sources with highegg 4. This is expecteq if the synchrotronsgnstant (Osterbrock, 1989). The free-free optical depthy
emission is powered by supernova explosions because oéthe,ggr’ for a density of ionized gase. Therefore, as long as

lay between the formation of massive stars and the occmrerpgmains below unity (certainly true at 22 GHz) theegrated

of the first supernovae. _ _ free-free emissiony 74 r2, from a region with fixed ionizing
The trend for higher values ofto be associated with flatter |yminosity, is independent of the source size.

g. Discussion

In fig.[d there are several sources in which both a low and a high

radio spectra over the whole range from 1.4 to 22.5 GH},, However, where this gas absorbs a luminosity source, the
v_V|I_I be used as a constraint on the starburst age in the mogggorption is proportional te" (foreground screen) and the
fitting of paper II. dependence ofz on source size means that the compactness

of a region very stronglyféects the amount of absorption. For
4.2. Possible AGN contribution to the radio fluxes a given ionizing luminosity and synchrotron luminosity, ex

tended region may show no evidence of free-free absorption a
If there are ULIRGs in our sample that contain an AGN it is pog-.4 GHz, whereas a more compact region will.
sible that this AGN contributes to the radio flux of the soutte This efect is probably behind the the diverse spectral shapes
the power-law index of the radio emission istdrent from that of fig.[4 and is also important in understandingffig. 5.
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In considering the relation between the radio spectratiesli emission is also proportional the star formation rate, lsuthe
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at various frequencies amgl shown in fig[5, it is useful to keep emission is delayed by main sequence lifetime of massivs,sta
in mind how each are related to the star formation rate. Bathmeasures the star formation ratel0’ years prior to the cur-

the FIR and the integrated free-free emission are expeotbd t rent epoch. Therefore, in objects characterized by bufsttao

proportional to the current star formation rate. The syattion formation, such as those in our sample, we expect bathdq
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Fig. 6. The relation between the near-infrared colour J-K and tfég. 7. Top: Correlation between the radio spectral index be-

radio spectral index between 1.4 and 4.8 GHz (top) and 8.4 amcken 1.4 and 4.8 GHz and IRAS 800 micron flux ratio.

22.5 GHz (bottom). Objects at the extremes of the distrimgi Bottom: Same plot for the 8.4-22.5 GHz spectral index. Objects

are labeled. at the extremes of the distributions are labeled. Note that t
UGC 8058 may have a radio loud AGN.

to be a function of the age of the starburst. Valueg afe higher

where the current star formation rate is greater than-th@’

years ago, and lower where the star formation rate has aekclin

In this scenariog is a measure of the “age” of a starburst, witltompactness for any given age. This causes the lack of aerrel
higher values associated with younger objects. tion betweerys 4 anda4g‘

In fig.[5, as well as the correlations betwegn anda g, and

betweerqg4 and“zzs' we note théack of a correlation between 5 5 oy frequency radio spectral index and the FIR colour
Os4 and a/48 If large values ofq84 are due to a delay in the
production of synchrotron emission relative to that of thar As we saw in fig[V the low frequency radio spectral index
dust and free-free emission, as the correlation betvgggand %114 is correlated with the FIR flux ratideo/ fi00. Warmer FIR
a3 suggests, then the lack of correlation betwggnandayg  colours are therefore associated with more free-free atisar
implies that the age of the starburst is not the orffge. However, we recall theyounger sources do not show more free-
Because source compactness stronffigcts the amount of free absorption (Fug]a VS. G, 4) Together, these imply that
free-free absorption, but does ndtext the free-free emissionthe warmest dust is not found in the youngest sources, as has
(for ¢ < 1) the presence of free-free emission at 22.5 GH®een suggested previously (Vega et al., 2005). If source- com
does not imply the presence of free-free absorption at 1.4.GHbactness has an important role to play in determining thel lev
Therefore, although the youngest sources (highgstvalues) of free-free absorption at low radio frequencies, thenrtiost
have larger ionized gas fractions, there exists a rangewtso compact are those in which the dust is warmest.
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5.3. High frequency radio spectral indices form of the time-averaged spectrum is rather sensitivetchsts-
tic effects in the recent past. Sudfiexts will be important where

A small number of ULIRGs in our sample show surprisingly,e supernova rate shows variations on timescales of onder t
steep spectral indices at high frequencies. UGC 5101, A8 2Q|ectron lifetime.

UGC 8387, UGC 8696, 1Zw 107, NGC 6286 and NGC 7469 all

have radio spectral indices between 8.4 and 22.5 GHz steepgyi, hypernova, that might have an order of magnitude great

thana = —1. There appears to be either a deficit in the observgdy than a typical supernova. However, it seems very unikel
flux at 22 GHz or a spectrum that is also very steep at 1oWgf5; 4 single such source coulffeet the integrated radio spec-

frequencies (UGC 5101, IZw 107, NGC 6286). In the case §f,1, of an entire ULIRG. The compact sources mapped in

IZw107 the radio spectrum has a spectralindex ef—1.4from A,y 220 pv Lonsdale et al. (2006 tf lv 6% of th
4.8t0 22.5 GHZ. In those cases where the radio spectra showé& flux a¥1802§n ale etal. ( ) account for only 6% of the

steepening towards higher frequencies the spectrum apfear Lisenfeld et al. (2004) considered various explanatioms fo

show a break around 15 GHz. _ , the high frequency turn-over seen in the synchrotron spectr
This is contrary to what we expect in sources with a larg& the starburst dwarf galaxy NGC 1569, once the contrilutio
mass of free-free emitting gas. The radio spectrum shoud flg¢ thermal emission had been subtracted. They concluded tha
ten at high frequencies due to the increasing importancief & sharp turn-over could only be achieved by either a rapid tem
thermal emission§, o v™"7). Although it is conceivable that 4| variation of the star formation rate or through thefpre
the mass of free-free emitting gas is reduced by the absorpthential escape of low-energy electrons from the galaxigk.d
of ionizing phptons by dust, thigfect alone cannot produce ann NGC 1569 a starburst that started abruptly 30 ago was
observed radio spectrum that steepens towards higherefrequond to reproduce the observed break in the synchrotram spe
cies. _ . . trum. The escape of low energy electrons from the galaxy can
~ A steepening of the radio spectrum towards higher frequgsroduce a break if convection can transport the electronsfou
cies is expected in the presence of ‘aging’ of the relativighe disk during their radiative lifetime. As the lower engegec-
tic electron population (Condon, 1992). Because synohmotrirons sifer less synchrotron losses, and therefore emit for longer
(and inverse Compton) losses are greater at higher fre@ngnan high-energy electrons, they can in principle be losfesr
(tsync o v"*®) higher energy electrons emit synchrotron phaantially and cause a break in the spectrum. Lisenfeld e2604)
tons for shorter times than those of lower energies. For an gund that a convective wind velocity of 150 kmtscan repro-
stantaneous injection of relativistic electrons the ragiectrum duce the spectral break in NGC 1569. However, the lifetinfes o
therefore steepens with increasing frequency. The ‘bré@k’ electrons against radiative losses in ULIRGs should beidens
quency which parameterizes this steepening moves to lawer faply shorter than in NGC 1569. Under the assumption of energy
quencies at later times after the injection. Spectral agifegts equipartition between the radiation and magnetic fields,ddn
were considered by Colbert, Wilson & Bland-Hawthorn (19943t aJ. (1991a) estimate electron lifetimes-ofL0* yr for elec-
to explain the steep radio spectral index in the non-nuatear trons radiating at & GHz in the same sample of ULIRGs from
gions of NGC 6240. which ours were selected, while thatin NGC 1569 was estithate
In ULIRGs the electron lifetimes are very short because 0 be 5x 1P yr by Lisenfeld et al. Because the supernova rate
a high radiation energy density environment inverse Compteannot change significantly over timescales df yf and a con-
losses would remove all high energy electrons before thaldco vective wind could not remove electrons from the sources ove
emit synchrotron photons. The observation of synchrotroise similar timescales, none of these mechanisms seem a giausib
sion in such sources therefore shows that they must havegstrexplanation for a high frequency spectral break in the prese
B-fields and short electron lifetimes due to synchrotroséss sample of ULIRGs.
Electron lifetimes in the GHz region are shorter not onlyntha Although there is no doubt that some sources have steep
starburst timescale (16 10 yr) but also than the lifetime of the spectral indices from 1 to 20 GHz, in the majority of casesnehe
most massive stars-(5 x 10° yr). Therefore the production of a turn-over is seen it is due only to the 22.5 GHz data point
relativistic electrons cannot be considered instantasigout is  (Arp 299, UGC 8696, IRAS 1525@B609). We would require
rather close to a continuous injection approximation. data at a higher frequency (e.g. 43 GHz) for these sources in o
Under the assumption of continuous injection of relativisder to be sure of the spectral bend and warrant a more in-depth
tic electrons, the radio spectrum can be considered as the digcussion.
perposition of several instantaneously injected popaatieach
with a different age, and therefore each with fatient ‘break’
frequency. The spectrum which results from the summation 6f Conclusions
all these components is straight. If the asymptotic change i ) ,
spectral index for a single component of spectral indexis We have presented new high frequency radio da.ta for a sam-
Aa = —0.5 (such as in the “dynamical halo” model of Lerch le of ULIRGS, that, to_getherwnh re-reduced archival datd
& schlickeiser, 1981) then the resulting spectrum has atsglec Il_Jxes taken from the I_|terature forms a sample of 31 ULIRGS
indeXaaged = @ — 0.5. The radio spectra of all ULIRGs shoulgwith well-sampled radio spectra. All but 1 source have a mea-
therefore be steepened by theets of spectral aging, but wesured flux at 22.5 GHz. Everyfert has been made to ensure that

do not expect to detect a down-turn in the spectra towards hi@e fluxes are reliable measures of the integrated radicsémis
frequencies if continuous injection is a good approxinatite

note however, that because the spectral break for an a(‘qmg’tl!we synchrotron emission in ULIRGs, and occur by the cotipse

srt]antalnoeoeu:Iy Injectedhelectron %opulatl(;]n Spends t'lt)ﬂe II? f stars more massive than 8 ,MThe diference in lifetime between a
the~ z range (where we observe the putative breaks) fjg; of g M, and a star of 100 Mis ~ 5 x 10’ yr. Therefore, for a

normal initial mass function, even if the stars formed intaaeously,
2 Note, however, that a steeper power-law fit to the high fraque the supernova rate cannot show large variations on timeses! short
radio data would not fit the.4 GHz and 408 MHz data points as 10 yr.

Qualitatively, such a stochasti¢fect could be caused by a

3 Type 1b and type Il supernovae are thought to be the source of
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tion of the eastern nucleus with a clear extension towards tkense as the optical, edge-on disk. A weak source (NGC 6285) i
west. The distribution of emission is very similar to thattleé present 15 to the north-west and this is detected in our 8.4 GHz

molecular gas (lono et al. 2004, Yun et al. 1994). data but is undetected in our 22.5 GHz map. The IRAS fluxes
MzZw 35 were reduced by 6% to remove the probable contribution of
The radio emission originates from the more northerly of2heNGC 6285.

optical nuclei. Mrk 331

IRAS 03359+1523 See Prouton et al. (2004).

1’5 to the south of this object there is a.43nJy radio source.
IRAS 03359-1523 itself emits only 194 mJy at 1.4 GHz. Rather
than reducing the IRAS fluxes by nearly a factor of two we
choose to exclude this object from the analysis of paper 2.

UGC 4881

We detect two sources in this object at the same locations as
those revealed in the 8.4 GHz observations of Condon et al.
(1991a). The more easterly component is the brighter and ac-
counts for~ 70% of the total flux detected, which is similar to
the flux ratio at 8.4 GHz.

UGC 5101
A 12.3 mJy radio source lies’ 1o the north-east. IRAS fluxes
reduced by 8%.

IRAS 10173+0828
The sub-arcsecond 15 and 22.5 GHz observations of Smith,
Lonsdale & Lonsdale (1998) show an unresolved nuclear sourc

UGC 6436

The NVSS shows that a companion galaxy, IC 2810b, located
1’2 to the south-east has a flux off/7mJy compared to the
19.4 mJy of UGC 6436. This would be confused at IRAS reso-
lutions and so the IRAS fluxes have been reduced by 26%. No
other observations were at so low a resolution as to make con-
tamination from this source a problem.

Arp 299
Actually a close interacting pair consisting of NGC 3690 and
IC 694.

IRAS 12112+0305

A source 24 to the south-east has a 1.4 GHz flux of $nJy
compared to the 23 mJy emitted by IRAS 12110305. IRAS
fluxes reduced by 15%.

UGC 8387
Our 22.5 GHz map shows an unresolved source but the higher
resolution 8.4 GHz radio continuum map of Condon et al.
(1991a) shows an elongated structure with an extent df’.
Clemens & Alexander (2004) find that free-free absorption fla
tens the radio spectral index towards the centre of the sourc
showing there to be a large region of dense ionized gas.

The 22.5 GHz flux for this source may be incorrect. The cal-
ibrator flux for this source was only about half that reporited
the VLA calibrator database.

IZw 107

Our 8.4 GHz map shows that the extended emission seen at
22.5 GHz is due to the presence of 2 sources separatet.by 8

Arp 220

Smith et al. (1998) resolved the compact radio emissionsaps
arate supernova remnants and subsequent, high senaivitly
monitoring of both nuclei has now succeeded in obtaining a di
rect estimate of the supernova rate (Lonsdale et al, 2006) of
4+ 2 yr. The implied star formation rate is &icient to supply

the bolometric luminosity of the system.

NGC 6286
The radio structure at 22 and 8 GHz is elongated in the same
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Table .1.Radio fluxes.

Source Frequency Flux Ref.
(GHz) (mJy)
NGC 34 1.4 6@+ 25 d
4.8 284 +0.3 c
8.4 152+ 0.8 e
22.5 741+ 0.14 b
IC 1623 0.365 906 83 Y
1.4 249+ 9.8 d
4.8 96+ 12 i
8.4 546+ 1 a
225 217 +2 a
CGCG436-30 1.4 48+ 15 d
4.8 215 g
8.4 127+ 06 e
225 873+ 031 b
IR 01364-1042 1.4 18+ 0.7 d
4.8 118 o]
8.4 82+04 e
225 397+ 0.19 b
1Zw 35 1.4 406+ 1.3 d
4.8 263 g
8.4 197 e
15 100+ 1 c
22.5 97+ 0.25 b
UGC 2369 14 4915 d
8.4 133 e
22.5 53+0.3 a
IR 03359+1523 1.4 194+ 0.7 d
4.8 117 g
8.4 110 e
22.5 45+0.3 a
NGC 1614 1.4 131 +49 d
4.8 63+ 11 i
8.4 407 +£0.3 c
22.5 210+1 a
IR 05189-2524 1.4 28+ 1.0 d
4.8 170+ 09 n
8.4 114 e
15 78+0.2 c
NGC 2623 1.4 95 +29 d
2.4 830+4 I
4.8 590+ 10 h
8.4 355 e
225 183+0.2 a
IR 08572+3915 1.4 43+04 d
4.8 44+ 0.2 n
8.4 41+0.2 e
225 318+ 0.30 b
UGC 4881 14 3B+ 1.2 d
8.4 88 e
22.5 35+05 a

* Only one source of a close pair emits in the radiSource possibly
variable in radio. 1.4, 4.8, 8.4, 15 and 22.5 GHz fluxes all enawlthe
same date. Referencda) this work. (b) Prouton et al. (2004)c)
reduced from VLA archive. See taljle 3 for detafl$) NVSS, Condon
et al. (1998)(e) Condon et al. (1991ajf) Sopp & Alexander (1991).

(9) Sopp & Alexander (1992)h) Gregory & Condon (1991)i)
Griffith et al. (1994)(j) Griffith et al.(1995)(k) Condon et al.(1983).
() Dressel & Condon (1978[m) Condon, Frayer & Broderick
(1991b) .(n) Rush, Malkan & Edelson (1996)o) Baan & Kldckner

(2006).(p) Crawford et al. (1996)q) Sramek & Tovmassian (1976).

() Imanishi, Nakanishi & Kohno (2006}s) Zhao et al. (1996)t)
Rodriguez-Rico et al. (2005ju) Anantharamaiah et al. (200@))
Douglas et al. (1996)w) Ficarra, Gruf & Tomassetti (1985)

Table .1.cont.d.

Source Frequency Flux Ref.
GHz mJy
UGC 5101 0.151 75@ 60 f
14 1701+ 5.8 d
4.8 73+ 15 f
8.4 526 e
15 30+ 10 f
22.5 180+1 a
85.5 6 r
IR 101730828 14 P+09 d
4.8 588+ 0.2 ¢
8.4 54 e
15 31+03 ¢
22.5 29+ 04 a
IR 10565+2448 14 50+21 d
4.8 2221+ 0.13 p
8.4 141 e
Arp 148 14 34 +12 d
4.8 140+ 0.5 ¢
8.4 1176+ 1 a
15 80+1 c
22.5 61+0.3 a
UGC 6436 14 19+ 0.7 d
8.4 52+03 a
22.5 28+05 a
Arp 299 0.365 155@ 50 %
14 6863 + 25.4 d
4.8 403+ 45 h
8.4 243+ 8 c
15 160+ 3 ¢
22.5 74+ 2 c
IR 12112+0305 14 23+08 d
4.8 147+ 0.2 c
8.4 100 e
15 57+0.2 c
22.5 57+0.3 a
UGC 08058 0.365 551+ 39 %
1.4 274+ 3 ¢
4.8 265+ 1 c
8.4 189+ 1 ¢
15 146+ 1 c
22.5 137+ 2 ¢
UGC 8387 14 104 + 3.2 d
4.8 46 m
8.4 349 e
15 12+ 2 ¢
22.5 75+2 a
NGC 5256 0.365 353 43 v
1.4 1263+ 4.5 d
4.8 433+ 3.1 n
8.4 241 +1 c
15 210+1 ¢
20.0 149+ 15 n
UGC 8696 0.151 59@ 60 f
0.365 335+ 37 v
1.4 1447 £ 5.1 d
2.7 96+ 6 q
4.8 71+ 15 f
8.4 435 e
15 295+ 1 ¢
22.5 143+ 0.3 a
85.6 6 r
IR 14348-1447 14 39+12 d
8.4 108+1 a
22.5 45+ 05 a




Table .1.cont.d.

M.S. Clemens et al.: Modeling the spectral energy distidouof ULIRGS I: the radio spectra

Source Frequency Flux Ref.
GHz mJy
IZw 107 0.408 10@G: 20 w
14 503 + 1.6 d
4.8 320+ 0.6 h
8.4 143+1 a
225 36+03 a
IR 15250+3609 0.151 <100 f
14 145+ 0.6 d
4.8 13+ 3 f
8.4 105 e
15 8+3 f
225 42+ 0.3 a
Arp 220 0.151 26Q- 30 f
0.365 435+ 26 v
14 3263+ 9.8 d
2.4 312+ 16 |
2.7 260+ 13 k
4.8 210+ 20 f
8.4 1480 e
15 110+ 1 f
22.5 90+ 6 S
43 44+ 4 t
97.2 61+ 10 u
NGC 6286 0.365 43% 37 %
14 1567 + 5.6 d
4.8 530+8 h
8.4 315+ 16 a
22.5 112+ 15 a
NGC 7469 0.365 39% 24 v
14 1805+ 54 d
4.8 70+ 8 g
8.4 502 + 0.6 c
225 1750+ 0.5 b
IC 5298 14 347 +£14 d
4.8 139 g
8.4 82+ 04 e
225 386+ 0.18 b
Mrk 331 14 707 +£2.2 d
4.8 311 g
8.4 223+1 a
225 100+ 0.3 b
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Fig. 5. Relationship between radio spectral index at various fegies and the logarithmic FIR-radio flux density ratio dfjroed
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