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ABSTRACT

Aims. We study the fect of the extreme environment in Hickson Compact groupsGs)®n the molecular gas mads,,,, and the
star formation rate (SFR) of galaxies as a function of atdmgidrogen (HI) content and evolutionary phase of the group.

Methods. We have selected a redshift limited<<mD00 Mpc) sample of 88 galaxies in 20 HCGs with available atonyidrogen (HI)
VLA maps, covering a wide range of HI deficiencies and evohdiy phases of the groups, and containing at least ond gpley.
We derived the far-infrared (FIR) luminosity#r) from IRAS data and used it as a tracer of the star formatioa (8FR). We
calculated the HI mas$/ ), Lrir andMy, deficiencies.

Results. The mean deficiencies tf-r and My, of spiral galaxies in HCGs are close to 0, indicating thatrtheerage SFR and
molecular gas content are similar to those of isolated gedaxlowever, there are indications of an excesslip (~ 50%) in spiral
galaxies in HCGs which can be interpreted, assuming thae tiseno systematic fference in the CO-to-Hconversion factor, as
either an enhanced molecular gas content or as a higherrdostien of the molecular component towards the center mpgarison

to galaxies in lower density environments. In contrast,nteanMy, of spiral galaxies in HCGs is only 12% of the expected value.
The specific star formation rate (sSSEFR/stellar mass) tends to be lower for galaxies with a higidey or My, deficiency. This
trend is not seen for the star formatiofiieiency (SFESFRM,), which is very similar to isolated galaxies. We found teiuta
indications for an enhancement i, in spiral galaxies in HCGs in an early evolutionary phaseaddcrease in later phases.

We suggest that this might be due to an enhancement of thersdon from atomic to molecular gas due to on-going tidariattions

in an early evolutionary phase, followed by HI stripping @andiecrease of the molecular gas content because of lackehigment.
Conclusions. The properties oMy, andLgr in galaxies in HCGs are surprisingly similar to those ofésetl galaxies, in spite of the
much higher def{,) of the former. The trends of the sSSFR and 8&f{) with def(My;) and the evolutionary state indicate, however,
that the ongoing interaction might have sonfi@et on the molecular gas and SF.

Key words. Galaxies: evolution — Galaxies: groups — Galaxies: intewas — Galaxies: ISM — Galaxies: star formation — ISM:
molecules

1. Introduction becomes even larger if one assumes that many of the lenticula

) i galaxies, that are over-represented in HCGs, are stripped s
Hickson Compact Groups (HCGs) (Hickson 1982) are dense aigs [Verdes-Montenegro et dl. (2001) proposed an evalatio
relatively isolated groups of 4-8 galaxies in the nearbyerse. sequence for HCGs in which the HI is continuously removed
The combination of high galaxy density (Hickson 1982) amd logrom the galaxies, finally leading to groups where most of the
density environment couplled with low systemic veloCityo®#is | is |ocated outside of the galaxies. However, not only the
sions k o > = 200 km s*, Hickson et all 1992) make HCGsjngividual galaxies in HCGs are HI deficient, but also HCGs
especially interesting systems to study how gas contenst@mnd 55 5 whole[(Verdes-Montenegro etlal. 2001). This leads to the
formation activity in galaxies are influenced by the envimamt. || open qu‘estion of where the missing HI has gone and by

The most remarkablefiect of multiple and strong interac-which mechanism it was removed. In order to investigate the

tions between galaxies in HCGs involves an atomic gas (Hl) d&le played by a hot intragroup medium (IGM), Rasmussenlet al
ficiency. VLA measures of individual spiral galaxies in HCG$2008) performed Chandra and XMM-Newton observations to
show them to have only 24% of the atomic hydrogen (HI) masswdy eight of the most HI deficient HCGs. They found bright
My, expected from their optical luminosities and morpholagic X-ray emission in only 4 groups suggesting that galaxy-IGM i
types (Verdes-Montenegro et al. 2001). The inferred defayie teractions are not the dominant mechanism driving cold gas o
of the galaxies. Borthakur etlal. (2010) found with new s#Agl

* Full Tables 1, 2, 3 and 5 are available in electronic form at@ips dish Green Bank Telescope (GBT) observation of HGCs an im-
via anonymous ftp tocdsarc.u- strasbg.fr (130.79.128.5) portant difuse, low-column density intragroup HI component,
or via http://cdsweb.u-strasbg. fr/cgi-bin/qcat?]| missed by VLA observations. Taking into account these compo
/A+A/vvv/ppp and fromhttp://amiga.iaa.es/k
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nents reduced, but not completely eliminated, the Hi-defficy date, no study of the relation betwebty,, My, and SFR for a
of the groups. statistically significant sample has been carried out.

The dfect of an extreme environment on molecular gas To shed light on the relations betwebfy, and SFR with
properties is controversial. An enhancement of molecuéer gMy, properties of the HCGs, we present here a systematic
content with respect to isolated galaxies has been repéwted study for galaxies in a sample of 20 HCGs for which we
strongly interacting systems_(Casasola et al. 2004, arer-refhave HI measurements for the entire groups, as well as for
ences therein), defined in that work as galaxies appearingatdarge fraction of the individual galaxies. This enablesas
be clearly interacting with nearby objects, presentinglttdils take into accounMy, of the galaxies as an additional parame-
or bridges, merging systems and galaxies with disturbext-strter, as well as the evolutionary phase of the group accortding
tures. With respect to galaxies in clusters, no deficiencthef Verdes-Montenegro et al. (2001) (see Sect. 2). We compare th
molecular gas content has been found in global studies of th@perties of galaxies in HCGs with those of isolated galsii
Virgo cluster (Kenney & Young 1986; Boselli etlal. 2002) andhe AMIGA samplel(Verdes-Montenegro etlal. 2005). Our goal
the Coma Supercluster (Casoli et al. 1991; Boselli et alZ189 is to determine whether deviations in the HI content witlpees
spite of large HI deficiencies that some galaxies preseiitesl. to isolated galaxies translate into anomalies inkhg and the
spatially resolved study of Fumagalli et al. (2009) foundwh SFR.
ever, that a significant number (40%) of HI-deficient spiral The outline of this paper is as follows. We present the sample
galaxies was also depleted in molecular gashe HI was re- in Sec[2. CO(1-0) and CO(2-1) data coming either from our ob-
moved from within the optical disk. Scott et al. (in prep.ufml  servations or from the literature, together with reproed$RAS
a trend for spirals in Abell 1367 in more evolved evolutionarFIR data, are presented in SEc. 3. In §éc. 4 we compaidiihe
states to be more depleted My, than those in less evolvedLgr (as a tracer of the SFR) ardy, of the galaxies, study-
evolutionary states. Thus, there are indications that lrster ing their deficiencies and their relation with the HI contant
environment doesfiect the molecular gas content. evolutionary phase of the group. A discussion of a possilale e

For galaxies in HCGs, observations of the molecular gas wgionary sequence for the molecular gas content in the HCGs
to date are inconclusive. Leon et al. (1998) found Mg /Lg is presented in Set] 5. Finally, the conclusions of our woek a
ratio of galaxies in HCGs to be enhanced with respect smmmarized in Set] 6.

a sample of field and interacting galaxies. On the contrary,

Verdes-Montenegro et al. (1998) found no evidence for an en-

hancement of the molecular gas maktf) in HCG galaxies 2. The Samples

relative to a sample of isolated galaxies. Studying theicelde- L

tween atomic and molecular gas for a sample of 32 spiral galdl- Galaxies in HCGs

ies, [ Verdes-Montenegro et'al. (2001) found tentative éwde our sample was selected from the revision of the original

for a depressed molecular gas content in HI deficient ga&axigickson (1982) catalogue performed by Hickson étlal. (1992)

in HCGs. , ) From the groups included in that work, we study 86 galaxies be
The level of star formation (SF) in HCGs has also beQBnging to 20 diferent HCGs: 7, 10, 15, 16, 23, 25, 30, 31, 37,

subject to considerable debate with original claims of a faig 44 58 67, 68, 79, 88, 92, 93, 97 and 100. The groups, which

infrared (FIR) excess (Hickson et al. 1989) subsequentét-Cheoyer all evolutionary stages and a wide range of HI deficec
lenged ((Sulentic & de Mello Rabaca 1993). From the enhancggkisfy the following criteria:

SF observed in galaxy pairs (Xu & Sulentic 1991), an increase

in SF in HCGs might be expected as a consequence of the Having at least four members, so triplets are excluded,
continuous encounters and tidal interactions which takeel according to the original _Hicksbrl (1S82) criterion. We
within such groups. Nevertheless, the Star Formation Rate also exclude false groups, where a single knotty irreg-
(SFR) in HCGs, obtained from FIR (Verdes-Montenegroetal. ylar galaxy has been confused with separated galaxies
1998), mid-infrared.(Bitsakis et al. 2010) andrHuminosities (Verdes-Montenegro et al. 2001).

(Iglesias-Paramo & Vilchez 1999) has been found to belaimi — Containing at least one spiral galaxy, since we are mainly
to those of the control samples. interested in studying the relation between the SF process
There have been a few attempts to study the relation of andMy,, which are most clearly linked for spiral galaxies.

My, and Ler with the HI properties of the HCG galax- — Being at a distanc® <100 Mpc (assuming p75 km s*

ies. | Verdes-Montenegro et/al. (2007), based on CO, FIR and Mpc*l), so that observations of groups have a better sensi-
HI single-dish data, together with VLA maps for 8 groups, tivity limit and minimize possible source confusion within
found that theMy, and Lrr are lower than expected for  the telescope beam. At 100 Mpc, the 30m beam would have
HI deficient galaxies, when compared to a well-defined sam- a size of 10.7 kpc and the VLA beam (considering a size of
ple of isolated galaxies (AMIGA project, Analysis of the 50"x50”) 24.2 kpc.

interstellar Medium of Isolated GAlaxies, httf@miga.iaa.es;

Verdes-Montenegro et al. 2005). A possible explanatiortfisr The HCGs in our sample cover the full range of HI contents.
trend is that, as HI is needed to replenish the moleculardslouTheir deviation from normalcy is measured with respect & th
and molecular gas is necessary to fuel SF, a HI deficiency ubif isolated galaxies, as given by Haynes & Giovanelli (1984)
mately can lead to a decrease in the SFR. However, the reduits deviation is usually referred to as deficiency and isnaefi

of Verdes-Montenegro et al. (2007) was based on a small saas-the decimal logarithm of the ratio between the sum of the
ple of galaxies that does not cover the wide range of pragmofi expected HI masses for all the galaxies in the group, based on
HCGs and was therefore not statistically significant. Orother their optical luminosity and morphology, and the HI mass of
hand, while previous works studyifdy, and SFR of galaxies in the entire group as derived from the single dish observation
HCGs (Verdes-Montenegro et al. 1998; Leon et al. 1998) wereBorthakur et al.|(2010) (see Verdes-Montenegro gt al.1200
based on larger samples, those did not have the HI mass of el also Se€. 4.2). As a function of their total HI deficiertlog,
individual galaxies to compare withl, andLgr. Thus, up to HCGs in our sample can be classified as follows:
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— HCGs with a normal HI content (at leagi32of its expected 8. log(Lg): decimal logarithm of the blue luminosity, derived
value): HCG 23, 25, 68 and 79. from B! as:
— HCGs with a slight HI deficiency (betweeri®and 3 of

the expected value): HCG 7, 10, 15, 16, 31, 37, 40, 58, 88, Lg T
92, 97 and 100. Iog(L—O) = 2logD— 0.4B] + 1195, (1)
— HCGs with a large HI deficiency (undef3lof the expected
value): HCG 30, 44, 67 and 93. This definition provides an estimate of the blue luminosity

ary (VL) at 4400 A,

Verdes-Montenearo et al. (2001) proposed an evolution
h \ ) prop . log(Lk): decimal logarithm of the luminosity in the K-band

sequence model where the HI is continuously stripped fram th’- | < L
galaxies. According to this model, HCGs can be classifiedi3nt N units o(;zthe sollar luminosity in th&s-band (ke =
phases as follows: in Phase 1 the HI is mainly found in thesdisk -:0735<10*erg s7), calculated from the extrapolated mag-

of galaxies. In Phase 2, 30% to 60% of the HI has been removed Nitude in theKs (2.17,m) band from the 2MASS Extended
from the disks by tidal interaction. Finally, in Phase 3, asth Soqrce _Catalogue (Jarrett ellal. 2000). We calculate&ghe
all the HI is found out of the galactic disks, either formirgi luminosity, Lk, from the total (extrapolatedfs flux, f,

tails of stripped gas (Phase 3a) or, in a few cases, in a large H 8Lk = vik(v) (wherey is the frequency of the K-band,

cloud with a single velocity gradient in which the galaxiee a 1.3810" Hz) .
embedded (Pha%e 3b). ¥ g 10. logMy)): logarithm of the mass of the atomic hydrogen, in

According to the evolutionary phases defined in solar masses, for 66 of the galaxies in our sample observed
Verdes-Montenegro et all_(2001), the HCGs in our sample with the VLA, using diferent combinations of the C and

were classified by Borthakur et/dl. (2010) as: D configurations with beam sizes ranging from”%G4”
il ) to 72'x59” (Verdes-Montenegro etal. 2001, and Verdes-
— Phase 1: HCG 7, 23, 67, 79 and 88. Montenegro, private communication).
— Phase 2: HCG 10, 16, 25, 314068 and 100.
— Phase 3: HCG 15, 30, 37, 44, 68, 92, 93 and 97. )
2.2. Reference sample: Isolated galaxies

The evolutionary state i_s an indicator of the (_avolqtion caa‘thWe chose the AMIGA sample of isolated galaxies
cold ISM of the group but it does not necessarily give the a Gerdes-Montenearo et all 5005), which is based on the

of the group. E.g. HCG79 consists on 3 early-type galaxies IG catalogue (Karachentseva 1973), as a reference forkhe F

one intruding spiral galaxy. Stellar halo data indicates this : - :

! ; >~ and molecular gas properties. The FIR properties of analptic
anold group (Durbala.etl al. 2003)' Howev_er, since the maih Io%omplete subsample of this catalogue have been studied in
of thg Hi s Iocateq within the disk of the intruder galaxyist Lisenfeld et al. [(2007). The data that we are using for this
clas\;/léle:jel\zsee\aoll:rt]lgn\?er?/ogir;%sse (1)f the individual oalaxies isubsample are slightly fierent from| Lisenfeld et al.| (2007)

9 "hecause we have taken into account a recent update of some

the HCGs of our sample. Two galaxies not considered ; : : : :
- ) . sic properties whichfiects the blue magnitude, distance,
Hickson et al.[(1992) have been added: HCG100d, which h""dllﬁ%rphological type and isolation degree (detailed infdioma

velocity data in that work, and HCG31g, added to the cataéoggre provided in_Fernandez-Lorenzo 2011). We also use the

of HTCthbbyiRut;ln etrtzill. (1?!2?' laxies in our samole ar O data of a velocity restricted subsample (150&5000
€ basic properties ot the galaxies in our sample are g& s1) of 173 AMIGA galaxies |(Lisenfeld et al. 2011) to

tailed in TabldX. The columns are: compare to our galaxies. For the analysis of the HI propertie

1. Galaxy: galaxy designation, following the notation ofV€ US€ the work of Haynes & Glovane\l} (1984), presenting the
Hickson (1982). observations and analysis of CIG galaxies, as a reference.

2. V: heliocentric radial velocity in kmg(weighted average of ~ There are two intrinsic dierences between the AMIGA and
optical measurements taken from the L tabase) con- the HCG samples that must be taken into account when perform-
verted from the optical to the radio definition for comparisoing @ comparison: (i) the HCG sample has a larger rate of early
with the CO spectra. type galaxles{45%)_,_ whereas 87% of the AMIGA _gaIaX|es are

3. ov: velocity dispersion of the galaxies in the group. spirals (Figl1) and (ii) the sample of AMIGA galaxies withy,

4. D: distance to the corresponding HCG in Mpc, derived froidata is restricted to a velocity range of 1509 <5000 km s*,
the mean heliocentric velocity of the group as=DV/H,, While the range of the HCGs extends to larger velocities.sThu
assuming a value of §= 75 km s Mpct. The mean ve- theisolated galaxies are, on average, at a lower distaiidd|jé
locity of the group is calculated averaging the velocitytwf t average distance versus 68 Mpc for the HCG sample) which can

individual galaxies (column 2). explain their lower average luminosities (see Table 6). e,
5. T: morphological type taken from LEDA, following the RC3the values of the deficiencies, ratios or correlations, Weaare
classification|(de Vaucouleurs eflal. 1991). going to discuss in the following are not expected to fiected

6. Dys: optical major diameter in arcmin at the 25 mag arcéecby the diference in distance.
isophot taken from LEDA.

7. Bl: apparent blue magnitude taken from LEDA, corrected
for Galactic dust extinction, internal extinction and K-3. The data

correction. 3.1. CO data

1 While HCG 40 was classified in_Verdes-Montenegro étlal. (2001 . . .
as Phase 3, new VLA observations (Yun et al. in preparatiboyved Ve obtained CO data, either by our observations or from the

that a significant amount of HI was missed due to a narrow eglectliterature, for 86 galaxies in the selected 20 HCGs. CO data a
window, and based on these data has been reclassified asPhase missing for only 2 galaxies in these 20 groups, HCG 67d and
2 httpy/leda.univ-lyon1.ffintro.html HCG 92f. The CO(1-0) line was detected for 45 galaxies.
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Table 1.Basic parameters of the galaxies in the HCG sample

Galaxy Vv oy D T(RC3) Dss Bl log(Ls) log(Lx) Ilog(Mu)
(kms™*) (kms?)  (Mpe) (arcmin)  (mag) (o) (Lo) (Mo)

(1) (2) (3) 4) (5) (6) (7) (8) 9) (10)

7a 4141 117 53.4 1.0 2.06 12.96 10.22 11.09 9.12

7b 4175 117 534 -1.9 1.27 14.29 9.69 10.78 <7.83

7c 4347 117 53.4 5.0 1.71 13.36 10.06 10.80 9.56

7d 4083 117 534 -1.4 0.94 14.04 9.79 10.11 9.00

10a 5104 269 65.6 3.1 2.92 12.53 10.57 11.27

Notes.The full table is available in electronic form at the CDS arahi| http//amiga.iaa.es.

02 T T T which is defined a3 mp = (Ferr/Berr) X T5. The IRAM forward
r — 1 efficiency,Feg, was 0.95 and 0.91 at 115 and 230 GHz, and the
1 beam diciency,Bes, was 0.75 and 0.54, respectively.

The data reduction and analysis was performed using
CLASS, while further analysis was performed using GREG,
both part of the GILDAB package developed by IRAM. First
we visually inspected the spectra and discarded bad sches, T
spikes were removed and a constant or linear baseline was sub
tracted from each spectrum. The scans were then averaged to
achieve a single spectrum for each galaxy and transitioes@h
spectra were smoothed to a velocity resolution of 21 to 27 km
s71, depending on the rms. A total of 24 galaxies were detected
in CO(1-0) (2 of them marginal), 22 in CO(2-1) (4 of them
marginal) and 18 in both transitions. The spectra are shown i
Appendix A, Fig.[A.] displays the spectra detected in CO(1-0
and Fig.[A.2 those detected in CO(2-1).

For each spectrum, we integrated the intensity along the ve-
locity interval where emission was detected. In the caseof n

-5 0 , 5 10 detections we set an upper limit as:
Morphological type
Fig. 1. Morphological types, T(RC3), for the AMIGA isolatedico < 3x rmsx VéV AV, (2)
(black line) and HCGs (red filled bars) galaxies.

Ratio of galaxies

whereésV is the channel width andV is the total line width.
We used a value oAV = 300 kms™* when there was no de-
3.1.1. IRAM CO(1-0) and CO(2-1) observations and data tection in CO(1-0) or CO(2-1). In those cases where the sourc
reduction was detected in only one transition, this line width was used

We observed 47 galaxies belonging to 1&fafient HCGs. The Calculate the upper limit in the other transition. . .
observations of tkglle Co rotation%l ?ransition lines1 30 and The results of our CO(1-0) and CO(2-1) observations are dis-
J=2-1 (at 115.271 and 230.538 GHz, respectively) were cdtayedin TablgR. The columns are:
ried out with the IRAM 30m radio telescope at Pico Veisdar-
ing June, October and December 2006. We performed sing|
pointing observations using the wobbler switch mode, with &
switch frequency of 0.5 Hz and a throw of 200Me checked
for all the objects that theffyposition did not coincide with a ; .
neighbor galaxy. available) in mK. B

The dual polarization receivers A100 and B100 were used fb Ref-: reference of the CO(1-0) data, detailing wheth¢a da
observe in parallel the CO(1-0) and CO(2-1) lines. The media. COMe from our observations or from the literature (see p.1.2
system temperature was 231 K for the CO(1-0) observations;, Beam: HI_DBW Of_ the telescope in arc se_co_nd. .
with ~80% of the galaxies observed with system temperatur®s _AVCO(PQ)' line width of the CO(1-0) emission (if detected)
between 150 and 350 K. In the case of CO(2-1), the median sys-in km s . o ) ) )
tem temperature was 400 K, with a temperature range betweén!co(-1): velocity integrated intensity of the CO(2-1) emis-
230 and 800 K for 85% of the galaxies. For CO(1-0) the 1 MHz  sion (if observed) in K kms.
filterbank was used, and for CO(2-1) the 4 MHz filterbank. Th8. rms: rms of the CO(2-1) spectrum (if observed) in mK.
corresponding velocity resolutions were 2.6 krh and 5.3 km 9. AVcoge-1): line width of the CO(2-1) emission (if detected)
s for CO(1-0) and CO(2-1), respectively. The total bandwidth in kms™.
was 1 GHz. The Half Power Beam Width (HPBW) is”2and 10. log(Mw, obs): logarithm of the H mass (in solar masses) cal-
11” for 115 and 230 GHz, respectively. All CO spectra and in- culated from the observed centtab (see SeC.3.11.3).
tensities are presented on the main beam temperature $gg)e (L1. log(My,): logarithm of the H mass (in solar masses) extrap-
olated to the emission from the total disk (see §ec.3.1.3).

. Galaxy: galaxy designation.

Ico-0): velocity integrated intensity of the CO(1-0) emis-
sionin Kkms?.

3. rms : root-mean-square noise of the CO(1-0) spectrum (if

3 IRAM is supported by CNRENSU (France), the MPG (Germany)
and the IGN (Spain). 4 httpy/www.iram.ffIRAMFR/GILDAS



http://amiga.iaa.es

Martinez-Badenes et al.: Molecular gas content and SFRakgdn Compact Groups

Table 2. Observed and derived molecular gas properties

Galaxy lco@-o0) rms Ref. HPBW AV lcog-1) rms AV [0g(Mu,0n9)  109(M,)
(Kkms?) (mK) (arcsec) (kneY) (Kkms?t) (mK) (kms?) (Mg) (M)

(1) (2) 3k @ (5) (6) (7) (8) 9) (20) (11)
7a 7.20 3 43 500 9.51 9.71
7b <0.70 3 55 <8.71 <8.80
7c 1.40 3 55 183 9.01 9.17
7d <0.60 3 43 <8.43 <8.52
10a 2.720.49 2

22 339 8.79 9.51

MCO reference: 1: Our observations|_2: Leon ét al. (1998) eBd&s-Montenegro etlal. (1998).
Notes.The full table is available in electronic form at the CDS arahi httpj/amiga.iaa.es.

3.1.2. CO(1-0) data from the literature 2o
We have searched in the literature for available CO(1-Qj ftat I ]
the 20 HCGs of our sample and have compiled data for the ve- 20 - .
locity integrated CO(1-0) intensities and line widths ¢dlisted I ]
in Tab[2) from the following sources:

— Verdes-Montenegro et al. (1998): 24 galaxies from 9 dif-
ferent HCGs. 20 of these galaxies were observed with the
NRAO 12 m telescope at Kitt Peak with a beam size ¢f.55
The data from the other 4 galaxies are from Boselli et al.
(1996), observed with the SEST 15m telescope, with’a 43
beam. Two of these galaxies (68d and 88c) were also ob-
served by us, but we chose the \erdes-Montenegra et al.
(1998) data because of their better quality.

— |lLeon et al.1(1998): 17 galaxies corresponding to Ifedént
HCGs, observed with the IRAM 30m telescope with a simi- 1
lar setting as in our observations (see $ec. B.1.1).

Number of galaxies

2 3
(My,) extrapolated/(My,) observed

There are 16 galaxies that were observed both @gz Distribution of the aperture correction factor idky, .

us and byl Verdes-Montenegro et al. (1998) lor Leon et al.

(1998). Furthermore, 14 galaxies were observed by ba . . o
Verdes-Montenegro et al. (1998) dnd Leon ét al. (1998). deor |H1the literature we need to correct for possible emissidasida

the beam. To extrapolate the observed CO intensities tmthk t

to choose between theffirent existing spectra (either from our . o "\yithin the disk we need to know the distribution and ex-
observations or from the literature), we first checked thayt

were consistent and then applied the following criterianil tension of the CO emission. Bérent authors (Nishiyama et al.

able, we chose the spectrum with detected emission. If rhare t 2001} Regan ex.al. 2001 Leroy ef al. 2008) found that theovelo

: . ity integrated CO intensity in spiral galaxies follows arpex
one detected spectrum existed, we chose the one with the Iozgéntial distribution as a function of radius with a scalegién
e

rms or —in case of comparable rms- the spectrum observecwith
larger beam, in order to probe a larger fraction of the diskcept =
for the two galaxies mentioned above, we always selected qur ., _

data due to their better quality in case of duplication. lakave qCO(r) = lo o expe/re) )
have CO(1-0) spectra for 86 galaxies (45 from our own observa \y,e adopt a scale length ot = 0.2xrs where ras is

tions and 41 from the literature) for our statistical analys the major optical 25 mag arcsécisophotal radius, following
Lisenfeld et al.|(2011), who derive this scale length froomdst
3.1.3. Molecular gas mass ies of the mentioned authors and from their own CO data. We

) ) have used this distribution to calculate the expected CG-emi
We calculate the molecular gas malshy, using the following  sjon from the entire disk, taking into account the galaxyiie:
equation: tion (see Lisenfeld et al. 2011, for more details). This apph
- 2 assumes that the distribution of the molecular gas in iXi
Mi, = 75 D%lcou-0/2 ®) HCGs is the same as in field spiral galaxies. Thge implmns
where Q is the area covered by the observations in arfcsethis approach will be discussed.
(i.e. Q = 1.136? for a single pointing with a gaussian beam The resulting aperture correction factor My, (defined as
whered is the HPBW). This equation assumes a CO-toebin- the ratio betweey, observed in the central pointing aivh,
version factor XNy, /lco = 2 x 10P%m2 (K km s1)~! (e.g. extrapolated to the entire disk) is shown in Figlite 2. The ra-
Dickman et al! 1986). No correction factor for the fractioh otio between the extrapolated and central intensities isvb&
helium and other heavy metals is included. The molecular g@as most galaxies (66 out of 86, or 77%), with an average value
masses of the AMIGA galaxies are calculated in the same wagf 1.78. To check the consistency of the extrapolation, weha
In both the observations that we carried out and the data fraiso performed the analysis presented in this paper for pleam
the literature, a single position at the center of the galexy ob- restricted to galaxies with a small (less than a factor 1p@&ra
served. Because of this and thefeiient beams used by us andure correctiont = 45), finding no significant dierences with
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025 — ] (IPACH. This is a one-dimensional tool that coadds calibrated

survey data of the Infrared Astronomical Satellite (IRA8).
I ] makes use of all scans that passed over a specific position and
0z 7 produces a scan profile along the average scan directier345i
times more sensitive than the IRAS Point Source Catalog JPSC
since it combines all survey data and it is therefore mortablé
for detection of the total flux from slightly extended obgect
We have compiled from_Verdes-Montenegro et al. (1998)
the FIR data (also derived using ADDSCASCANPI) for 63
galaxies in our sample. In the case of the remaining 23 galax-
ies, we derived FIR fluxes directly using ADDSCABCANPI.
To choose the best flux estimator we have followed the
guidelines given in the IPAC webdltewhich are also de-
tailed in|Lisenfeld et al.| (2007). As a consistency check, we
also applied this procedure to 14 galaxies in the list of
Verdes-Montenegro et al. (1998). We found no significant dif
ferences, with an averagefigirence of 15% between our repro-
cessed fluxes and those in Verdes-Montenegra et al. (1998).
From the fluxes at 60 and 1Q0n the FIR luminosityl g,
is computed as:

Fraction of Galaxies

log(Lrr/Le) = log(FIR) + 2log(D) + 19.495 (5)

0.15 -

where FIR is defined as (Helou etlal. 1988):
FIR=1.26x 10 %(2.58 Fgo + F10))Wm™. (6)

The computedLgr, together with the 60 and 1Q0n fluxes
compiled from ADDSCANSCANPI, are detailed in Tablg 3.
The distribution ofLgr is shown in Fig[B. The average value
of Lrr for spiral galaxies is given in Tablé 6.

For galaxies HCG 31a and HCG 31c the FIR fluxes could
not be separated. Therefore, we use the sum of both. When com-
paringLgr to other magnituded g, My, or My;), we also use
the sum of both galaxies.

In order to check the accuracy of the low resolution IRAS
) o ) data, we compared them to 2% data from Spitzer for the 12
Fig. 3. My, andLgr distribution of the HCG galaxies. The redgroups for which Spitzer data is available. We compared the
filled bins show the distribution of the detected galaxié® t SFR derived fronLgr (calculated from eq. 10) to that derived
dashed line gives the distribution of upper limits and tHHifte  from the Spitzer 24m luminosity, Logm, (fromBitsakis et l.
shows the distribution calculated with ASURV. 2010, [2011) using the equaticBFR(Moyrl) = 810 x

10-3(Logum(erg s1))°848 (fromCalzetti et al. 2010). For most of

the objects the agreement was satisfactory: the values &RFR
respect to the full sample. Thus, we conclude that the aertderived in both ways agreed to better than a factor 2.5 ogse ¢
correction does not introduce any bias in the results. of IRAS upper limits, the resulting upper limits for the SFRne

The values for the molecular gas mass in the central poiabove those derived froftpy,m. There were only 3 galaxies in
ing and the extrapolated molecular gas mass are listed ile Ta@ groups with a larger discrepancy: for HCG 79b and for HCG
[2. Here, and in the following, we always use the extrapolat@db we obtained a value of the SFR derived from IRAS that
molecular gas mass and denote itNds, for simplicity. The was a factor of 6 higher than the SFR from theg.@4data and
My, distribution is shown in Fid.13. The average value for spirdébr HCG 37a the dference was a factor of 10. After checking
galaxies T > 1) is listed in Tablé16. The distribution and avthe Spitzer images and IRAS data, we found that in the case of
erage values oMy,, as well as the statistical distributions andHCG 79 the reason for the discrepancy was the blending of HCG
average values throughout this work, have been calculaied u 79a and 79b in the IRAS beam. We thus assumed that the value
the Kaplan-Meier estimator implemented in ASURVo take of Lgg given for HCG 79b in Verdes-Montenegro et al. (1998)
into account the upper limits in the data. arises from both galaxies and assigned to each object @ofnact
of the IRAS fluxes and.gr such that SFR(IRASSFR(24/m).

A similar situation occurred in the case of HCG 37, where 3
objects (HCG 37a, HCG 37b and HCG 37c) are blended in the

FIR fluxes were obtained from ADDSCANCANPI, a util- IRAS beam. Here, we assume that the valué.g& given for

ity provided by the Infrared Processing and Analysis Cent&tCG 37b in Verdes-Montenegro et al. (1998) was emitted from
all three galaxies and correctedin the same way as for HCG 79.

Fraction of galaxies

8.5 9 9.5 10 10.5 11
log(Lpr)

3.2. Far-Infrared Data

5 Astronomical Survival Analysis (ASURV) Rev. 1/1 (Lavalleyal. —
1992) is a generalised statistical package that implenthatmethods ~ © httpy/scanpi.ipac.caltech.edu:9900
presented by Feigelson & Nelson (1985) 7 httpy/irsa.ipac.caltech.ediRASdocgscanpiinterp.html
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Table 3.FIR, SFR, SFE and sSFR

Galaxy Ref) leo lioo  log(Lrir) SFR log(SFEY  log(sSFR)
Gy)  Qy) L)  Moyrd) () (Moyr?)
Ta 2 3.32 6.61 10.23 3.75 -9.14 -10.33
7b 2 <0.18 <032 <895 <0.20 <-11.30
7c 2 0.61 2.35 9.65 0.99 -9.18 -10.62
7d 2 <015 <039 <895 <0.20 <-10.63
10a 2 0.50 1.81 9.72 1.16 -9.45 -11.02

() Reference code (sBeB.2): 1: Our data analysis. 2: VerdeseMeqgro et al| (1998).
@The value of the SFE is not displayed for the galaxies witheugimits in bothLgz andMy,.
Notes.The full table is available in electronic form at the CDS arahi httpj/amiga.iaa.es.

4. Results

In this section, we aim to study the relation betwedn, and
the SFR in HCG galaxies and compare them to isolated galax-
ies. Furthermore, we search for relations with the atom& ga
deficiency of the galaxies and the groups and with the evoly-
tionary phase of the groups. We furthermore investigatedtie
between the two CO transitions, CO(1-0) and CO(2-1).

In order to search for éierences to isolated galaxies, we
used two methods: (i) We normalizét, andLgr to the blue
luminosity, Lg, or the luminosity in the K-band,k, and com-
pared the ratios to those of isolated galaxies, and (ii) we ca
culated the deficiency parametersifi,, Lrr and My, of the
galaxies (see Se¢i_4.2). We obtained in general very densis
results forLg andLg.

We carry out this analysis separately for early-type galsxi
and spirals because of the following reasons: (i) the mdgajzo
ical distribution is very dferent for both samples, with a much®
larger fraction of early-type galaxies among HCG galax{is,
the number of early-type galaxies in the AMIGA reference sam
ple is very small so that no statistically significant conigam
sample is available. In particular, no deficiency parameser
be derived. (iii) Early-type galaxies tend to have a sigaifity
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lower molecular gas content than late-type galaxies, asit thFig-4. My, vs Lg for &) spiral galaxies (£1) andb) ellipti-
FIR emission is not as clearly related to their SFR as itisie-| Cal (circles) and SO galaxies (trianglekyr vs Lg for c) spiral
type galaxies, as a result of the lack of strong SF. Therefoee 9alaxies (1) andd) elliptical (circles) and SO galaxies (trian-

use ofLgr as a SF tracer is more questionable.

gles). The full green line corresponds to the bisector finfbu

for HCG galaxies (fit parameters are given in Tdble 4), whie t
blue dashed-dotted line corresponds to the bisector fitddan

4.1. Relation between My,, Lrir, My and Lg

Fig.[4 showsMy, (top) andLgr (bottom) versudg for spirals
galaxies (left) and early-type galaxies (right). For spijalax-
ies good correlations exist between bbth,, respectively g,
andLg. A linear fit to the total sample of HGCs is plotted, to-
gether with the corresponding fit to the AMIGA sample. The
codficients are listed in Tablg 4. A slightly shift towards higher

the AMIGA isolated galaxies. Both fits are done for the entire
range of morphological types. The dashed black lines &re o
set by the standard deviation of the correlation for theaisul
galaxies, which ist0.35 for theMy, and +0.4 for Lgr. Black
symbols denote detections and red symbols upper limits.

values inMy, seems to be present in comparison to the bestdihd 100L,/Mc. Practically all of our galaxies lie in the range of
line of isolated galaxies. The linear regressions betiggrmand Lgr/My, = 1-10L/M,, typical for normal, quiescent galaxies
Lg, My, andLg or My, andLgr (Table[4) show no significative (Young & Scovillel 1991).

differences between HCGs and isolated galaxies. For early-typeFinally, we have directly compared E and SO galaxies in
galaxies no clear correlation is visible and for lbg) > 10, the HCGs to galaxies of the same types in the AMIGA sample. In
values of botiMy, andLrr are below those of spiral galaxies. the case of lenticular galaxies we have limited the sample in
We note that, in contrast tby, and Lgr, My shows no HCGs to the same distance range as the AMIGA sample (40 -
correlation withLg (Fig.[8) reflecting the fact that HI is very 70 Mpc) since for the largest distances the rate of uppetdimi
strongly dfected by the interactions and in many galaxies of oig very high in HCGs and does not provide any further informa-
evolved groups largely removed from the galaxies. tion. In Fig.[7 (top) we show the relation betwebh,, andLg
Previous surveys (see elg. Young & Scovllle 1991) ha¥er the SOs in HCGs and from the AMIGA sample. Even though
found a linear correlation betwedw,, andLgr. A linear cor- the number of data points is low, a trend seems to be present
relation can also be seen in our sample (Elg. 6). We includefor SOs in isolated galaxies to have a highés, for the same
this figure the lines for constahkir/My, values equal to 1, 10 Lg. A similar result is found folLgr (not shown here), where
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Table 4.Correlation analysis d¥l,, vsLg, Lrr VSLg andMp, VSLgr

Magnitude Sample Slope Intercept Slope Intercept
(bisector) (bisector) L indep.) (g indep.)
My, VSLg HCGs Al 1.3%#0.15 -4.741.48 0.8%0.14 0.721.35
T>0 1.40:0.16 -4.94161 0.950.20 -0.421.97
AMIGA 1.45+0.08 -5.61:0.77 1.120.08 -2.430.83
Lrr VSLg HCGs Al 1.4%#0.16 -5.29154 0./20.15 1.431.49
T>0 1.3%0.16 -3.341.99 0.740.16 2.0@:1.58
AMIGA 1.35+0.04 -4.060.37 1.120.04 -1.720.38
My, vsLeg  HCGs Al 0.90:0.09 0.4%0.83 0.7%0.09 1.820.86
>0 1.210.11 -2.631.11 1.040.11 -1.0@1.08
AMIGA 1.16+0.08 -2.140.72 0.980.06 -0.460.61

The slope and intercept are defined aslgy) = log(Lg) x slope + intercept, log(rr) = log(Lg) % slope + intercept and lod{l4,) = log(Leir) X
slope + intercept. The fits ohgr VS Lg for the AMIGA sample are slightly dierent from the values in_Lisenfeld et al. (2007) because we ha
taken into account a recent update of the basic propertiteafalaxies (e.g. distance and morphological type; segaRdez-Lorenzo 2011, for
more details). The AMIGA fits involving/l,, are taken from Lisenfeld et al. (2011).

WO; " f /;/
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symbols upper limits.

most lenticular isolated galaxies present higher valuas tx-

log(Lg) [Lo]

Fig.5. My vs Lg for late-type (B1, squares) and early-typeFig. 6. My, Vs Lrr for late-type (B-1, squares) and early-type
(crosses) galaxies. Black symbols denote detections ahd (E+SO, crosses) galaxies. The green line corresponds to the bi-
sector fit found for HCGs galaxies, while the blue dashedediot
line corresponds to the bisector fit found for the AMIGA iso-
lated galaxies from Lisenfeld etlal. (2011). The fits are itkda

in Table[4. The dotted black lines correspond tolthg /My, ra-

‘OQ(LHR> [Lo]

tios 1 (left), 10 (middle) and 100 (right),/M,. Black symbols

pected for their optical luminosity, while most of the oliemn denote detections and red symbols upper limits.

HCGs show upper limits excluding any excess. If SO galaxies

in these dense environments originate from stripping abdfi 4.2. Deficiencies

this might indicate that molecular gas has also been removed L )

in the process. Although this interpretation is specutative to V€ have calculated they,,, Lrir andMy deficiencies following

the low statistics, it provides hints for further reseancfiuiture the definition of Haynes & Giovanelli (1984) as

works.
Concerning the elliptical galaxies, none of the isolatddxya DefX) = 100(Xpredicted = 10g(Xabserved ()

ies is detected in CO, while among the four detections in HC®sere we calculated the predicted value of the variable ¥Xfro

two have a mass similar to the expected for spiral isolatéakga Lg. Following this definition, a negative deficiency implies an

ies (HCG 15d and HCG 79b) while the other two show signiexcess with respect to the predicted value.

icantly lower masses (HCG 37a and HCG 93a), pointing to an The expected/, for each galaxy is calculated from its

external origin (Fig[l7, bottom). The FIR luminosity of the E using the fit to the AMIGA sample in_Lisenfeld etlal. (2011).

in HCGs (not shown here) is similar to that expected for $pirdlote that the fit, which is given in Tablé 4, was calculatechwit

galaxies. It is also noticeable that while the rangédgfvalues out distinguishing morphological types. Due to the domasn

for the SOs in HCGs covers about the same range as for isolabédspiral galaxies in the AMIGA sample, the fit is only ade-

galaxies, Es in HCGs are up to half an order of magnitude mageate for spiral galaxies. Because of the low number of early

luminous than isolated Es. type galaxies in the AMIGA sample it is not possible to deave
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RN R ) Table 5.Deficiencies oMy, , Lrir, andMyy derived fromLg
10 — SO A Y. /]
L 7] Galaxy | Def(My,) Def(Lrr) Def(Mu)
TS 7a -0.50 -0.49 0.67
Y 7b >-0.36 >0.07 >1.38
Iz / 7c -0.19 -0.13 0.29

i &l ] 7d >-0.06  >0.21 0.28

10a 0.21 0.49

= = VAN . Notes.The full table is available in electronic form at the CDS aruir
NN 4 httpy/amiga.iaa.es.
/A
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log(My,) [M.]
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(2005) (mag, = Bl+0.136). Taking furthermore into account
e that we expreskg as a function of the solar bolometric lumi-
- e nosity (mag= 4.75), we introduce the following correction:

10 - E s
r . i //’ (logLg)Haynes = (IogLs)ours + 0.14 (8)

| 3/ ¢ i use of Bl with the relation found by Verdes-Montenegro €t al.
|

- A . to expresd g in the terms we assume (S&¢. 2) to calculate the
= /e /f Y . expected content of HI. The deficiencieshty,, Lrir and My,
/f -/ - derived fromLg are listed in Tablgl5.

10g(My,) [M,]

B ;P; ///0 7 i 4.2.1. My, and Lgr deficiencies

- ; f . The mearMly, andLgr deficiencies for spiral galaxies in HCGs
8 s ?/% — are similar (see Tabld 6). Galaxies showing an exceB4jinor
S s 4 Lrr have values spanning over the full rangelgf as can be
A /] seen in Fig[}¥. Thus, the excessMy, or Lgr is not associ-
v 9 g5 10 10.5 17 ated with th_e brightest objecper se. We have checked in detail
bg(L ) [ ‘ the properties of the 9 galaxies showing the lardést excess
8/ Lo (HCG 10c, HCG 16a, HCG 16¢, HCG 16d, HCG 23b, HCG 23d,
Fig. 7.My, vs Lg for early-type galaxies in HCGs (full symbols)HCG 40c, HCG 58a, HCG 88c), and we find that half of them
and from the AMIGA sample of isolated galaxies (open synpresent strong signs of distortion (tidal tails in the ogitndor
bols) with distances between 20 and 70 Mpc. The lines are tHe kinematical perturbations, etc).
same as in Fig. 5a and b. Black symbols denote detections and

red symbols upper limitslop: SO galaxies (trianglesBottom: T T T T T T
elliptical galaxies (circles). F b < T AMiGA So

-1 - . “a g A0y =

r - 1 59
> el T w2

meaningful deficiency parameter for them. In addition, we ca <= o <, @#% 1 y
culated the deficiency derived from the relation betwén ° A il o & ]
andLg of the AMIGA samplel(Lisenfeld et al. 2011), |dd¢,) i i T @ o ]
= -2.27+1.05x log(Lk)). In a similar way, the expectddr is = - + -
calculated from the fit betweebgr and Lg obtained for the o]
AMIGA isolated galaxies (Tablel 4) for the sample presented i ) 0 4 ] 0 4
Lisenfeld et al.|(2007). Def(Leg) Def(Ler)

The correlations betweehly, (respectivelyLgr) and Lg,
or Lk, have a considerable scatter with standard deviations
0.35 dex forMy, and 0.4 dex folLgr. These standard devia-
tions are much higher than the observational measurement
rors. In this case, the error of the mean values are completg
dominated by the statistical errors and therefore we nethec
observational errors in our calculations. The high stath -
viation means that individual galaxies with deficienciestap Fig.[8 (left) shows Defl,,) (from Lg) vs Def(Lgr) for each
about these values can just represent normal deviatiomstire  galaxy. Both are strongly correlated, which can be undedsés
mean. However, the much smaller error of thean deficiency due to the causal relation between the molecular gas and SFR,
allows to compare samples of galaxies (here: galaxies in $1Cfgading to a lower SFR if the molecular gas as the fuel for SF de
and isolated galaxies) with a higher precision. creases. For comparison, Fig. 8 (right) displays Digf() of the

The HI deficiency of the galaxies is calculated followisolated galaxies versus their Def(r). The behavior of the iso-
ing the morphology-dependent fit betwedhy and Lg in lated galaxies does not show a significarfietence compared
Haynes & Giovanellil(1984). We have considered Kl/100= to galaxies in HCGs with a very similar range covered by both
0.75. We adapted their results which were based ornita@ur  samples. However, for the isolated galaxies, Df() extends to

Fig.8. My, deficiency vsLgr deficiency for late-type (¥1)
di‘ﬂaxies in HCGs (left) and from the AMIGA sample (right).
Red symbols represent upper limits in eitiMy, or Lggr, and
Bk symbols detections. The=y line is plotted as reference
d does not represent a fit to the data.
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Table 6. Mean values for spiral galaxie3 (> 1) in HCGs and from the AMIGA sample. The mean values and teors are
calculated with ASURYV, taking upper limits into account. Weglect observational errors since the data is dominatestiaigtical
errors. The quoted errors represent the error of the meaesahot the standard deviation.

HCGs AMIGA @

Mean nuL/n Mean ngL/n
109(Ls) (Lo) 9.95:006 046 | 9.75:0.04 0150
log(Ms,) (Mo) 9.02:0.09 1746 | 8.38:0.09 64150
log(Ler) (Lo) 9.53:0.09 1545 | 9.16:0.05 5150
Def(My,) (from Lg ) -0.14:0.09 1746 | 0.06:0.04 64150
Def(My,) (fromLy ) | -0.15:0.06 1045 | -0.01+0.05 58149
Def(Ler) -0.11+0.08 1345 | -0.09:0.04 58§150
Def(HI) 0.93:0.13 937 - -
10g(Mp,/Lz), all Lg -0.96:0.08 1746 | -1.25:0.04 64150
(Me/Lo)
log(My,/Lg), low Lg@ | -1.04:0.10 1022 | -1.36£0.05 56103
(Me/Lo)
log(My,/Lg), highLs® | -0.88:0.09 124 | -1.06:0.05  §47
(Mg/Lo)
log(My, /L) -1.58:0.05 1045 | -1.76:0.05 50135
(Mo/Lk o)
log(Lrir/Ls) -0.45:0.07 1345 | -0.52:0.03 58149

MThe mean values of the AMIGA galaxies are calculated for thesample of galaxies wittM,, data. For each subsample,is the
number of galaxies anal,_ is the number of upper limité.rr andLg of the AMIGA galaxies are from the new data release (see[SEj.\&hile
My, andLg are from Lisenfeld et all (2011).

@ for Lg< 10 L,

@ for Lg> 10'° L,

slightly lower values for a given Ddffr). This is also reflected a number of galactic properties as the metallicity, gas tamp
in the mean values of Deé¥(,) and Def({gr) of AMIGA and ture, gas density and velocity dispersion (e.g. Maloney &cRl
HCG galaxies (TablEl6): while the values of DifR) for spi- 11988; Narayanan etlal. 2011). These properties are likaty si
ral galaxies are almost the same for both samples,Nhgj(in ilar in both samples because of the similar rangesdnand
spirals is larger by 0.15-0.20 for HCG than for AMIGA galaxie Lgr (tracing SFR) that they cover. The first twffexts (a and
(corresponding to a 40-60% largkfly, than expected for iso- b) could both be at work at the same time. In fact, as indiciated
lated galaxies). e.glLeon et al! (2008), galaxies in the AMIGA sample are domi
The histograms shown in Figl 9 underline these finding8ated by disk SF while surveys of compact groups (Mznon/1995)
whereas the distribution of Def,) for spiral galaxies in HCGs Show that most radio detections involve compact nucleasemi
is shifted to negative deficiencies (i.e. an excess) congpare Sion- This can be explained since nuclear emission is thidogh
AMIGA galaxies, the distribution of Dekgr) is very similar for be enhanced by interactions that produce a loss of angular mo
spiral galaxies in HCGs and in the AMIGA sample. Two samnentum of the molecular gas, that_ sulpsequently_falls tosvard
ple tests (Gehan’s Generalized Wilcoxon Test and Lograsy Tethe center of the galaxy. These dissipatitfeets are likely near
confirm that the distributions of Déi(,) are diferent with a Minimum in isolated galaxies. This result was also propdsed

probability of > 96% , whereas the distributions Def{g) are Verdes-Montenegro etal. (1998), where the enharigetlioo
identical with a non-negligible probability. ratio in HCGs was suggested to be caused by local starbursts,

o . presumably in the nuclear region. This result is still cotifpa
As an additional test, we have compared the ralig/Ls with the conclusion of a normal level of FIR emission among

andMy,/Lk of HCG galaxies to those of isolated galaxies (vak,~ : ; : - :
- . galaxies that we find here, if the activity responsibtesfo-
ues are listed in Table €). In the caseMf,/Ls we have de- hanced 24m emission and enhangtbre concentrated molec-

rived the ratios both for the entire luminosity range andldar : : Ctpib 1
0 : 0 O o ular gas is localized compared to the overall distributibgas
(Lg< 10'°L,) and high (s> 10'° L) luminosity galaxies in or- and dust in the galaxies.

der not to be fiected by the nonlinearity of thé,-Lg relation.
In all cases we found a lower ratio (by 0.2-0.3 dex) for the
isolated galaxies, confirming our findings from the deficieng; 5 5 Comparison to the My deficiency
parameter.

The largerMy, for a givenLg found for spiral galaxies in In Fig.[IQ we display Def{ly) vs DefMy,) (left) and Def(gr)
HGCs could be explained in three ways: a) a real excess of {hight). The mean value of De¥(y,) of the galaxies with avail-
total molecular gas mass (and will be further discussed els sable HI data is ®3+0.13 (12% of the expected value) for spiral
in the following section), b) a higher concentration tovsatde galaxies and B1+ 0.11 (5% of the expected value) for all mor-
center of the molecular gas in HCG galaxies compared to iguhological types, which is one order of magnitude largentha
lated galaxies, so that the extrapolation of the flux based oef(My,) and Def(gr). We stress here that the samples used in
similar extent (see SeE._3.1.3) would lead to an overestimé#e present paper and.in Verdes-Montenegrolet al. (200 hodre
of My,, or c) a systematic élierence in the CO-to-fconver- the same. This earlier study concentrated on the set of daila a
sion factor between the AMIGA and HCG sample. Althoughble at that time, which was biased towards HI bright groups.
we cannot exclude this possibility, we do not consider ityveiLater, more groups with higher HI deficiencies have been ob-
likely. The CO-to-H conversion factor is known to depend orserved with the VLA |(Verdes-Montenegro etlal. 2007), and are

10



Martinez-Badenes et al.: Molecular gas content and SFRakgdn Compact Groups

0.3 —— —— — — B B B B | L e e A T ™

1 kL s _

N ., ] .. |

Eio [ - ::ﬁ. . ] = 3 "

= "y " 1 o & . " g

m T Y Ly I L, - — |

.2 1+ I% n — = IK| -

5 n J i

E = v Ju o :

- r v ] - ]

o 2 | uE ]

= Lo W [ | % [
©

N 2 1 0 —1 2 1 0 -1
Def(MHz) Def(Ler)

Fig. 10. My vs My, deficiencies (left) andy vs Lrr defi-
ciencies (right) for spiral galaxies £T1). The red lines show
Def(My) = 0, DefMy,) = 0 and Def(rr) = 0, and the
dashed lines give Ddf,,)=0.75, separating low and highly HI-
DeffMHz) deficient galaxies in our analysis. Red symbols denote Upper
0.3 T L RO R T itsinMHzorLHR.

4.3. Comparison to the HI content and evolutionary stage of
the group

To study the influence of the global HI content of the group on
Mu, and SFR of the individual galaxies we have classified the
groups as a function of their Défiy,) as listed in Se€]2. The av-
erage Defl,,) and Def(gr) of the galaxies belonging to these
groups are detailed in Talilé 7. We find no clear relation beiwe
the Def(My,) of the galaxies, nor the Ddffr), with the global
Def(My) of the groups.

In a similar way, we calculated the average D&if() and
Def(Lrr) of the galaxies belonging to HCGs infidirent evolu-
tionary states, as defined by Borthakur etlal. (2010) (sed23ec
which are also detailed in Tablé 7. The DMf(,) of the galax-

-2 -1 0 1 2 ies increases slightly as the group evolves along the eoahut
Defl(Leg) ary sequence. This trend is also visible in the ralibg/Lg and

Fig.9. Def(My,) (top) and Def(gr) (bottom) distribution of Mh,/Lk. In the case of Def(rr), there is no clear relation for
spiral galaxies in AMIGA (black line) and in HCGs (red filledsPiral galaxies with the evolutionary state, we only findentt

bars), calculated with ASURV in order to take the upper kmitwhen considering the total sample, most likely due to a ctrang
into account. fraction of ellipticals.

A very pronounced variation with evolutionary phase is
shown by the morphological types (Fig.111). The ratio of el-
liptical and SO galaxies increase strongly in groups in phas
3. It has been proposed (elg. Verdes-Montenegra et al.l 2001;
Bekki & Couch [2011) that SO galaxies in HCGs might be

part of the present sample. Therefore, the mean HI deficiersyipped spirals.

of the galaxies in_Verdes-Montenegro et al. (2001) (25% ef th

expected value for spiral galaxies) is less than the meareH|
ficiency of the present sample. We have checked that the HlI
ficiencies calculated in this paper are consistent with #iees
for the groups in common with Verdes-Montenegro et al. (300M/e calculate the SFR frorhgr following the prescription of

Most noticeable in Figl10 is that even very Hi-deficienft€nnicutt (1998):
galaxies have a rather normily, or Lgr. There is no clear
correlation between De¥(y;) and Def{1,) or Def(Lgr). There  SFR(Mo/yr) = 45x 10 *Lir(ergs?) 9)
might be a weak trend in the sense that a laidgr deficiency
leads to largeMy, andLgr deficiencies. This trend is also seerwhereLr refers to the IR luminosity integrated over the en-
when calculating the mean deficiencies and ratios sepafatel tire mid- and far-IR spectrum (10-10Q8n). This expression is
low and highlyMy, deficient galaxies, here chosen as galaxidsmsed on a Salpeter IMF. We convert it toithe Kroupa (2001) IMF
with def(My;) < 0.75 and defly) > 0.75 in order to obtain two by dividing by a factor 1.5S (Leroy et al. 2008). In our anéys
groups of roughly the same size (Table 7). However, tifiedi we useLrr (€q.[6), which estimates the FIR emission in the
ences are small and fall below significance when changing tivavelength range of 42.5-122ufn. We estimaté. g from Lgr
separation to del{ly;) = 0.50. Thus, the statistics in our samplaising the result af Bell (2003) that on averdgg ~ 2 X Lgr.
is not sufficient to firmly conclude whether this trend is real. ~ Taking this into account, we can calculate the SFR ftgn as:

Ratio of galaxies

%lefl. Star Formation Rate, Star Formation Efficiency and
specific Star Formation Rate

11
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Table 7. Mean values of deficiencies and ratiosMf;, andLgr for different samples. Only spiral galaxies> ) are considered.
Mean values are calculated as explained in Table 6.

Def(MHz) |Og(MH2/LB) nyL/n |Og(MH2/LK) nuL/n
(Mo/Lo) (Mo/L K,@)
Total -0.14:0.09 -0.960.08 1746  -1.58-0.05 1045
HI content Def(HI)<0.75 -0.34:0.10 -0.820.10 521 -1.4G:0.07 420
of galaxies Def(HI)>0.75 | -0.07+0.16  -1.1%0.13 316 -1.7%0.08 316
HI content Normal -0.38:0.20 -0.76:0.15 16 -1.52:0.11 05
of the group  Slightly deficient| -0.08:0.11  -0.99:0.10 832 -1.59:0.07 8§32
Very deficient | -0.21+0.08 -0.950.10 28 -1.60:0.12 28
Evolutionary Phase 1 -0.35+0.14 -0.760.11 211 -1.46:0.09 710
Phase Phase 2 -0.16+0.13  -0.920.12 521 -1.55-0.07 521
Phase 3 -0.04£0.09 -1.0%40.08 414 -1.780.11 414
Def(Lrr)  log(Lrr/Le) nuu/n log(Ler/Lk)  Nuc/n
(Lo/Lko)
Total -0.11+0.08 -0.450.07 145 -1.14-0.09 1444
HI content Def(HI)<0.75 -0.32:0.11  -0.280.11 620 -0.84:0.10 519
of galaxies Def(HI)>0.75 0.03:0.11 -0.6@-0.11 616 -1.38-0.13 616
HI content Normal -0.19:+0.19 -0.360.11 36 -1.040.17 25
of the group  Slightly deficient| -0.08:0.09  -0.4%0.09 1031 -1.1%0.11 1031
Very deficient | -0.23:t0.08  -0.3%0.07 28 -1.03:0.14 28
Evolutionary Phase 1 -0.140.15 -0.360.13 411 -1.03:0.13 310
Phase Phase 2 -0.12+0.13  -0.430.13 720 -1.1%0.14 720
Phase 3 -0.12+0.05 -0.450.04 414 -1.1%0.09 414

For each subsampla,is the number of galaxies amg,_ is the number of upper limits.

Table 8.Mean log(SFE) for dierent samples and measurements
(only spiral galaxies, ¥1). Mean values are calculated as ex-

SFR(Mo/yr) = 45x2x 1 10 *Lrr(ergs?) plained in Tabl€l6.

1.59 (10)

= 22x 1071 Lpr(Lo) Sample <log(SFE) (yrt)>
HCGs -9.06:0.0589/-9.22+0.06%
The values of the SFR of the galaxies in our sample are listed CIGs -8.94:0.03Y/-9.07+0.04?
in Table[3. HERACLES -9.2%)

We define the SFE as the ratio between the SFR and tHevalues obtained with galaxies detected in both CO and FIR and
molecular gas mass, SEESFR'My,. The SFE of the individual galaxies detected in FIR but not detected in C®Values obtained
galaxies in our sample are listed in Tae 3. Elg. 6 shows ago®ith galaxies detected in both CO and FIR and galaxies dzdentCO
roughly linear correlation betwedrrr and My, and indicates but not detected in FIR® from[Bigiel et al. (20111). The & standard
that the SFE in our sample is expected to show a rather narrggyiation is 0.24dex.
range. To calculate the average SFE of our sample we must take
into account that ASURV can only handle data showing upper L o )
or lower limits, but not both. Thus, we have first calculatee t Mass from the K band luminosity since the light in this band is
average SFE considering only galaxies detected in CO with @@minated by the emission of low-mass stars, which are respo
upper limitin FIR, together with the ones detected in bothdsa sible for the bulk of stellar mass in galaxies. Frogwe derived
Separately, we considered only those detected in FIR buterot the Stellar massil.., by adopting a mass-to-luminosity ratio of
tected in CO and the ones detected in both bands. The ave Lk = 1.32 (Cole et &l. 2001) for the Salpeter Initial Mass
values are listed in Tablé 8. Function (IMF), and applying a correction factor of 0.5 (fro -

We have calculated the average SFE for the AMIGA samppell €tal..2008) to change to the Kroupa (2001) IMF used in
of isolated galaxies, takingly, from[Lisenfeld et al.[(2011) and tiS paper. The values for the individual galaxies are diste
Ler from[Lisenfeld et al.[(2007), for comparison with the spgablel3. The average SSFRl for spiral galaxies in our sample is
in HCG galaxies. The values are listed in Table 8. We furthdR9(SSFR)=-10.61+ 0.07 yr=.
more list the SFE derived from a spatially resolved analfmis
30 nearby galaxies from the HERACLES survey (Bigiel€tay 4 1. SFE and sSFR as a function of the deficiencies of the
2011). All values are adjusted to our CO-te-ebnversion fac- galaxies
tor, Kroupa IMF, and no consideration of helium in the molecu
lar gas mass. Takl 8 shows a slightly lower SFE in HCGs thanlinFig.[12 we display the SFE and the sSFR of the spiral galax-
AMIGA galaxies, in line with the previous results of an exzeses in our sample as a function of their D) and Def,).
in My, butanormal value dfrr. In comparison to the galaxiesThere is no clear trend of the SFE with the gas deficiency of
from the HERACLES survey there is no noticeabl&atience. the galaxies, neither atomic nor molecular. This is confiiog
Thus, overall there are no strong indications that the m®oé the mean values listed in Talilé 9. This result indicates $ifrat
SF occurs in a dierent manner in the flerent environment of proceeds with the sametieiency, independently of whether it
HCGs. occurs in a galaxy with a low or highly, deficiency.

The specific SFR, SSFR, is defined as the ratio between the On the other hand, galaxies with a lower déf() or
SFR and the stellar mass of a galaxy. We calculated thersteti@f(My;) tend to have a higher sSFR (see [Fi¢.12, as well as

12
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‘ ‘ ‘ Table 9. Mean log(sSFR) and log(SFE) as a function of
Def(My;) and Def(Myy,) for spiral galaxiesT > 1). Mean values
are calculated as explained in Table 6.

log(sSFR)(yrY)
Mean /N

Def(My) <0.75 -10.3%0.10 (519)
Def(Mp) >0.75 -10.85:0.13  (616)
Def(My,) <-0.25 | -10.33:t0.07  (622)
Def(My,) >-0.25 | -10.810.12  (§22)
log(SFE)(yrY)
Mean n/n
Def(Myy) <0.75 | -9.08:0.07 (519)
Def(My) >0.75 -9.16:0.12 (6§16)
Def(My,) <-0.25 | -9.05:0.07  (622)
Def(My,) >-0.25 | -9.04:0.13  (822)
For each subsampla,is the number of galaxies amg,_ is the number
0.2 = . of upper limits.

Ratio of galaxies Phase 1

Ratio of galaxies Phase 2

5

log(SFE) [yrgw]

7"0.5:\\‘\\\\‘\\\\‘\\::\\\\‘\\\\‘\\\\‘\\\\

Def(My) Def(My,)

Fig. 12.Specific SFR (sSFR) (top) and star formatidiicéency
(SFE) (bottom), vV, and My, deficiencies of spiral galaxies
(T > 1) in HCGs. Red symbols denote upper limitshiy, or
Lrr.

Ratio of galaxies Phase 3

-5 0 5 10
Morphological type

with ASURV, we have taken into account galaxies with detec-
Fig. 11. Morphological type distribution for dlierent evolution- tions in both CO transitions as well as those detected only in
ary phases. From top to bottom, the morphological typeidist€O(1-0). These values are slightly higher than those found b
bution of galaxies in HCGs in evolutionary phases 1, 2 andL®roy et al. (2009) from CO(2-1) and CO(1-0) maps for nearby
are plotted. The filled red bins correspond to the distrioufor galaxies from the SINGS sampléc-1)/lco@-0) ~0.8) and
the groups in each evolutionary state, while the black liims b than those from Braine etial. (1993) who obtained a mean line
correspond, for comparison, to galaxies of all phases. ratio of lcoe-1)/lco@-0) = 0.89 + 0.06 for a sample of nearby
spiral galaxies. Both values are, in contrast to ours, ctecefor
beam-size #ects.
Table[9 for the quantitative trends). In particular, thettevith In order to interpret the ratio ofcop-1)/Ico@-0) One has
def(My)) is interesting as it suggests that, although the Mgff to consider two main parameters: the source distributicch an
of a galaxy has no influence on the absolute SFR or SFE, it hhe opacity. For optically thick, thermalized emission hwit

a noticeable #ect on the SFR per stellar mass. a point-like distribution we expect a ratiko-1)/lco@-0) =
(Hco(l_o)/gco(z_l))z = 4 (with lco in Ty andd being the FWHM
4.5. Line Ratio of the beams). On the other hand, for a uniform source bright-

ness distribution we expect ratios larger than 1 for opgidain
Fig.[I3 shows the CO(1-0) versus the CO(2-1) intensity fer tlyas, and ratios between about 0.6 and 1 for optically thick ga
galaxies we observed (Sdc. 3]1.1). The plotted intensdies (with excitation temperatures above 5 K).
not aperture corrected. The mean ratio between both intensi Due to the diferent beam sizes of CO(1-0) and CO(2-
ties is lco1)/lco@-0 = 1.13+0.11 for the full sample and 1) in our observations we cannot distinguish these two cases
1.13+0.12 for spiral galaxies only. To calculate this mean ratidowever, we can conclude that our values are consistent with
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optically thick, thermalized gas with an extended disttitno. be enhanced as a result of the continuous interactions betwe
Our mean value is slightly higher than the (beam-correateld) galaxies, leading to the enhancemenmp, that we observe in
ues of Leroy et al. (2009) and Braine et al. (1993) which miglketolutionary phase 1. This enhancemenWf, can not explain
indicate that the molecular gas is not completely uniformarovthe high HI deficiencies observed in most galaxies, in ageggm
the CO(1-0) beam, but slightly concentrated towards théecen with the conclusions of Rasmussen €t al. (2008), but it could
partly explain the lack of HI, especially in the galaxiesiwihe
lowest HI deficiencies.

Based on our results, we thus suggest the following sce-
nario which is speculative but compatible with our obseoret.
Galaxies in a HCG start with a normal contenivly, and My,

i.e. they have DeNly) = 0 and DefMy,) = 0. Then, during

the early evolutionary phase tidal interactions enhaneetn-

] version from atomic to molecular gas at the same time as they
f«g%x e ] strip the HI from the galaxies, which leads to D¥f() > 0 and

& ! ] Def(Mu,) < 0. Finally, the multiple interactions within the group

= 1 strip the main part of the HI in the disks, resulting in D\f()

q >> 0 and, as a consequence also increase inNQgj( This last

] effect could have contributed to an increase of the fraction of
lenticular galaxies along the evolutionary sequence dudlto
and H stripping of spirals.

6. Summary and Conclusions

‘09(‘00(1709 [K km/s] . . .

. _ We analyzed data fdvly,, obtained from observations with the
Fig. 13. log(lco(-1)) versus loglco-0) for the galaxies ob- |RAM 30m telescope and from the literatute;r from IRAS
served by us. Spiral galaxiesXT) are shown as filled squaresandMy,, for 86 galaxies in 20 HCGs in order to study the relation
and early-type (¥0) as crosses. Red symbols indicate uppgetween atomic gas, molecular gas and SFR, tracdd-Ryin
limits in eitherlco(-1) Or Ico@-0), @and black symbols are detecthese galaxies. We compared these properties to thosdaitigo
tions. The y=x line is plotted as reference and does not represejiiaxies from the AMIGA project. (Verdes-Montenegro €t al.

a fit to the data. 2005). We adopted the same CO-te-Ebnversion factor for
both samples. The main conclusions of our study can be sum-
marized as follows:

— The relation betweeNy,, Lrr andLg in galaxies in HCGs

is not significantly diferent from the one found in isolated
galaxies. The values a&fx for spirals galaxies in HCGs are
similar to those of the AMIGA galaxies for the sang.

For My, we find, however, a slight, but statistically signif-
icant, excess~ 50%) of HCGs spiral galaxies relative to
AMIGA galaxies. This could alternatively be explained by
a higher radial concentration of the molecular gas in HCG
galaxies to the center when compared with isolated galaxies
so that the extrapolation of the flux based on a similar extent

5. A possible evolutionary sequence of the
molecular gas content and SFR in HCGs

In contrast to the HI content which can be highly deficieng, th
mean deficiencies for botl, andLgr are low, close to the val-
ues found for isolated galaxies. In the casévipf, we even find
indications for an 40-60% excess compared to isolated geax
The diference in deficiency between the atomic and molecular
gas is most likely due to the larger extent of the HI gas, which
can thus be removed mordieiently from the galaxies, while

the molecular gas, which is typically more concentratechin t
inner regions, is presumably les§exted by the environment.
Subsequently, the lower HI mass might cause a lavigrwhich

leads to a lower SFR. It is, however, remarkable that gataxie

with a high HI deficiency can still contain a considerable anto

of molecular gas and continue to form stars with a normal SFE.
This SF is not expected to last very long because once thecmole

ular gas is used up, no Hl is available to provide fuel for fatu
SF.

Within this general picture of relative normality &y, and
Lrr, we have found a relation between Wgf) and the sSFR,
and a tentative trend with defiy,) and def(gr). Furthermore,
there is a trend of Del(,) with the evolutionary phase (TdB. 7),

(see Sec. 3.1.3) would lead to an overestimate gf for the
group galaxies. Another possible explanation for thitedi
ence could be a systematically lower CO-tg-¢bnversion
factor for spirals in HCGs.

For elliptical and SO galaxies the large number of upper lim-
its do not allow strong conclusions about thilg, or Lgr.

We note however that, while for SOs thg range is compa-
rable to isolated SO galaxies, Es in HCGs are up to half an
order magnitude more luminouslig than isolated Es.
Practically all of our galaxies lie in the rangelgdg/Mp,=1-

10 Lg/Me, typical for normal, quiescent galaxies. The defi-
ciencies irMy, andLgr are tightly correlated and span about
the same range as in isolated galaxies.

in the sense that galaxies in HCGs belonging to phase 1 haveThe My, deficiency, calculated from the VLA data for in-

the highest excess My,. These trends might suggest that two

mechanisms are at play. First, an increasihg deficiency can

be interpreted within a scenario in which galaxies in HCGs

lose part of their HI as a result of mostly tidal stripping ithgr
the initial evolutionary phase, as suggested in the ewwiatiy
model of Verdes-Montenegro et al. (2001). On the other hiand,
an early evolutionary phase the HI-tg-Konversion rate might
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dividual galaxies, is much larger than the other deficien-
cies with a mean value of 0.98.13 (12% of the ex-
pected value) for spiral galaxies, and 1+8111 (5% the
expected value) for all morphological types, and repre-
sents the largest filerence with respect to isolated galax-
ies. Those values are significantly larger than those ofdain
in Verdes-Montenegro et al. (2001) since the sample in that
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study was biased towards HI bright galaxies while here waamagalli, M., Krumholz, M. R., Prochaska, J. X., Gavazzi, & Boselli, A.

present a redshift selected sample.

2009, ApJ, 697, 1811

— The SFE of the spiral galaxies in the HCGs is slightly lowetynes, M. . & Giovanell, R. 1984, ), 89, 758

elou, G., Khan, I. R., Malek, L., & Boehmer, L. 1988, ApJS, 81

than in isolated galaxies, but in the range of values found fQicison, p. 1982, ApJ, 255, 382
nearby spiral galaxies (Bigiel et al. 2011). We have found ndickson, P., Mendes de Oliveira, C., Huchra, J. P., & Palun@dG. 1992, ApJ,

relation of the SFE with neither D) nor Def(My,).

399, 353

— There is a trend of the SSFR to increase with decreasifit§kson. P., Menon, T. K., Palumbo, G. G. C., & Persic, M. 19880, 341, 679

Def(Mui) and DefMy,). This suggests that, although th(%

glesias-Paramo, J. & Vilchez, J. M. 1999, ApJ, 518, 94
arrett, T. H., Chester, T., Cutri, R., et al. 2000, AJ, 1198

Def(My;) of a galaxy has Onl)_’ a weak influence on the alikarachentseva, V. E. 1973, Soobshcheniya Spetsialnojrofizicheskoj
solute SFR, it has a stronger influence on the SFR per stellabbservatorii, 8, 3

mass.

— There is a trend of decreasing molecular gas deficiency Wli
evolutionary phase, with galaxies in groups in an early phas,

Kenney, J. D. & Young, J. S. 1986, ApJ, 301, L13

ﬁnnicutt, Jr., R. C. 1998, ARA&A, 36, 189

roupa, P. 2001, MNRAS, 322, 231

valley, M. P., Isobe, T., & Feigelson, E. D. 1992, in Buhedf the American

showing an excess iMy,. This excess goes to 0 in later Astronomical Society, Vol. 24, Bulletin of the American Astomical

phases. A similar trend might exist with dbfy,), but is sta-

Society, 839-840

tistically only marginally significant in our sample. This i Leon. S., Combes, F., & Menon, T. K. 1998, A&A, 330, 37

interpreted as an initial enhancement of the conversian fr

eon, S., Verdes-Montenegro, L., Sabater, J., et al. 2083485, 475
eroy, A. K., Walter, F., Bigiel, F., et al. 2009, AJ, 137, 467

atomic to molecular gas due to on-going tidal interactiongeroy, A. K., Walter, F., Brinks, E., et al. 2008, AJ, 136, 278
later followed by stripping of most of their HI. In these lateLisenfeld, U., Espada, D., Verdes-Montenegro, L., et all120A&A, 534,

phases, evolution of spiral to lenticular galaxies, woudthb

explain the overabundance of those morphological types',éaﬁ

well as theMy, deficiency and decrease My, content of
the galaxies.
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— No trend with the global HI deficiency of the groups is found, 418, 664 '
which suggest that the molecular gas content and SF &ghiyama, K., Nakai, N., & Kuno, N. 2001, PASJ, 53, 757
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