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ABSTRACT

Aims. We study the effect of the extreme environment in Hickson Compact groups (HCGs) on the molecular gas mass,MH2, and the
star formation rate (SFR) of galaxies as a function of atomichydrogen (HI) content and evolutionary phase of the group.
Methods. We have selected a redshift limited (D<100 Mpc) sample of 88 galaxies in 20 HCGs with available atomic hydrogen (HI)
VLA maps, covering a wide range of HI deficiencies and evolutionary phases of the groups, and containing at least one spiral galaxy.
We derived the far-infrared (FIR) luminosity (LFIR) from IRAS data and used it as a tracer of the star formation rate (SFR). We
calculated the HI mass (MHI), LFIR andMH2 deficiencies.
Results. The mean deficiencies ofLFIR andMH2 of spiral galaxies in HCGs are close to 0, indicating that their average SFR and
molecular gas content are similar to those of isolated galaxies. However, there are indications of an excess inMH2 (∼ 50%) in spiral
galaxies in HCGs which can be interpreted, assuming that there is no systematic difference in the CO-to-H2 conversion factor, as
either an enhanced molecular gas content or as a higher concentration of the molecular component towards the center in comparison
to galaxies in lower density environments. In contrast, themeanMHI of spiral galaxies in HCGs is only 12% of the expected value.
The specific star formation rate (sSFR= SFR/stellar mass) tends to be lower for galaxies with a higherMH2 or MHI deficiency. This
trend is not seen for the star formation efficiency (SFE=SFR/MH2), which is very similar to isolated galaxies. We found tentative
indications for an enhancement ofMH2 in spiral galaxies in HCGs in an early evolutionary phase anda decrease in later phases.
We suggest that this might be due to an enhancement of the conversion from atomic to molecular gas due to on-going tidal interactions
in an early evolutionary phase, followed by HI stripping anda decrease of the molecular gas content because of lack of replenishment.
Conclusions. The properties ofMH2 andLFIR in galaxies in HCGs are surprisingly similar to those of isolated galaxies, in spite of the
much higher def(MHI) of the former. The trends of the sSFR and def(MH2) with def(MHI) and the evolutionary state indicate, however,
that the ongoing interaction might have some effect on the molecular gas and SF.

Key words. Galaxies: evolution – Galaxies: groups – Galaxies: interactions – Galaxies: ISM – Galaxies: star formation – ISM:
molecules

1. Introduction

Hickson Compact Groups (HCGs) (Hickson 1982) are dense and
relatively isolated groups of 4-8 galaxies in the nearby universe.
The combination of high galaxy density (Hickson 1982) and low
density environment coupled with low systemic velocity disper-
sions (< σ > = 200 km s−1, Hickson et al. 1992) make HCGs
especially interesting systems to study how gas content andstar
formation activity in galaxies are influenced by the environment.

The most remarkable effect of multiple and strong interac-
tions between galaxies in HCGs involves an atomic gas (HI) de-
ficiency. VLA measures of individual spiral galaxies in HCGs
show them to have only 24% of the atomic hydrogen (HI) mass,
MHI , expected from their optical luminosities and morphological
types (Verdes-Montenegro et al. 2001). The inferred deficiency

⋆ Full Tables 1, 2, 3 and 5 are available in electronic form at the CDS
via anonymous ftp tocdsarc.u- strasbg.fr (130.79.128.5)
or via http://cdsweb.u-strasbg.fr/cgi-bin/qcat?J
/A+A/vvv/ppp and fromhttp://amiga.iaa.es/.

becomes even larger if one assumes that many of the lenticular
galaxies, that are over-represented in HCGs, are stripped spi-
rals. Verdes-Montenegro et al. (2001) proposed an evolutionary
sequence for HCGs in which the HI is continuously removed
from the galaxies, finally leading to groups where most of the
HI is located outside of the galaxies. However, not only the
individual galaxies in HCGs are HI deficient, but also HCGs
as a whole (Verdes-Montenegro et al. 2001). This leads to the
still open question of where the missing HI has gone and by
which mechanism it was removed. In order to investigate the
role played by a hot intragroup medium (IGM), Rasmussen et al.
(2008) performed Chandra and XMM-Newton observations to
study eight of the most HI deficient HCGs. They found bright
X-ray emission in only 4 groups suggesting that galaxy-IGM in-
teractions are not the dominant mechanism driving cold gas out
of the galaxies. Borthakur et al. (2010) found with new single-
dish Green Bank Telescope (GBT) observation of HGCs an im-
portant diffuse, low-column density intragroup HI component,
missed by VLA observations. Taking into account these compo-
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Ââåäåíèå

Õèãñîíîâñêèå êîìïàêòíûå ãðóïïû (HCGs) � ïëîòíûå
îòíîñèòåëüíî èçîëèðîâàííûå ãðóïïû 4-8 ãàëàêòèê (Hickson 1982)
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Ââåäåíèå

Ðàíåå áûëî èçâåñòíî

Âçàèìîäåéñòâèå â ãðóïïàõ ïðèâîäèò ê äåôèöèòó HI. Â ñïèðàëüíûõ
ãàëàêòèêàõ íàáëþäàåòñÿ òîëüêî 24% îò îæèäàåìîé ìàññû
àòîìàðíîãî âîäîðîäà äëÿ ãàëàêòèê äàííîé ñâåòèìîñòè è
ìîðôîëîãè÷åñêîãî òèïà

Òîëüêî ó ïîëîâèíû èç ñàìûõ äåôèöèòíûõ ãðóïï íàáëþäàåòñÿ
ðåíòãåíîâñêîå èçëó÷åíèå, ÷òî ãîâîðèò î òîì, ÷òî ìåõàíèçì
âçàèìîäåéñòâèÿ ãàëàêòèêà-IGM íå ÿâëÿåòñÿ îñíîâíîé ïðè÷èíîé
âûìåòàíèÿ HI

Èçâåñòíî, ÷òî â ñèëüíî âçàèìîäåéñòâóþùèõ ñèñòåìàõ (ñëèÿíèÿ,
ïðèëèâíûå õâîñòû, âîçìóùåíèÿ âíóòðåííåé ñòðóêòóðû) äîëÿ
ìîëåêóëÿðíîãî ãàçà ïîâûøåíà (Casasola 2004). Îäíàêî ðàíüøå
ñ÷èòàëîñü, ÷òî â ñêîïëåíèÿõ, â ñðåäíåì, íåò äåôèöèòà H2, íå
ñìîòðÿ íà î÷åâèäíóþ íåõâàòêó HI (Kenney, Young 1986, Boselli et al
2002). Õîòÿ Fumagalli 2009 íàøåë, ÷òî 40% ãàëàêòèê ñêîïëåíèé ñ
äåôèöèòîì HI èìåþò òàêæå íåõâàòêó H2.

MH2 è Lfir äëÿ HCGs íèæå, ÷åì ó ãàëàêòèê ïîëÿ ñ òåìè æå
çíà÷åíèÿìè äåôèöèòà HI. Ýòî îáúÿñíÿëè, ÷òî HI íåîáõîäèì äëÿ
îáðàçîâàíèÿ H2, à H2 � äëÿ ÇÎ.
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Âûáîðêà

Âûáîðêà

86 ãàëàêòèê èç 20-òè HCGs, â øèðîêîì äèàïàçîíå äåôèöèòîâ HI è
íàõîäÿùèåñÿ íà ðàçíûõ ýâîëþöèîííûõ ñòàäèÿõ. Êðèòåðèè äëÿ
ãðóïï:

Ñîäåðæèò ïî êðàéíåé ìåðå ÷åòûðå ÷ëåíà, ñîîòâåòñòâóþò
êðèòåðèÿì Õèãñîíà. Òàêæå áûëè èñêëþ÷åíû �íåïðàâèëüíûå�
ãðóïïû, ñ êîòîðûìè áûëè ïåðåïóòàíû óçëîâàòûå
èððåãóëÿðíûå ãàëàêòèêè.)

Ñîäåðæèò ïî êðàéíåé ìåðå îäíó ñïèðàëüíóþ ãàëàêòèêó (òàê
êàê âåñü èíòåðåñ â ãàçå).

Ðàññòîÿíèÿ 6100 Mpc

Ãàëàêòèêè ñðàâíåíèÿ � èçîëèðîâàííûå AMIGA
(Verdes-Montenegro et al. 2005)
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Ýâîëþöèÿ

Ýâîëþöèÿ

Ýâîëþöèîííûå ôàçû:

Ôàçà 1: HI öåëèêîì íàõîäèòñÿ â ãàëàêòèêàõ.

Ôàçà 2: îò 30% äî 60% HI óäàëåíî èç äèñêà ïðèëèâíûìè
âçàèìîäåéñòâèÿìè

Ôàçà 3a: Âåñü ãàç íàõîäèòñÿ âíå ãàëàêòèê â âèäå ïðèëèâíûõ
õâîñòîâ.
Ôàçà 3b: â íåñêîëüêèõ ñëó÷àÿõ � îáëàêî HI ñ îáùåé
ñêîðîñòüþ, â êîòîðîå âëîæåíû ãàëàêòèêè

Ýâîëþöèîííàÿ ñòàäèÿ � ýòî ïîêàçàòåëü ýâîëþöèè õîëîäíîé ISM,
íî íå âñåãäà ïîêàçàòåëü âîçðàñòà ãðóïïû. Íàïðèìåð HCG 79
(ôàçà 1) ñîñòîèò èç 3 ãàëàêòèê ðàííåãî òèïà è îäíîé ñïèðàëüíîé,
÷üå çâåçäíîå ãàëî ïîêàçûâàåò òî, ÷òî ãðóïïà ñòàðàÿ (Durbala 2008)
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Äàííûå

Äàííûå

CO(1-0) è CO(2-1) � ÷àñòü IRAM, ÷àñòü NRAO

Êîíâåðñèîííûé ôàêòîð χco = NH2/Ico = 2 ·1020 cm−3(K · km/s)−1

Èñïðàâëåíèÿ çà àïåðòóðó, ÷òîáû ïîëó÷èòü ïîëíóþ ìàññó H2:
Ico = Ioexp(r/rc). Ýòî ïðåäïîëàãàåò, ÷òî ðàñïðåäåëåíèå
ìîëåêóëÿðíîãî ãàçà â äèñêå ãàëàêòèê HCGs òàêîå æå, êàê è â
ãàëàêòèêàõ ïîëÿ!

60 è 100 µm FIR � ADDSCAN/SCANPI



Òåìïû çâåçäîîáðàçîâàíèÿ è ìîëåêóëÿðíûé ãàç â Õèãñîíîâñêèõ êîìïàêòíûõ ãðóïïàõ (arXiv: 1202.0458)

Ðåçóëüòàòû

Martinez-Badenes et al.: Molecular gas content and SFR in Hickson Compact Groups

Table 3.FIR, SFR, SFE and sSFR

Galaxy Ref(1) I60 I100 log(LFIR) SFR log(SFE)(2) log(sSFR)
(Jy) (Jy) (L⊙) (M⊙ yr−1) (yr−1) (M⊙ yr−1)

7a 2 3.32 6.61 10.23 3.75 -9.14 -10.33
7b 2 < 0.18 < 0.32 < 8.95 <0.20 <-11.30
7c 2 0.61 2.35 9.65 0.99 -9.18 -10.62
7d 2 < 0.15 < 0.39 < 8.95 <0.20 <-10.63
10a 2 0.50 1.81 9.72 1.16 -9.45 -11.02
.... .... .... .... .... .... .... ....

(1) Reference code (see 3.2): 1: Our data analysis. 2: Verdes-Montenegro et al. (1998).
(2)The value of the SFE is not displayed for the galaxies with upper limits in bothLFIR andMH2.
Notes.The full table is available in electronic form at the CDS and from http://amiga.iaa.es.

4. Results

In this section, we aim to study the relation betweenMH2 and
the SFR in HCG galaxies and compare them to isolated galax-
ies. Furthermore, we search for relations with the atomic gas
deficiency of the galaxies and the groups and with the evolu-
tionary phase of the groups. We furthermore investigate theratio
between the two CO transitions, CO(1-0) and CO(2-1).

In order to search for differences to isolated galaxies, we
used two methods: (i) We normalizedMH2 andLFIR to the blue
luminosity, LB, or the luminosity in the K-band,LK , and com-
pared the ratios to those of isolated galaxies, and (ii) we cal-
culated the deficiency parameters ofMH2, LFIR andMHI of the
galaxies (see Sect. 4.2). We obtained in general very consistent
results forLB andLK .

We carry out this analysis separately for early-type galaxies
and spirals because of the following reasons: (i) the morpholog-
ical distribution is very different for both samples, with a much
larger fraction of early-type galaxies among HCG galaxies,(ii)
the number of early-type galaxies in the AMIGA reference sam-
ple is very small so that no statistically significant comparison
sample is available. In particular, no deficiency parametercan
be derived. (iii) Early-type galaxies tend to have a significantly
lower molecular gas content than late-type galaxies, and their
FIR emission is not as clearly related to their SFR as it is in late-
type galaxies, as a result of the lack of strong SF. Therefore, the
use ofLFIR as a SF tracer is more questionable.

4.1. Relation between MH2, LFIR, MHI and LB

Fig. 4 showsMH2 (top) andLFIR (bottom) versusLB for spirals
galaxies (left) and early-type galaxies (right). For spiral galax-
ies good correlations exist between bothMH2, respectivelyLFIR,
andLB. A linear fit to the total sample of HGCs is plotted, to-
gether with the corresponding fit to the AMIGA sample. The
coefficients are listed in Table 4. A slightly shift towards higher
values inMH2 seems to be present in comparison to the best-fit
line of isolated galaxies. The linear regressions betweenLFIR and
LB, MH2 andLB or MH2 andLFIR (Table 4) show no significative
differences between HCGs and isolated galaxies. For early-type
galaxies no clear correlation is visible and for log(LB) & 10, the
values of bothMH2 andLFIR are below those of spiral galaxies.

We note that, in contrast toMH2 and LFIR, MHI shows no
correlation withLB (Fig. 5) reflecting the fact that HI is very
strongly affected by the interactions and in many galaxies of our
evolved groups largely removed from the galaxies.

Previous surveys (see e.g. Young & Scoville 1991) have
found a linear correlation betweenMH2 andLFIR. A linear cor-
relation can also be seen in our sample (Fig. 6). We include in
this figure the lines for constantLFIR/MH2 values equal to 1, 10

Fig. 4. MH2 vs LB for a) spiral galaxies (T≥1) andb) ellipti-
cal (circles) and S0 galaxies (triangles).LFIR vs LB for c) spiral
galaxies (T≥1) andd) elliptical (circles) and S0 galaxies (trian-
gles). The full green line corresponds to the bisector fit found
for HCG galaxies (fit parameters are given in Table 4), while the
blue dashed-dotted line corresponds to the bisector fit found for
the AMIGA isolated galaxies. Both fits are done for the entire
range of morphological types. The dashed black lines are off-
set by the standard deviation of the correlation for the isolated
galaxies, which is±0.35 for theMH2 and±0.4 for LFIR. Black
symbols denote detections and red symbols upper limits.

and 100L⊙/M⊙. Practically all of our galaxies lie in the range of
LFIR/MH2 = 1−10L⊙/M⊙, typical for normal, quiescent galaxies
(Young & Scoville 1991).

Finally, we have directly compared E and S0 galaxies in
HCGs to galaxies of the same types in the AMIGA sample. In
the case of lenticular galaxies we have limited the sample in
HCGs to the same distance range as the AMIGA sample (40 -
70 Mpc) since for the largest distances the rate of upper limits
is very high in HCGs and does not provide any further informa-
tion. In Fig. 7 (top) we show the relation betweenMH2 andLB
for the S0s in HCGs and from the AMIGA sample. Even though
the number of data points is low, a trend seems to be present
for S0s in isolated galaxies to have a higherMH2 for the same
LB. A similar result is found forLFIR (not shown here), where

7

Äëÿ ñïèðàëåé åñòü
çàâèñèìîñòü MH2(LB)
è Lfir(LB), ïðè÷åì
ðàçíèöà äëÿ HCGs
(çåëåíàÿ ëèíèÿ) ñ
èçîëèðîâàííûìè
ãàëàêòèêàìè (ñèíÿÿ
øòðèõ-ïóíêòèðíàÿ
ëèíèÿ) íå
çíà÷èòåëüíàÿ.
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Table 4.Correlation analysis ofMH2 vs LB, LFIR vsLB andMH2 vsLFIR

Magnitude Sample Slope Intercept Slope Intercept
(bisector) (bisector) (LB indep.) (LB indep.)

MH2 vs LB HCGs All 1.37±0.15 -4.74±1.48 0.81±0.14 0.73±1.35
T>0 1.40±0.16 -4.94±1.61 0.95±0.20 -0.43±1.97

AMIGA 1.45±0.08 -5.61±0.77 1.12±0.08 -2.43±0.83
LFIR vs LB HCGs All 1.47±0.16 -5.29±1.54 0.79±0.15 1.43±1.49

T>0 1.31±0.16 -3.37±1.99 0.77±0.16 2.00±1.58
AMIGA 1.35±0.04 -4.06±0.37 1.12±0.04 -1.73±0.38

MH2 vs LFIR HCGs All 0.90±0.09 0.41±0.83 0.75±0.09 1.82±0.86
T>0 1.21±0.11 -2.63±1.11 1.04±0.11 -1.00±1.08

AMIGA 1.16±0.08 -2.14±0.72 0.98±0.06 -0.46±0.61
The slope and intercept are defined as log(MH2) = log(LB)× slope + intercept, log(LFIR) = log(LB)× slope + intercept and log(MH2) = log(LFIR)×
slope + intercept. The fits onLFIR vs LB for the AMIGA sample are slightly different from the values in Lisenfeld et al. (2007) because we have
taken into account a recent update of the basic properties ofthe galaxies (e.g. distance and morphological type; see Fernández-Lorenzo 2011, for
more details). The AMIGA fits involvingMH2 are taken from Lisenfeld et al. (2011).

Fig. 5. MHI vs LB for late-type (T≥1, squares) and early-type
(crosses) galaxies. Black symbols denote detections and red
symbols upper limits.

most lenticular isolated galaxies present higher values than ex-
pected for their optical luminosity, while most of the objects in
HCGs show upper limits excluding any excess. If S0 galaxies
in these dense environments originate from stripping of spirals,
this might indicate that molecular gas has also been removed
in the process. Although this interpretation is speculative due to
the low statistics, it provides hints for further research in future
works.

Concerning the elliptical galaxies, none of the isolated galax-
ies is detected in CO, while among the four detections in HCGs
two have a mass similar to the expected for spiral isolated galax-
ies (HCG 15d and HCG 79b) while the other two show signif-
icantly lower masses (HCG 37a and HCG 93a), pointing to an
external origin (Fig. 7, bottom). The FIR luminosity of the Es
in HCGs (not shown here) is similar to that expected for spiral
galaxies. It is also noticeable that while the range ofLB values
for the S0s in HCGs covers about the same range as for isolated
galaxies, Es in HCGs are up to half an order of magnitude more
luminous than isolated Es.

Fig. 6. MH2 vs LFIR for late-type (T≥1, squares) and early-type
(E+S0, crosses) galaxies. The green line corresponds to the bi-
sector fit found for HCGs galaxies, while the blue dashed-dotted
line corresponds to the bisector fit found for the AMIGA iso-
lated galaxies from Lisenfeld et al. (2011). The fits are detailed
in Table 4. The dotted black lines correspond to theLFIR/MH2 ra-
tios 1 (left), 10 (middle) and 100 (right)L⊙/M⊙. Black symbols
denote detections and red symbols upper limits.

4.2. Deficiencies

We have calculated theMH2, LFIR andMHI deficiencies following
the definition of Haynes & Giovanelli (1984) as

Def(X) = log(Xpredicted) − log(Xobserved) (7)

where we calculated the predicted value of the variable X from
LB. Following this definition, a negative deficiency implies an
excess with respect to the predicted value.

The expectedMH2 for each galaxy is calculated from itsLB
using the fit to the AMIGA sample in Lisenfeld et al. (2011).
Note that the fit, which is given in Table 4, was calculated with-
out distinguishing morphological types. Due to the dominance
of spiral galaxies in the AMIGA sample, the fit is only ade-
quate for spiral galaxies. Because of the low number of early-
type galaxies in the AMIGA sample it is not possible to derivea
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Íåò êîððåëÿöèè MHI ñ LB,
÷òî îòðàæàåò òî, ÷òî
àòîìàðíàÿ êîìïîíåíòà
î÷åíü ïîäâåðæåíà
âëèÿíèþ îêðóæåíèÿ.
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Table 4.Correlation analysis ofMH2 vs LB, LFIR vsLB andMH2 vsLFIR

Magnitude Sample Slope Intercept Slope Intercept
(bisector) (bisector) (LB indep.) (LB indep.)

MH2 vs LB HCGs All 1.37±0.15 -4.74±1.48 0.81±0.14 0.73±1.35
T>0 1.40±0.16 -4.94±1.61 0.95±0.20 -0.43±1.97

AMIGA 1.45±0.08 -5.61±0.77 1.12±0.08 -2.43±0.83
LFIR vs LB HCGs All 1.47±0.16 -5.29±1.54 0.79±0.15 1.43±1.49

T>0 1.31±0.16 -3.37±1.99 0.77±0.16 2.00±1.58
AMIGA 1.35±0.04 -4.06±0.37 1.12±0.04 -1.73±0.38

MH2 vs LFIR HCGs All 0.90±0.09 0.41±0.83 0.75±0.09 1.82±0.86
T>0 1.21±0.11 -2.63±1.11 1.04±0.11 -1.00±1.08

AMIGA 1.16±0.08 -2.14±0.72 0.98±0.06 -0.46±0.61
The slope and intercept are defined as log(MH2) = log(LB)× slope + intercept, log(LFIR) = log(LB)× slope + intercept and log(MH2) = log(LFIR)×
slope + intercept. The fits onLFIR vs LB for the AMIGA sample are slightly different from the values in Lisenfeld et al. (2007) because we have
taken into account a recent update of the basic properties ofthe galaxies (e.g. distance and morphological type; see Fernández-Lorenzo 2011, for
more details). The AMIGA fits involvingMH2 are taken from Lisenfeld et al. (2011).

Fig. 5. MHI vs LB for late-type (T≥1, squares) and early-type
(crosses) galaxies. Black symbols denote detections and red
symbols upper limits.

most lenticular isolated galaxies present higher values than ex-
pected for their optical luminosity, while most of the objects in
HCGs show upper limits excluding any excess. If S0 galaxies
in these dense environments originate from stripping of spirals,
this might indicate that molecular gas has also been removed
in the process. Although this interpretation is speculative due to
the low statistics, it provides hints for further research in future
works.

Concerning the elliptical galaxies, none of the isolated galax-
ies is detected in CO, while among the four detections in HCGs
two have a mass similar to the expected for spiral isolated galax-
ies (HCG 15d and HCG 79b) while the other two show signif-
icantly lower masses (HCG 37a and HCG 93a), pointing to an
external origin (Fig. 7, bottom). The FIR luminosity of the Es
in HCGs (not shown here) is similar to that expected for spiral
galaxies. It is also noticeable that while the range ofLB values
for the S0s in HCGs covers about the same range as for isolated
galaxies, Es in HCGs are up to half an order of magnitude more
luminous than isolated Es.

Fig. 6. MH2 vs LFIR for late-type (T≥1, squares) and early-type
(E+S0, crosses) galaxies. The green line corresponds to the bi-
sector fit found for HCGs galaxies, while the blue dashed-dotted
line corresponds to the bisector fit found for the AMIGA iso-
lated galaxies from Lisenfeld et al. (2011). The fits are detailed
in Table 4. The dotted black lines correspond to theLFIR/MH2 ra-
tios 1 (left), 10 (middle) and 100 (right)L⊙/M⊙. Black symbols
denote detections and red symbols upper limits.

4.2. Deficiencies

We have calculated theMH2, LFIR andMHI deficiencies following
the definition of Haynes & Giovanelli (1984) as

Def(X) = log(Xpredicted) − log(Xobserved) (7)

where we calculated the predicted value of the variable X from
LB. Following this definition, a negative deficiency implies an
excess with respect to the predicted value.

The expectedMH2 for each galaxy is calculated from itsLB
using the fit to the AMIGA sample in Lisenfeld et al. (2011).
Note that the fit, which is given in Table 4, was calculated with-
out distinguishing morphological types. Due to the dominance
of spiral galaxies in the AMIGA sample, the fit is only ade-
quate for spiral galaxies. Because of the low number of early-
type galaxies in the AMIGA sample it is not possible to derivea
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Ïðàêòè÷åñêè âñå
ãàëàêòèêè ëåæàò â
äèàïàçîíå Lfir/MH2 = 1− 10
Lo/Mo, ÷òî òèïè÷íî äëÿ
íîðìàëüíûõ ãàëàêòèê.
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Fig. 7.MH2 vsLB for early-type galaxies in HCGs (full symbols)
and from the AMIGA sample of isolated galaxies (open sym-
bols) with distances between 20 and 70 Mpc. The lines are the
same as in Fig. 5a and b. Black symbols denote detections and
red symbols upper limits.Top: S0 galaxies (triangles),Bottom:
elliptical galaxies (circles).

meaningful deficiency parameter for them. In addition, we cal-
culated the deficiency derived from the relation betweenMH2

andLK of the AMIGA sample (Lisenfeld et al. 2011), log(MH2)
= -2.27+1.05× log(LK)). In a similar way, the expectedLFIR is
calculated from the fit betweenLFIR and LB obtained for the
AMIGA isolated galaxies (Table 4) for the sample presented in
Lisenfeld et al. (2007).

The correlations betweenMH2 (respectivelyLFIR) and LB,
or LK , have a considerable scatter with standard deviations of
0.35 dex forMH2 and 0.4 dex forLFIR. These standard devia-
tions are much higher than the observational measurement er-
rors. In this case, the error of the mean values are completely
dominated by the statistical errors and therefore we neglect the
observational errors in our calculations. The high standard de-
viation means that individual galaxies with deficiencies upto
about these values can just represent normal deviations from the
mean. However, the much smaller error of themean deficiency
allows to compare samples of galaxies (here: galaxies in HCGs
and isolated galaxies) with a higher precision.

The HI deficiency of the galaxies is calculated follow-
ing the morphology-dependent fit betweenMHI and LB in
Haynes & Giovanelli (1984). We have considered h= H0/100=
0.75. We adapted their results which were based on magzw to our

Table 5.Deficiencies ofMH2, LFIR, andMHI derived fromLB

Galaxy Def(MH2) Def(LFIR) Def(MHI)
7a -0.50 -0.49 0.67
7b >-0.36 >0.07 >1.38
7c -0.19 -0.13 0.29
7d >-0.06 >0.21 0.28
10a 0.21 0.49 ...
.... .... .... ....

Notes.The full table is available in electronic form at the CDS and from
http://amiga.iaa.es.

use ofBT
c with the relation found by Verdes-Montenegro et al.

(2005) (magzw = BT
c+0.136). Taking furthermore into account

that we expressLB as a function of the solar bolometric lumi-
nosity (mag= 4.75), we introduce the following correction:

(logLB)Haynes = (logLB)ours + 0.14 (8)

to expressLB in the terms we assume (Sec. 2) to calculate the
expected content of HI. The deficiencies inMH2, LFIR andMHI
derived fromLB are listed in Table 5.

4.2.1. MH2 and LFIR deficiencies

The meanMH2 andLFIR deficiencies for spiral galaxies in HCGs
are similar (see Table 6). Galaxies showing an excess inMH2 or
LFIR have values spanning over the full range ofLB, as can be
seen in Fig. 4. Thus, the excess inMH2 or LFIR is not associ-
ated with the brightest objectsper se. We have checked in detail
the properties of the 9 galaxies showing the largestMH2 excess
(HCG 10c, HCG 16a, HCG 16c, HCG 16d, HCG 23b, HCG 23d,
HCG 40c, HCG 58a, HCG 88c), and we find that half of them
present strong signs of distortion (tidal tails in the optical and/or
HI, kinematical perturbations, etc).

Fig. 8. MH2 deficiency vsLFIR deficiency for late-type (T≥1)
galaxies in HCGs (left) and from the AMIGA sample (right).
Red symbols represent upper limits in eitherMH2 or LFIR, and
black symbols detections. The y=x line is plotted as reference
and does not represent a fit to the data.

Fig. 8 (left) shows Def(MH2) (from LB) vs Def(LFIR) for each
galaxy. Both are strongly correlated, which can be understood as
due to the causal relation between the molecular gas and SFR,
leading to a lower SFR if the molecular gas as the fuel for SF de-
creases. For comparison, Fig. 8 (right) displays Def(MH2) of the
isolated galaxies versus their Def(LFIR). The behavior of the iso-
lated galaxies does not show a significant difference compared
to galaxies in HCGs with a very similar range covered by both
samples. However, for the isolated galaxies, Def(MH2) extends to
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Äëÿ ðàííèõ òèïîâ â HCGs:

Äëÿ èçîëèðîâàííûõ ãàëàêòèê òåõ æå òèïîâ è
ðàññòîÿíèé õàðàêòåðíû áîëåå âûñîêèå MH2

äëÿ òåõ æå LB (?). Åñëè S0 ãàëàêòèêè â
ïëîòíîì îêðóæåíèè ïðîèñõîäÿò îò
îáîäðàííûõ ñïèðàëåé, ýòî ìîæåò çíà÷èòü,
÷òî ìîëåêóëÿðíûé ãàç òàêæå óäàëÿåòñÿ ïðè
ýòîì ïðîöåññå.

Èíòåðåñíî, ÷òî äèàïàçîí ñâåòèìîñòåé LB äëÿ
S0 ãàëàêòèê HCGs òàêîé æå, êàê è ó
èçîëèðîâàííûõ, à äëÿ E � íà ïîëïîðÿäêà
âåëè÷èíû áîëåå ÿðêèå.

FIR ñâåòèìîñòü äëÿ E â ãðóïïàõ ïðàêòè÷åñêè
òàêàÿ æå, êàê è â èçîëèðîâàííûõ.
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Table 6. Mean values for spiral galaxies (T ≥ 1) in HCGs and from the AMIGA sample. The mean values and theirerrors are
calculated with ASURV, taking upper limits into account. Weneglect observational errors since the data is dominated bystatistical
errors. The quoted errors represent the error of the mean values, not the standard deviation.

HCGs AMIGA (1)

Mean nUL/n Mean nUL/n
log(LB) (L⊙) 9.95±0.06 0/46 9.75±0.04 0/150
log(MH2) (M⊙) 9.02±0.09 11/46 8.38±0.09 64/150
log(LFIR) (L⊙) 9.53±0.09 15/45 9.16±0.05 58/150
Def(MH2) (from LB ) -0.14±0.09 11/46 0.06±0.04 64/150
Def(MH2) (from LK ) -0.15±0.06 10/45 -0.01±0.05 58/149
Def(LFIR) -0.11±0.08 15/45 -0.09±0.04 58/150
Def(HI) 0.93±0.13 9/37 - -
log(MH2/LB), all LB -0.96±0.08 11/46 -1.25±0.04 64/150
(M⊙/L⊙)
log(MH2/LB), low LB

(2) -1.04±0.10 10/22 -1.36±0.05 56/103
(M⊙/L⊙)
log(MH2/LB), high LB

(3) -0.88±0.09 1/24 -1.06±0.05 8/47
(M⊙/L⊙)
log(MH2/LK) -1.58±0.05 10/45 -1.76±0.05 50/135
(M⊙/LK,⊙)
log(LFIR/LB) -0.45±0.07 15/45 -0.52±0.03 58/149

(1)The mean values of the AMIGA galaxies are calculated for the subsample of galaxies withMH2 data. For each subsample,n is the
number of galaxies andnUL is the number of upper limits.LFIR andLB of the AMIGA galaxies are from the new data release (see Sec. 2.2), while
MH2 andLK are from Lisenfeld et al. (2011).
(2) for LB< 1010 L⊙
(3) for LB> 1010 L⊙

slightly lower values for a given Def(LFIR). This is also reflected
in the mean values of Def(MH2) and Def(LFIR) of AMIGA and
HCG galaxies (Table 6): while the values of Def(LFIR) for spi-
ral galaxies are almost the same for both samples, Def(MH2) in
spirals is larger by 0.15-0.20 for HCG than for AMIGA galaxies
(corresponding to a 40-60% largerMH2 than expected for iso-
lated galaxies).

The histograms shown in Fig. 9 underline these findings:
whereas the distribution of Def(MH2) for spiral galaxies in HCGs
is shifted to negative deficiencies (i.e. an excess) compared to
AMIGA galaxies, the distribution of Def(LFIR) is very similar for
spiral galaxies in HCGs and in the AMIGA sample. Two sam-
ple tests (Gehan’s Generalized Wilcoxon Test and Logrank Test)
confirm that the distributions of Def(MH2) are different with a
probability of> 96% , whereas the distributions Def(LFIR) are
identical with a non-negligible probability.

As an additional test, we have compared the ratiosMH2 /LB
andMH2/LK of HCG galaxies to those of isolated galaxies (val-
ues are listed in Table 6). In the case ofMH2/LB we have de-
rived the ratios both for the entire luminosity range and forlow
(LB≤ 1010 L⊙) and high (LB> 1010 L⊙) luminosity galaxies in or-
der not to be affected by the nonlinearity of theMH2-LB relation.
In all cases we found a lower ratio (by∼ 0.2-0.3 dex) for the
isolated galaxies, confirming our findings from the deficiency
parameter.

The largerMH2 for a givenLB found for spiral galaxies in
HGCs could be explained in three ways: a) a real excess of the
total molecular gas mass (and will be further discussed as such
in the following section), b) a higher concentration towards the
center of the molecular gas in HCG galaxies compared to iso-
lated galaxies, so that the extrapolation of the flux based ona
similar extent (see Sec. 3.1.3) would lead to an overestimate
of MH2, or c) a systematic difference in the CO-to-H2 conver-
sion factor between the AMIGA and HCG sample. Although
we cannot exclude this possibility, we do not consider it very
likely. The CO-to-H2 conversion factor is known to depend on

a number of galactic properties as the metallicity, gas temper-
ture, gas density and velocity dispersion (e.g. Maloney & Black
1988; Narayanan et al. 2011). These properties are likely sim-
ilar in both samples because of the similar ranges inLB and
LFIR (tracing SFR) that they cover. The first two effects (a and
b) could both be at work at the same time. In fact, as indicatedin
e.g. Leon et al. (2008), galaxies in the AMIGA sample are domi-
nated by disk SF while surveys of compact groups (Menon 1995)
show that most radio detections involve compact nuclear emis-
sion. This can be explained since nuclear emission is thought to
be enhanced by interactions that produce a loss of angular mo-
mentum of the molecular gas, that subsequently falls towards
the center of the galaxy. These dissipative effects are likely near
minimum in isolated galaxies. This result was also proposedby
Verdes-Montenegro et al. (1998), where the enhancedI25/I100
ratio in HCGs was suggested to be caused by local starbursts,
presumably in the nuclear region. This result is still compatible
with the conclusion of a normal level of FIR emission among
HCG galaxies that we find here, if the activity responsible for en-
hanced 24µm emission and enhanced/more concentrated molec-
ular gas is localized compared to the overall distribution of gas
and dust in the galaxies.

4.2.2. Comparison to the MHI deficiency

In Fig. 10 we display Def(MHI) vs Def(MH2) (left) and Def(LFIR)
(right). The mean value of Def(MHI) of the galaxies with avail-
able HI data is 0.93±0.13 (12% of the expected value) for spiral
galaxies and 1.31± 0.11 (5% of the expected value) for all mor-
phological types, which is one order of magnitude larger than
Def(MH2) and Def(LFIR). We stress here that the samples used in
the present paper and in Verdes-Montenegro et al. (2001) arenot
the same. This earlier study concentrated on the set of data avail-
able at that time, which was biased towards HI bright groups.
Later, more groups with higher HI deficiencies have been ob-
served with the VLA (Verdes-Montenegro et al. 2007), and are
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Ñðåäíèå âåëè÷èíû def (MH2) è def (Lfir) äëÿ ñïèðàëåé HCGs ïîõîæè.
Èçáûòîê MH2 èëè Lfir íå ñâÿçàí ñ ÿðêèìè îáúåêòàìè êàê òàêîâûìè.
Íî ïîëîâèíà èç òàêèõ ãàëàêòèê ïðè áëèæàéøåì ðàññìîòðåíèè
äåìîíñòðèðóåò íåêèå èñêàæåíèÿ ñòðóêòóðû (ïðèëèâíûå õâîñòû â
îïòèêå è/èëè HI, êèíåìàòè÷åñêèå âîçìóùåíèÿ è ò.ä.)
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Fig. 7.MH2 vsLB for early-type galaxies in HCGs (full symbols)
and from the AMIGA sample of isolated galaxies (open sym-
bols) with distances between 20 and 70 Mpc. The lines are the
same as in Fig. 5a and b. Black symbols denote detections and
red symbols upper limits.Top: S0 galaxies (triangles),Bottom:
elliptical galaxies (circles).

meaningful deficiency parameter for them. In addition, we cal-
culated the deficiency derived from the relation betweenMH2

andLK of the AMIGA sample (Lisenfeld et al. 2011), log(MH2)
= -2.27+1.05× log(LK)). In a similar way, the expectedLFIR is
calculated from the fit betweenLFIR and LB obtained for the
AMIGA isolated galaxies (Table 4) for the sample presented in
Lisenfeld et al. (2007).

The correlations betweenMH2 (respectivelyLFIR) and LB,
or LK , have a considerable scatter with standard deviations of
0.35 dex forMH2 and 0.4 dex forLFIR. These standard devia-
tions are much higher than the observational measurement er-
rors. In this case, the error of the mean values are completely
dominated by the statistical errors and therefore we neglect the
observational errors in our calculations. The high standard de-
viation means that individual galaxies with deficiencies upto
about these values can just represent normal deviations from the
mean. However, the much smaller error of themean deficiency
allows to compare samples of galaxies (here: galaxies in HCGs
and isolated galaxies) with a higher precision.

The HI deficiency of the galaxies is calculated follow-
ing the morphology-dependent fit betweenMHI and LB in
Haynes & Giovanelli (1984). We have considered h= H0/100=
0.75. We adapted their results which were based on magzw to our

Table 5.Deficiencies ofMH2, LFIR, andMHI derived fromLB

Galaxy Def(MH2) Def(LFIR) Def(MHI)
7a -0.50 -0.49 0.67
7b >-0.36 >0.07 >1.38
7c -0.19 -0.13 0.29
7d >-0.06 >0.21 0.28
10a 0.21 0.49 ...
.... .... .... ....

Notes.The full table is available in electronic form at the CDS and from
http://amiga.iaa.es.

use ofBT
c with the relation found by Verdes-Montenegro et al.

(2005) (magzw = BT
c+0.136). Taking furthermore into account

that we expressLB as a function of the solar bolometric lumi-
nosity (mag= 4.75), we introduce the following correction:

(logLB)Haynes = (logLB)ours + 0.14 (8)

to expressLB in the terms we assume (Sec. 2) to calculate the
expected content of HI. The deficiencies inMH2, LFIR andMHI
derived fromLB are listed in Table 5.

4.2.1. MH2 and LFIR deficiencies

The meanMH2 andLFIR deficiencies for spiral galaxies in HCGs
are similar (see Table 6). Galaxies showing an excess inMH2 or
LFIR have values spanning over the full range ofLB, as can be
seen in Fig. 4. Thus, the excess inMH2 or LFIR is not associ-
ated with the brightest objectsper se. We have checked in detail
the properties of the 9 galaxies showing the largestMH2 excess
(HCG 10c, HCG 16a, HCG 16c, HCG 16d, HCG 23b, HCG 23d,
HCG 40c, HCG 58a, HCG 88c), and we find that half of them
present strong signs of distortion (tidal tails in the optical and/or
HI, kinematical perturbations, etc).

Fig. 8. MH2 deficiency vsLFIR deficiency for late-type (T≥1)
galaxies in HCGs (left) and from the AMIGA sample (right).
Red symbols represent upper limits in eitherMH2 or LFIR, and
black symbols detections. The y=x line is plotted as reference
and does not represent a fit to the data.

Fig. 8 (left) shows Def(MH2) (from LB) vs Def(LFIR) for each
galaxy. Both are strongly correlated, which can be understood as
due to the causal relation between the molecular gas and SFR,
leading to a lower SFR if the molecular gas as the fuel for SF de-
creases. For comparison, Fig. 8 (right) displays Def(MH2) of the
isolated galaxies versus their Def(LFIR). The behavior of the iso-
lated galaxies does not show a significant difference compared
to galaxies in HCGs with a very similar range covered by both
samples. However, for the isolated galaxies, Def(MH2) extends to
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Äëÿ èçîëèðîâàííûõ ãàëàêòèê def (MH2) ðàñïðîñòðàíÿåòñÿ äî
íåìíîãî ìåíüøèõ âåëè÷èí äëÿ äàííûõ def (Lfir).
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Fig. 9. Def(MH2) (top) and Def(LFIR) (bottom) distribution of
spiral galaxies in AMIGA (black line) and in HCGs (red filled
bars), calculated with ASURV in order to take the upper limits
into account.

Ýòî ñîîòâåñòâóåò òîìó, ÷òî â HCGs íà 40-60% áîëüøå MH2 , ÷åì
äëÿ èçîëèðîâàííûõ.
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Âîçìîæíûå ïðè÷èíû âûñîêîé äîëè H2:

È â ñàìîì äåëå áîëüøàÿ äîëÿ ìîëåêóëÿðíîãî ãàçà.

Áîëüøàÿ êîíöåíòðàöèÿ ìîëåêóëÿðíîãî ãàçà ê öåíòðó â HCGs
ïî ñðàâíåíèþ ñ èçîëèðîâàííûìè (èç-çà ïðèìåíåíèÿ
ýêñòðàïîëèðîâàííîãî ïîòîêà)

Ñèñòåìàòè÷åñêàÿ ðàçíèöà äëÿ êîíâåðñèîííîãî ôàêòîðà χco.
Îí çàâèñèò îò ìíîãèõ ñâîéñòâ ãàëàêòèê (ìåòàëëè÷íîñòü,
ãàçîâàÿ òåìïåðàòóðà, ãàçîâàÿ ïëîòíîñòü, äèñïåðñèÿ
ñêîðîñòåé), íî, ïîõîæå, òóò ýòè ïàðàìåòðû òàêèå æå êàê è
äëÿ èçîëèðîâàííûõ.

Ïåðâûå äâà ïóíêòà íàèáîëåå âåðîÿòíû. Ïîõîæå, â HCGs áîëåå
àêòèâíîå çâåçäîîáðàçîâàíèÿ â öåíòðàëüíîì êîìïàêòíîì ÿäðå.
Ýòîìó ñïîñîáñòâóåò âçàèìîäåéñòâèå ñ îêðóæåíèåì, ÷òî ïðèâîäèò
ê ïîòåðå óãëîâîãî ìîìåíòà ìîëåêóëÿðíûì ãàçîì, êîòîðûé è
ïàäàåò â öåíòð. Ýòè äèññèïàòèâíûå ýôôåêòû ìèíèìàëüíû äëÿ
èçîëèðîâàííûõ ãàëàêòèê.
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Fig. 9. Def(MH2) (top) and Def(LFIR) (bottom) distribution of
spiral galaxies in AMIGA (black line) and in HCGs (red filled
bars), calculated with ASURV in order to take the upper limits
into account.

part of the present sample. Therefore, the mean HI deficiency
of the galaxies in Verdes-Montenegro et al. (2001) (25% of the
expected value for spiral galaxies) is less than the mean HI de-
ficiency of the present sample. We have checked that the HI de-
ficiencies calculated in this paper are consistent with the values
for the groups in common with Verdes-Montenegro et al. (2001).

Most noticeable in Fig. 10 is that even very HI-deficient
galaxies have a rather normalMH2 or LFIR. There is no clear
correlation between Def(MHI) and Def(MH2) or Def(LFIR). There
might be a weak trend in the sense that a largerMHI deficiency
leads to largerMH2 andLFIR deficiencies. This trend is also seen
when calculating the mean deficiencies and ratios separately for
low and highlyMHI deficient galaxies, here chosen as galaxies
with def(MHI) < 0.75 and def(MHI) > 0.75 in order to obtain two
groups of roughly the same size (Table 7). However, the differ-
ences are small and fall below significance when changing the
separation to def(MHI) = 0.50. Thus, the statistics in our sample
is not sufficient to firmly conclude whether this trend is real.

Fig. 10. MHI vs MH2 deficiencies (left) andMHI vs LFIR defi-
ciencies (right) for spiral galaxies (T≥ 1). The red lines show
Def(MHI) = 0, Def(MH2) = 0 and Def(LFIR) = 0, and the
dashed lines give Def(MH2)=0.75, separating low and highly HI-
deficient galaxies in our analysis. Red symbols denote upperlim-
its in MH2 or LFIR.

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
MH2 and SFR of the individual galaxies we have classified the
groups as a function of their Def(MHI) as listed in Sec. 2. The av-
erage Def(MH2) and Def(LFIR) of the galaxies belonging to these
groups are detailed in Table 7. We find no clear relation between
the Def(MH2) of the galaxies, nor the Def(LFIR), with the global
Def(MHI) of the groups.

In a similar way, we calculated the average Def(MH2) and
Def(LFIR) of the galaxies belonging to HCGs in different evolu-
tionary states, as defined by Borthakur et al. (2010) (see Sec. 2),
which are also detailed in Table 7. The Def(MH2) of the galax-
ies increases slightly as the group evolves along the evolution-
ary sequence. This trend is also visible in the ratiosMH2/LB and
MH2/LK . In the case of Def(LFIR), there is no clear relation for
spiral galaxies with the evolutionary state, we only find a trend
when considering the total sample, most likely due to a changing
fraction of ellipticals.

A very pronounced variation with evolutionary phase is
shown by the morphological types (Fig. 11). The ratio of el-
liptical and S0 galaxies increase strongly in groups in phase
3. It has been proposed (e.g. Verdes-Montenegro et al. 2001;
Bekki & Couch 2011) that S0 galaxies in HCGs might be
stripped spirals.

4.4. Star Formation Rate, Star Formation Efficiency and
specific Star Formation Rate

We calculate the SFR fromLFIR following the prescription of
Kennicutt (1998):

S FR(M⊙/yr) = 4.5× 10−44 LIR(ergs−1) (9)

whereLIR refers to the IR luminosity integrated over the en-
tire mid- and far-IR spectrum (10-1000µm). This expression is
based on a Salpeter IMF. We convert it to the Kroupa (2001) IMF
by dividing by a factor 1.59 (Leroy et al. 2008). In our analysis
we useLFIR (eq. 6), which estimates the FIR emission in the
wavelength range of 42.5-122.5µm. We estimateLIR from LFIR
using the result of Bell (2003) that on averageLIR ∼ 2 × LFIR.
Taking this into account, we can calculate the SFR fromLFIR as:

11

Ãàëàêòèêè ñ
ñèëüíûì
äåôèöèòîì HI
èìåþò áîëåå-ìåíåå
íîðìàëüíûå H2 è
Lfir
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Def(MH2 ) log(MH2 /LB) nUL/ n log(MH2 /LK) nUL/ n
(M /L ) (M /LK, )

Total -0.14±0.09 -0.96±0.08 11/46 -1.58±0.05 10/45
HI content Def(HI)<0.75 -0.34±0.10 -0.82±0.10 5/21 -1.40±0.07 4/20
of galaxies Def(HI)>0.75 -0.07±0.16 -1.15±0.13 3/16 -1.77±0.08 3/16
HI content Normal -0.38±0.20 -0.76±0.15 1/6 -1.52±0.11 0/5
of the group Slightly deficient -0.08±0.11 -0.99±0.10 8/32 -1.59±0.07 8/32

Very deficient -0.21±0.08 -0.95±0.10 2/8 -1.60±0.12 2/8
Evolutionary Phase 1 -0.35±0.14 -0.76±0.11 2/11 -1.46±0.09 1/10
Phase Phase 2 -0.16±0.13 -0.92±0.12 5/21 -1.55±0.07 5/21

Phase 3 -0.04±0.09 -1.07±0.08 4/14 -1.71±0.11 4/14
Def(LFIR) log(LFIR/LB) nUL/ n log(LFIR/LK) nUL/ n

(L /LK, )
Total -0.11±0.08 -0.45±0.07 15/45 -1.14±0.09 14/44
HI content Def(HI)<0.75 -0.32±0.11 -0.28±0.11 6/20 -0.84±0.10 5/19
of galaxies Def(HI)>0.75 0.03±0.11 -0.60±0.11 6/16 -1.38±0.13 6/16
HI content Normal -0.19±0.19 -0.36±0.11 3/6 -1.07±0.17 2/5
of the group Slightly deficient -0.08±0.09 -0.45±0.09 10/31 -1.15±0.11 10/31

Very deficient -0.23±0.08 -0.37±0.07 2/8 -1.03±0.14 2/8
Evolutionary Phase 1 -0.17±0.15 -0.36±0.13 4/11 -1.03±0.13 3/10
Phase Phase 2 -0.12±0.13 -0.43±0.13 7/20 -1.11±0.14 7/20

Phase 3 -0.12±0.05 -0.45±0.04 4/14 -1.11±0.09 4/14
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Ýâîëþöèÿ òèïîâ

�Î÷åíü îò÷åòëèâî ìåíÿåòñÿ ìîðôîëîãè÷åñêèé òèï ñ ýâîëþöèîííîé
ôàçîé. Êîëè÷åñòâî S0 è E âîçðàñòàåò íà ôàçå 3. Ïîýòîìó S0 â
HCGs ìîãóò áûòü îáîäðàííûìè ñïèðàëÿìè� (c)
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Çâåçäîîáðàçîâàíèå

SFR = 2.2 · 10−10Lfir

SFE (SFR/MH2) äëÿ
ãàëàêòèê HCGs
íåìíîãî âûøå, ÷åì
äëÿ èçîëèðîâàííûõ,
õîòÿ ÷åòêîé ðàçíèöû
íåò.

sSFR � òåìïû
çâåçäîîáðàçîâàíèÿ íà
ìàññó çâåçä (ïî K)

Ïî÷òè íå íàáëþäàåòñÿ
çàâèñèìîñòè íè îò
äåôèöèòà HI, íè H2.
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Fig. 11.Morphological type distribution for different evolution-
ary phases. From top to bottom, the morphological type distri-
bution of galaxies in HCGs in evolutionary phases 1, 2 and 3
are plotted. The filled red bins correspond to the distribution for
the groups in each evolutionary state, while the black line bins
correspond, for comparison, to galaxies of all phases.

Table 9 for the quantitative trends). In particular, the trend with
def(MHI) is interesting as it suggests that, although the Def(MHI)
of a galaxy has no influence on the absolute SFR or SFE, it has
a noticeable effect on the SFR per stellar mass.

4.5. Line Ratio

Fig. 13 shows the CO(1-0) versus the CO(2-1) intensity for the
galaxies we observed (Sec. 3.1.1). The plotted intensitiesare
not aperture corrected. The mean ratio between both intensi-
ties is ICO(2−1)/ICO(1−0) = 1.13±0.11 for the full sample and
1.13±0.12 for spiral galaxies only. To calculate this mean ratio

Table 9. Mean log(sSFR) and log(SFE) as a function of
Def(MHI) and Def(MH2) for spiral galaxies (T ≥ 1). Mean values
are calculated as explained in Table 6.

log(sSFR)(yr−1)
Mean nUL /n

Def(MHI) <0.75 -10.31±0.10 (5/19)
Def(MHI) >0.75 -10.85±0.13 (6/16)
Def(MH2) < -0.25 -10.33±0.07 (6/22)
Def(MH2) > -0.25 -10.81±0.12 (8/22)

log(SFE)(yr−1)
Mean nUL /n

Def(MHI) <0.75 -9.08±0.07 (5/19)
Def(MHI) >0.75 -9.16±0.12 (6/16)
Def(MH2) < -0.25 -9.05±0.07 (6/22)
Def(MH2) > -0.25 -9.04±0.13 (8/22)

For each subsample,n is the number of galaxies andnUL is the number
of upper limits.

Fig. 12.Specific SFR (sSFR) (top) and star formation efficiency
(SFE) (bottom), vsMH2 andMHI deficiencies of spiral galaxies
(T ≥ 1) in HCGs. Red symbols denote upper limits inMH2 or
LFIR.

with ASURV, we have taken into account galaxies with detec-
tions in both CO transitions as well as those detected only in
CO(1-0). These values are slightly higher than those found by
Leroy et al. (2009) from CO(2-1) and CO(1-0) maps for nearby
galaxies from the SINGS sample (ICO(2−1)/ICO(1−0) ∼0.8) and
than those from Braine et al. (1993) who obtained a mean line
ratio of ICO(2−1)/ICO(1−0) = 0.89± 0.06 for a sample of nearby
spiral galaxies. Both values are, in contrast to ours, corrected for
beam-size effects.

In order to interpret the ratio ofICO(2−1)/ICO(1−0) one has
to consider two main parameters: the source distribution and
the opacity. For optically thick, thermalized emission with
a point-like distribution we expect a ratioICO(2−1)/ICO(1−0) =

(θCO(1−0)/θCO(2−1))2 = 4 (with ICO in Tmb andθ being the FWHM
of the beams). On the other hand, for a uniform source bright-
ness distribution we expect ratios larger than 1 for optically thin
gas, and ratios between about 0.6 and 1 for optically thick gas
(with excitation temperatures above 5 K).

Due to the different beam sizes of CO(1-0) and CO(2-
1) in our observations we cannot distinguish these two cases.
However, we can conclude that our values are consistent with

13
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Õîòÿ äåôèöèò àòîìàðíîãî âîäîðîäà íå âëèÿåò íà àáñîëþòíûå SFR
è SFE, íî îòðàæàåòñÿ íà SFR íà åäèíèöó çâåçäíîé ìàññû.
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Summary

Â ïðîöåññå ýâîëþöèè:

Ãàëàêòèêè â HCGs íà÷èíàþò ñ íóëåâûìè äåôèöèòàìè

Çàòåì â òå÷åíèè ðàííåé ýâîëþöèîííîé ôàçû ïðèëèâíûå
âçàèìîäåéñòâèÿ óâåëè÷èâàþò ñ îäíîé ñòîðîíû ïåðåõîä
HI�>H2 è ñ äðóãîé ñòîðîíû � îáäèðàþò HI. Ýòî âåäåò ê
def (MHI) > 0 è def (MH2) < 0.
Â ôèíàëå ìíîæåñòâåííûå âçàèìîäåéñòâèÿ âíóòðè ãðóïïû
îáäèðàþò áîëüøóþ ÷àñòü HI â ðåçóëüòàòå ÷åãî def (MHI) >> 0,
è êàê ñëåäñòâèå ðàñòåò def (MH2).
Âñå âìåñòå ýòî âåäåò ê âîçðàñòàíèþ äîëè S0 â HCGs íà
ïîçäíèõ ñòàäèÿõ èõ ýâîëþöèè.
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Summary

Ñîîòíîøåíèÿ ìåæäó MH2 , Lfir è Lb â ãàëàêòèêàõ HCGs íå
ñèëüíî îòëè÷àþòñÿ îò òàêîâûõ äëÿ èçîëèðîâàííûõ.

Åñòü íåáîëüøîé èçáûòîê MH2 , êîòîðûé ìîæíî îáúÿÿñíèòü
òðåìÿ ñïîñîáàìè: äåéñòâèòåëüíî èçáûòîê ìîëåêóë, áîëüøàÿ
êîíöåíòðàöèÿ H2 âî âíóòðåííåé îáëàñòè äèñêà, äðóãîé χco

Äèàïàçîí ñâåòèìîñòåé S0 äëÿ HCGs òàêîé æå, êàê è äëÿ
èçîëèðîâàííûõ, îäíàêî, E íà ïîëâåëè÷èíû áîëåå ÿðêèå.

Ñîîòíîøåíèÿ Lfir/MH2 = 1 − 10 Lo/Mo òàêîå æå, êàê è äëÿ
èçîëèðîâàííûõ

Ñèëüíûé äåôèöèò HI (òîëüêî 12% îò îæèäàåìîãî êîëè÷åñòâà)

SFE â HCGs ëèøü íåçíà÷èòåëüíî íèæå, ÷åì â èçîëèðîâàííûõ
è íå çàâèñèò íè îò def (MHI), íè îò def (MH2)
sSFR âîçðàñòàåò ñ óáûâàíèåì def (MHI), íè îò def (MH2), õîòÿ
âëèÿíèÿ HI íà îáû÷íóþ SFR íåò

Óáûâàíèå def (MH2) â ïðîöåññå ýâîëþöèè ãðóïïû

íåò èçìåíåíèÿ ãëîáàëüíîãî äåôèöèòà HI, ÷òî ïðåäïîëàãàåò,
÷òî ìîëåêóëÿðíûé ãàç è ÇÎ èçìåíÿþòñÿ îò îäèíî÷íûõ
âçàèìîäåéñòâèé, à íå íåïîñðåäñòâåííî èç-çà ëîêàëüíîãî
îêðóæåíèÿ (?)
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