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ABSTRACT

We have obtained high spectral resolutith£ 45,900 ) Fabry-Perot velocity maps of the Hickson compact
group HCG 31 in order to revisit the important problem of the merger nature of the central obj€zAd to
derive the internal kinematics of the candidate tidal dwarf galaxies in this group. Our main findings are as follows:
(1) double kinematic components are present throughout the main body- 6f Avhich strongly suggests that
this complex is an ongoing merger; (2) regions A2 and E, to the east and south of compExplesent rotation
patterns with velocity amplitudes ef25 km s*, and they counterrotate with respect te-&; and (3) region F,
which was previously thought to be the best example of a tidal dwarf galaxy in HCG 31, presents no rotation
and negligible internal velocity dispersion, as is also the case for region A1. HCG 31 presents an undergoing
merger in its center (AC), and it is likely that it has suffered additional perturbations due to interactions with
the nearby galaxies B, G, and Q.

Subject headings: galaxies: clusters: individual (HCG 31) — galaxies: evolution — galaxies: formation —
galaxies: interactions — galaxies: kinematics and dynamics —
instrumentation: interferometers

1. INTRODUCTION 2. OBSERVATIONS

] ] Observations were carried out with the Fabry-Perot instru-

The spectacular Hickson compact group 31 (Hickson 1982) ment CIGALE (Gach et al. 2002) attached to the ESO 3.6 m
shows a wide range of indicators of galaxy interaction and merg- telescope in 2000 August. Interferograms were obtained with
ing: tidal tails, irregular morphology, complex kinematics, vig- a high-order p = 1938 ) Fabry-Perot scanning interferometer,
orous starbursting (e.g., Rubin et al. 1990), and possible for-giving a free spectral range of 155 km'swith a Finesse
mation of tidal dwarf galaxies (e.g., Hunsberger et al. 1996). All F = 24 leading to a spectral resolution & = 45,900 . The
the objects belonging to the group are embedded in a commorpixel size is 0405, the total exposure time was 72 minutes (six
large H1 envelope (Williams et al. 1991). The group is formed cycles of 12 minutes each, 48 scanning steps per cycle), and
by members AC, B, E, F, G, and Q (Rubin et al. 1990). the FWHM of the interference filter centered around 6661

Two scenarios have been put forward to explain the naturewas 20A . The velocity sampling was 3 kmtsand the relative
of the central system AC: it is either two systems that are about velocity accuracy is-1 km s* over the whole field where the
to merge (e.g., Rubin et al. 1990) or a single interacting galaxy signal-to-noise ratio is greater than 3. Reduction of the data
(Richer et al. 2003). In this Letter we use our new Fabry-Perot cubes was performed using the CIGALE/ADHOCw software
maps and deep imaging from Gemini North to revisit the im- (Boulesteix 2002). The data reduction procedure has been de-
portant problem of the merger nature of the central object of the scribed in, e.g., Blais-Ouellette et al. (1999) and Garrido et al.
group, A+C, and in addition, we investigate the internal kine- (2002). For the adopted distance of the group, 1 pixel corre-
matics of the tidal dwarf galaxies, in an attempt to identify SPonds to~0.11 kpc. _ _ . o
if they are self-gravitating objects. We adopt a distance of In 2003 August, we obtained two images with the Gemini

54.8 Mpc, from the redshift = 0.0137 (Hickson et al. 1092) Multi-Object Spectrograph at Gemini North gi andr’ with
and usingH, = 75 km s Mpc, hencel’ ~ 0.27 kpc. exposure times of 1200 and 900 s, respectively. These images

have a pixel size of 14 and typical seeing of.@5.

* Based on observations collected at the European Southern Observatory
and Gemini North Telescope (project GN-2003-Q-12). 3. RESULTS
2 Laboratoire d'Astrophysique de Marseille, Observatoire Astronomique de
Marseille-Provence, 2 Place Le Verrier, 13248 Marseille, France; philippe A color map of the group is presented in Figuradp(left)_

-aTB”‘eTS?;?:&E de Astronomia. Instituto de Astronomia. Gégfie Cie It shows a wealth of star-forming regions and the large extent
cias Atmosfeicas, Rua do Mémléze, Cidade Universite, 65508-900 Sa O.f the opt_|cal diffuse light that envelops the group. For the first
Paulo, Brazil; oliveira@astro.iag.usp.br. time, regions Al and A2, to the east of complex-&, are
* Ludwig-Maximilians-Universits Scheinerstrasse 1, Munich D-81679, sSeen in great detail and depth.
Gesrreény-t o do Astrdhica Téoi o onal DCET. Universidad Figure 1 (op right, bottom left, and bottom right) shows the
aporatorio de Astrosica leoica e servacional, , Jniversiaaae H H
Estadual de Santa Cruz, Rodovia’llisetabuna, km 16, Ilhes, Bahia CEP Hoa monochromatic map Of.the grOUp’.the veloqlty map, ar.]d
45650-190, Brazil. several zoom panels showing the typical velocity profiles in
s Observatoire de Paris, GEPI, Centre National de la Recherche ScientifiqueSelected regions of the group. The velocity field was corrected
and UniversiteParis 7, 5 Place Jules Janssen, 92195 Meudon, France. from free spectral range ambiguity using previous kinematic
el;léat)s%r;t:ilrfa% Aggr?tfr’:ﬁg“& Oﬁr;f;;?ﬁ'geé%’J"}’eggri%;\"om@'r CP observations. At a first look, galaxies A and C appear to be a
8 Laborafsio Nacional de AstrdBica, R. Estados Unidos 154, Bairro das smgl_e k'nematlc en.tlty’ as the]r velocity flelds show no dis-
Nacoes, ItajubaBrazil. continuity. Under this assumption, we can infer a rough mass

° Southern Astrophysical Research Telescope, Casilla 603, La Serena, Chilefor the A+C complex, within a radius of18’ (~4.9 kpc) of
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Fic. 1.—HCG 31.Top left: Compositeg’ andr’ color image of the central region of the groufop right: Net-Hae map. The flux is given in a logarithmic
scale, in units of 10'° ergs s* arcsec® cm 2 the calibration has been done with the: iinage from Iglesias-Ramo & Vilchez (2001). The four small open
squares labeled 11, 12, 21, and 22 are the windows within which the profiles shown in the bottom right have been extracted. Th8ixs&e is pixels
(~3"2 x 3'2 or ~0.9 x 0.9 kpc). Bottom left: Ha velocity field; the scale is labeled in units of kilometers per second, and the black isocontours are separated by
25 km s*. Bottom right: Examples of velocity profiles corresponding to the windows displayed on thértage €op right). Each small box representsx2
2 pixels ¢0'8 x 0'8 or ~0.22x 0.22kpc) on the sky. The origin of th¥-axis corresponds to 6648 (3917 kmi)s and the amplitude of th¥-axis represents
the ~3.5 A free spectral range of the interferometel%5 km s*). The profiles are plotted without correction for possible free spectral range jump: velocity
differences between various components may be the value plotted in the figure plt55 ~! fmbeing an integer, positive or negative). The intensities of
the profiles have been normalized to the brightest one. The color background pixels correspond to the intensities displayed iomatiee H

M ~ 4.5 x 10° M. The following parameters and assumptions (see Fig. 1bottom right), evident almost everywhere in the
were used for this mass determination: a maximum rotational main body of A+C, strongly suggest that-AC is not a single
velocity of 70 + 10 km s* (only from the northwest side of  entity, and therefore this rough determination provides only an
the system given that the southeast side is too disturbed), aorder of magnitude for the mass.

kinematic inclination and position angle &1° +5° and Figure 2 shows the velocity gradients of the objects Al, A2,
130 + 3°, respectively, and the assumption that the measuredE, and F, situated around the pair-& (see Fig. 1fop right)
motions are due to disk rotation. Nevertheless, multiple profiles and which have been thought to be candidate tidal dwarf galaxies
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maps is nevertheless 6 times higher (7900 vs. 45,900) and the

Radius (kpc)

-4 2 0 2 4 2 0 2 4 detection limit several magnitudes fainter. Several authors sup-
Bl M s ported that A and C are separate entities in an ongoing merging
a0 - HCG 31 Object A2 1 HCG31Object A1 1 arao phase (e.g., Vorontsov-Velyaminov & Arkhipova 1963; Rubin

[ g}' T ] et al. 199Q), wh_ile Ripher et _aI. (2Q03) supported the sce.nario
a0 | g{;&* I , 4120 that A+C is a single interacting spiral galaxy. The new piece
| NE ot sW i N o s | of evidence in support of the merging scenario reported in this
4140 : T+ s 4100 Letter is the presence of double velocity components through-
50 .‘&Mﬁ((w T ] out the system AC. In fact, our higher resolution velocity
§at20 - T -] 4080 field shows kinematic structures that are not naturally explained
E PASRO 1 PASO by a single disk but by the merging of two disks.
§ 4100 Pt 4060 Although Sc galaxies are, in general, transparent objects
Z 4920 HCG 31 Object E T HCG 31 Object F 7 4000 (Bosma 1995), moderate amounts of molecular gas (as traced
;24000 5 1 E 2080 by the CO) and cold dust may make some regions opague. The
i .}Iﬁ T . CO emission is weak in HCG 31, but the brightest CO peak
s080 |- SE }}i"“-. Wl s P _.'-ﬂ%f NW ] 3060 occurs in the overlapping region between galaxies A and C
[ T = 1 (Yun et al. 1997) where the broadewhprofiles are observed.
3080 |- ~ I J 3040 If the CO belongs to the foreground galaxy, multiple compo-
i g I ] nents are observed in regions optically thick and then could
3040 |- PA<ial T PA<ids 3920 not be observed if disks A and C are two separate galaxies
—_ e seen in projection, i.e., chance alignment. Multiple gaseous
-10 0 10 -10 ] 10 . .
Radius (Arcsec) components are observed in the same disk plane when they
are not in equilibrium (e.g., §lin et al. 2001). This occurs
FiG. 2.—Velocity gradients for the tidal dwarf galaxy candidates. when two different entities merge or when the feedback gas

) due to star formation interacts with the ISM. We observe in
(Hunsberger et al. 1996, IglesiaSr@ao & Vilchez 2001, and  HCG 31 the signature of both mechanisms, the second one
Richer et al. 2003). The curves are not corrected for inclination, peing probably a consequence of the first one.
and the central position and velocity were chosen such that the The general pattern of the velocity field of HCG 3H-&
curves were as symmetric as possible, with both sides matchings somewhat similar to that of NGC 4038/4039 (the Antennae;
when possible. The object with the highest velocity gradient is Amram et al. 1992) in which a continuity in the isovelocities
E, with ordered velocities that range from 3950 to 4000 kin' s petween both galaxies is also observed in the overlapping re-
Object A2 also shows ordered motion, with velocities going gion. The merging stage of the Antennae is slightly less ad-
from 4125 to 4175 km's. Surprisingly, object F, thought to  vanced than that for AC. In the Antennae, the two galaxies
be the best tidal dwarf galaxy candidate in the group, shows are clearly separate entities and their bodies, which are not yet
a completely flat rotation curve, as does the smaller object to gverlapping, each display an increasing velocity gradient,
the northeast of AC, fragment Al. In addition, A1 and F  which is roughly parallel and runs from the northeast to the
have low gaseous velocity dispersions. These results are dissouthwest (Amram et al. 1992). It is likely that when the disks
cussed in the next section. of NGC 4038 and NGC 4039 overlap, the velocity field will

We obtained the map of the gaseous velocity dispersion ata|so present total continuity, as observed i @.
each pixel of the image (P. Amram et al. 2004, in preparation)  Galaxy C (Mrk 1089) has been classified as a double nucleus
assuming that the profiles are _vveII _repres_ented by a single Gausmarkarian galaxy, the two nuclei being separated By (®1az-
sian. The value for the velocity dispersion ranges from 10 to zarella & Boroson 1993), and it is difficult to explain the ex-
30 km s* throughout the group. In pécular, objects A1, A2, stence of the two nuclei without invoking a merging scenario,
E, and F show typical velocity dispersions of 15 km,svhich  as shown by numerical simulations (e.g., Barnes & Hernquist
in some isolated regions can reach up to 25 kmBhe highest  1992). To reproduce the double line profile in NGC 4848,
values for the velocity dispersion lie in the overlapping region \olimer et al. (2001) have used numerical simulations. They
between A and C, mainly because of double components. It isinterpret them as the consequence of infalling gas that collides
noticeable that these highest values do not match the mostyith the interstellar matter within the galaxy. This gives rise
intense star-forming regions everywhere in the galaxies butto an enhanced star formation observed in theatd in the
particularly where disk A and C overlap, implying that the line 20 cm continuum map.
broadening and thg multiple components are not directly linked  HCG 31 is most probably a group in an early phase of merger,
to star formation triggered by interaction with another galaxy growing through slow and continuous acquisition of galaxies
but specifically by the merging of AC. Menon & Hickson  from the associated environment. Moreover, several evidences
(1985) reached a similar conclusion, analyzing a radio contin- for interaction with the other galaxy components of the group,
uum map of the group. They found that the 20 cm peak of namely, B, Q, and G (e.g., the group is completely embedded
emission comes from the overlapping regions of A and C, in a large H envelope showing a local maximum on G to the
indicating additional evidence of recent excessive starburst ac-southwest and another one around Q to the northeast) indicate
tivity in this region. that the complex A C is most probably accreting the sur-
rounding galaxies.
4. DISCUSSION

4.1. The Ongoing Merger A+C 4.2. Tidal Fragments

Richer et al. (2003) also presented Fabry-Perot velocity maps Several papers in the past (Hunsberger et al. 1996, Johnson
of HCG 31. There is fairly good general agreement between & Conti 2000, Richer et al. 2003, and Iglesias#tao & Vil-
their velocity field and ours. The spectral resolution of our chez 2001) have mentioned the possibility that tidal dwarf gal-



L8

AMRAM ET AL.

Vol. 612

axies in HCG 31 were formed. The best candidates are objectdistance from A-C (16 kpc) and the large amount of fuel

E and F, for which metallicities were measured, and they were
determined to be similar to that of the complex-&, sug-
gesting a tidal origin for these objects (Richer et al. 2003).
As shown in Figure 2, we detect ordered motions only for
objects A2 and E and not for A1 and F. It might be suspected
that the internal velocity motions measured in A2 and E could
be due to streaming motions in incipient tidal tails in formation
(see Fig. 1top left). However, this is not the case because

available in the whole area of the merg@rl(x 10" M, of
H 1 gas), it could perhaps develop into a tidal dwarf galaxy in
the future by accretion of infalling material.

There is also the possibility that regions Al and F present
no velocity gradient because of their rotation pattern along the
line of sight. Although this could be a possibility for the smaller
and rounder region Al, it is less likely the case for region F,
given its elongated morphology.

these objects are counterrotating with respect to the main body

of A+C. The discontinuity of the isovelocities can be clearly
seen from Figure 1bpttom left): the velocities go from high
(northeast) to low (southwest) in4AC, toward object E. Then,
along the body of E they go in the opposite sense. Similarly,
for object A2, it presents counterrotation with respect to its
immediate neighbor to the west: galaxy A. These objects may
fall back onto their progenitor.

In fact, from their velocity differences with respectto the &
complex (-115 and—60 km s*, respectively) and from their

5. CONCLUSIONS
Our two main results are as follows:

1. We measure multiple kinematic components throughout the
body of A+C that we interpret as a strong indication that this
complex is an ongoing merger. The double photometric nucleus
has been identified in several previous images of HCG 31 in-
cluding the spectacul&tubble Space Telescopeimage published

relative projected distances (6.7 and 5.4 kpc, respectively) anddy Johnson & Conti (2000) and in Figuretbyg |€ft). The double

assuming a total mass for the+A&C complex ofM ~ 4.5 x

10° M, we could determine that these two objects will indeed,
most probably, fall back onto AC. The same is true for object

F. which although more distant from+C has a very small
radial velocity difference 0#60 km s*. We note, however, that
given the fact that we measure radial velocities (and not the
velocity component in the plane of the sky), the observed internal
velocities of the tidal fragments are lower limits.

Region F, which was previously thought to be the best example
of a tidal dwarf galaxy in HCG 31, is indeed part of the main
merger, following the same kinematic pattern of the parent galaxy
and presenting no rotation or significant internal velocity dis-
persion. Region F was found to have a low or inexistent old
stellar population by Johnson & Conti (2000). If there is no old
stellar population, the velocity dispersion of the gas is mainly
indicating the dynamics of the cloud. The range of values derived
for the internal velocity dispersion of F, 15-25 km',sis too

kinematic component is shown here for the first time in Fig-
ure 1 pottom right).

2. F and A1l present flat rotation velocity profiles and insig-
nificant velocity dispersions. In contrast, A2 and E are struc-
tures counterrotating with respect to the parert@complex.

We conclude that HCG 31 is a merging group that will
probably soon end up as a field elliptical galaxy. It would be
very valuable to compare our new high spectral resolution maps
to simulations of groups to investigate which interaction and
merger parameters fit these data.
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