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ABSTRACT

We have identified two new galaxies with gas counter-rotation (NGC 1596 and
NGC 3203) and have confirmed similar behaviour in another one (NGC 128), this
using results from separate studies of the ionized-gas and stellar kinematics of a well-
defined sample of 30 edge-on disc galaxies. Gas counter-rotators thus represent 1045%
of our sample, but the fraction climbs to 21 + 11% when only lenticular (S0) galax-
ies are considered and to 27 + 13% for SOs with detected ionized-gas only. Those
fractions are consistent with but slightly higher than previous studies. A compila-
tion from well-defined studies of SOs in the literature yield fractions of 15 4 4% and
23+5%, respectively. Although mainly based on circumstantial evidence, we argue that
the counter-rotating gas originates primarily from minor mergers and tidally-induced
transfer of material from nearby objects. Assuming isotropic accretion, twice those
fractions of objects must have undergone similar processes, underlining the impor-
tance of (minor) accretion for galaxy evolution. Applications of gas counter-rotators

to barred galaxy dynamics are also discussed.

Key words: galaxies: individual: NGC 128, NGC 1596, NGC 3203 — galaxies: kine-
matics and dynamics — galaxies: nuclei — galaxies: evolution — galaxies: ISM — galaxies:

interactions.

1 INTRODUCTION

It has been already almost 20 years since the phe-
nomenon of counter-rotation in disc galaxies was dis-
covered m), but both the exact incidence
and the origin of counter-rotating gas and stars re-
main to be clarified. Most statistical studies indicate that
roughly 20-25% of all lenticular (SO) galaxies with de-
tected ionized-gas (usually observed through optical emis-
sion lines) contain a non-negligible fraction of gas-stars
counter rotatlon (e.g. Bmgla,_B_],Lsg_n_&_Zﬂlmgd |_'L£1£H
ifield [1996; IKannappan & Fabricant
mﬂ_ﬂ; [Pizzella. et all DQQA), typically in the central re-
gions. The fraction is much lower in later type sys-
tems (e.g. [Kannappan & Fabricanfl 2001; [Pi
2004), presumably because co-rotating and counter-
rotating gas can not coexist at a given radius. Galax-
ies with counter-rotating HI or CO gas are also known
(e.g. NGC 4826, [Braun, Walterbos & Kennicutfl [1992;
NGC 3626, Eama.&mﬂh_Sam.pﬂmL&_BﬁtmdllaQﬂ ), but to
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our knowledge no sound statistics exists. The fraction of SOs
with stars-stars counter-rotation is also much lower (at most
10% but perhaps lower; [Kuijken et all [1996; [Pizzella et all
), perhaps due to the increased difficulty of detecting
small numbers of counter-rotating stars. Generally, how-
ever, the number of objects on which well-defined studies
are based is still rather small, and it is still the case that
most known counter-rotators were discovered fortuitously in
targeted studies (e.g. NGC 4546, (Gallettd 1987; NGC 4138,
i [1996).

Our goal in this paper is thus to improve the (ionized-
gas) counter-rotation statistics in SO galaxies and summa-
rize the current situation. Since counter-rotating material
is a strong argument in favour of hierarchical galaxy for-
mation scenarios, this is an important goal. In the interest
of conciseness, we do not discuss here the issue of counter-
rotation in elliptical galaxies, although it is probably related

(see [Rubin 11994 and Schweizel [1999 for general reviews of

galaxies with misaligned angular momenta).

In Section B we describe gas and stellar kinematics ob-
servations of a large sample of edge-on disc galaxies. The
structure, kinematics, and environment of 2 newly discov-
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ered ionized-gas counter-rotators and 1 known object are
discussed in detail in Section Bl In Section Bl we quantify
the incidence of counter-rotators using all available obser-
vations and discuss their possible origin through continuous
gas infall and/or discrete gas and satellites accretion. Appli-
cations of gas counter-rotators to barred galaxy dynamics
are also discussed. We conclude briefly in Section B

2 OBSERVATIONS
2.1 Sample and data reduction

Our sample consists of 30 edge-on disc galaxies from the cat-
alogs of galaxies with a boxy or peanut-shaped (B/PS) bulge
of WJarvid (1986), Shaw (1987) and lde Sonza & dos Anjos
(IE), and from the catalog of galaxies with an extreme
axial ratio of

). 80% have a B/PS bulge and roughly three-quarters
either have probable companions or are part of a group or
cluster, although some are probably chance alignments so
the sample is not biased either against or for galaxies in a
dense environment. We warn that the usual morphological
classification into Hubble type (e.g. ) is un-
certain for edge-on galaxies, since the bulge-to-disc ratio is
effectively the only usable criterion.

The observations from the Double Beam Spectrograph
on the 2.3-m telescope at Siding Spring Observatory were
already discussed elsewhere. The red arm of the spectro-
graph, used to study the ionized-gas kinematics of the sam-
ple galaxies (Burean & Freemar [1999), was centred on the
Ha A\6563 emission line, covering roughly 950 A with a spec-
tral resolution of 1.1 A (50 km s~!). The blue arm, used for
the stellar kinematics (Chung & Bureau 2004), was centred
on the Mgb A5170 absorption triplet, covering again roughly
950 A with a 1.1 A (50 km s™!) spectral resolution. The see-
ing was typically 1.0-1.5 arcsec. All data were reduced and
analysed using standard software and methods and we refer
to Bureau & Freeman (1999) and [Chung & Buread (2004)
for further details. We note that we have not extracted
ionized-gas rotation curves from our data, the entire two-
dimensional spectra or position-velocity diagrams (PVDs)
constituting our final products.

2.2 Results

By comparing the ionized-gas and stellar kinematics, 3
galaxies out of the sample of 30 show clear ionized-
gas counter-rotation. That is, the ionized-gas is rotat-
ing in the opposite direction to the bulk of the stars.
Those galaxies, along with their ionized-gas and stellar
kinematics, are shown in Figure M We note that the
orientation of the slit was inverted for NGC 128 and
NGC 1596 in [Chung & Bureau (2004), and it has been
corrected here. This has however no bearing on the de-
tection of counter-rotation. Basic properties of the galax-
ies are listed in Table [l NGC 128 is a well-studied case
(e.g. [Emsellem & Arsenanltl [1997; ID’Onofrio et all [1999),
but counter-rotation in NGC 1596 and NGC 3203 is reported
here for the first time.

As in many previous cases (e.g. Bertola et alll1992), the

counter-rotating gas is limited to the inner bulge-dominated
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Figure 1. Stellar and ionized-gas kinematics of NGC 128 (top),
NGC 1596 (middle) and NGC 3203 (bottom). Each panel shows,
from top to bottom and spatially registered, a grayscale image of
the galaxy (with contours) from the Digitized Sky Survey (DSS),
the stellar rotation curve (white dots) overplotted on a stellar
absorption line, and the stellar rotation curve (black dots) over-
plotted on an emission line position-velocity diagram (here [OIII]
A5007). For all three galaxies, the ionized-gas is clearly limited to
the central regions and counter-rotating with respect to the stars.
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Table 1. Basic properties of the galaxies with gas counter-rotation

Quantity NGC 128 NGC 1596 NGC 3203 Source
Right ascension (J2000) 00h29™15%0  04h27M38%1  10M19™33%8 NED
Declination (J2000) +02°51'51"  —55°01740"”  —26°41'56" NED
Heliocentric velocity (km s™1) 4241 1510 2424 NED
Distance (Mpc) 60.3 17.5 32.4 HyperLeda
Morphological type S0 pec SAO0: SA(r)ot? NED
Apparent diameter (arcmin; pg = 25 mag arcsec™2) 3.0 x 0.9 3.7x 1.0 2.9 x 0.6 NED
Total apparent B magnitude 12.7 12.0 13.0 HyperLeda
Total absolute corrected B magnitude —21.4 —19.3 —19.9 HyperLeda

NED: NASA/IPAC Extragalactic Database: http://nedwww.ipac.caltech.edu/index.html
HyperLeda: http://www-obs.univ-lyonl.fr /hypercat/

region of the galaxies, with radial extent of order 1 kpc.
However, since the ionized-gas is clearly asymmetric, since
its extent clearly depends on the depth of our spectra and on
our ability to recover emission lines, and since our spectra
are not flux calibrated, we refrain from discussing the exact
sizes and masses of the counter-rotating discs.

Suffice it to say that while the ionized-gas appears fairly
regular in NGC 128 and NGC 1596, it is rather unsettled in
NGC 3203. Except for a hint of ionized-gas at large positive
velocities in NGC 128, the ionized-gas detected always ap-
pears confined to a region with rising, approximately solid-
body rotation. We refrain from plotting velocity dispersion
measurements, as the emission lines are generally unresolved
spectrally. We also note that our long-slit observations can
not constrain the exact alignment of the ionized-gas. The ob-
served counter-rotation only implies a kinematic (and angu-
lar momentum) misalignment between the stars and ionized-
gas between 90 and 270°.

While the ionized-gas in NGC 128 is consistent with
being in a ring (which, if circular, yields a straight line in
a PVD), that in NGC 1596 clearly is not, or at least the
ring must have a significant width. A ring of ionized-gas
in NGC 3203 could only explain the observations if very
patchy; it is more likely that the gas is substantially dis-
turbed.

To gauge the immediate environment of the galaxies,
15 arcmin x 15 arcmin DSS images of NGC 128, NGC 1596
and NGC 3203 are shown in Figure

3 THE GALAXIES
3.1 NGC 128

NGC 128 (SO pec) is the prototype of galaxies with
a B/PS bulge, belng recognized as such already in

(1959), Sandagd (1961), and
[Hodge & Merchantl (1966). Good quality optical and

near-infrared (NIR) surface photometry is avail-

able in Ide Carvalhoefall (1991) and

(I@), respectively, as well as later publications (e.g.
Emsellem & Arsenauli  [1997;  ID’Onofrio et all  [1999).
iShaw, Dettmar & Barteldreed (1990) attempted to quantify

the main global parameters describing the peanut shape of

the bulge (but see also Schwarzkopf & Dettmail 20004,
12001; lde_Souza. et all 2004).
Bgmla_&ﬁa.pamg_ﬂ (11_917‘ first discussed the stellar

rotation curve of NGC 128 and detected its “double-hump”

structure, nicely confirmed by ID’Onofrio et all (I_LQQE]) Al-
though ionized-gas emission had already been detected,
Mkm_al] (|1_9_Qd) first pointed out that it is counter-
rotating. [Emsellem & Arsenaulfl (1997) and [D’Onofrio et all
M) published comprehensive studies of the structure and
stellar /ionized-gas kinematics of NGC 128, confirming the
counter-rotation of the ionized gas and showing that it
is tilted by =~ 2540 deg with respect to the main (equa-

torial) plane of the galaxy (see also Monnet, et, all [1995;
ID’Onofrio et all |_1_9_9_7‘) The main disc and B/PS struc-
ture have largely identical and uniform colours (see also
[l“f.nnd_m,pj_t_al] |_'L£19_4), but the counter-rotating disc is vis-
ible as a slight reddening in the central regions and is
thus probably dusty. Relying on N-body simulations (e.g.

[1981; ICombes et all 1990), the peanut-
ness of the isophotes, the counter-rotating but tilted ionized-
gas disc (see Section EE3)) and the gaseous cylindrical rota-
tion, [Emsellem & Arsenaultl (I_LQE)_T‘) argued that the peculiar
shape of NGC 128 is due to an edge-on bar viewed nearly
side-on. [D’Onofrio et all (1999) also convincingly showed
cylindrical rotation in the stars, as expected for barred
galaxies viewed edge-on (e.g. [Combes et all |19_9(]), and a
plateau in the major-axis light profile, traditionally asso-
ciated with edge-on bars (see, e.g., Bureau & Athanassould
and references therein). |Chung & Bureau (|2QQ_4) later
used the characteristic shape of the stellar kinematic profiles
(V, o, hs and hy) to argue along similar lines.

NGC 128 is in a compact group and is clearly interacting
with its neighbors NGC 127 (SA0%; AV ~ 190 km s~ ') and
NGC 130 (SA0O™; AV ~ 190 km s ). [Beckman et all (1990)
briefly explored the dynamics of the triplet. The galaxies
NGC 125 ((R)SA0+ pec; AV = 1065 km s~ ') and NGC 126
(SB0%; AV =~ 10 km s '), slightly farther away but also
visible in Figure ] are also part of the same group (although
NGC 125’s redshift is rather high). To our knowledge, no gas
is detected within the central parts of the group except for
NGC 128’s counter-rotating disc. Dust is however present
and peaks where NGC 128 interacts with NGC 127 (2 6 x
10° Mg, of dust; ID’Onofrio ef. all [1999) and NGC 125 has
an H1I detection (IQh_amamu_x_Qt_aJ |19§_7‘) New improved HI
observations will also be presented in a future publication
(in preparation).

A search within a projected radius R = 0.5 Mpc from
NGC 128 using NED reveals many other possible compan-
ions, most with unknown redshifts but a number with similar
ones: UGC 286 (Sbc; AV ~ 230 km s™*; R = 0.19 Mpc),
IC 17 (S; AV =~ 75 km s™'; R = 0.30 Mpc), UGC 281
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Figure 2. Immediate environment of NGC 128 (top), NGC 1596
(middle) and NGC 3203 (bottom). Each panel shows a 15 ar-
cmin X 15 arcmin DSS image centred on the galaxy, with the
usual orientation of North up and East to the left.

(Scd; AV =~ 55 km s7% R
10 (dI; AV =~ 175 km s™'; R = 0.45 Mpc), UGC 277
(Scd; AV ~ 120 km s *; R = 0.47 Mpc) and UGC 275
(SAB(rs)b pec; AV ~ 145 km s~'; R = 0.50 Mpc). Many
are HI-rich. See also |Garcia (1993), Giuricin et all (2000),
Focardi & Kelnd (2002) and [Ramella_et. all (2002) for studies
of group membership.

0.42 Mpc), LSBC F824-

i~

3.2 NGC 1596

Little detailed information on NGC 1596 is available in
the literature. As for NGC 128, [Shaw et all (1990) quan-
tify the global parameters describing the boxy shape of the
bulge, while Llorgensen, Franx & Kjaergaard (1995) present
more general global results, also from optical surface pho-
tometry. A more detailed analysis by [Pohlen et all (2004),
who attempted but failed to fit a thin plus thick disc
model, reveals an extended, roughly speroidal but some-
what distorted outer envelope, which they suggest might
be related to an interaction with NGC 1602 (see below).
Bothun & Greg (1990) obtained both optical and NIR pho-
tometry and showed that, like most of their SO sample, the
NIR-NIR colors of the bulge and disc of NGC 1596 are sim-
ilar, indicating a similar metalicity, while the optical-NIR
colors are significantly different, suggesting a younger disc
(in the mean).

The only spatially resolved kinematic observations
available for NGC 1596 are the current ionized-gas kinemat-
ics and the stellar kinematics of IChung & Bureanl (2004),
who argued that the B/PS bulge of NGC 1596 is due to an
edge-on bar viewed nearly end-on.

NGC 1596 forms a pair and is most likely interacting
with the HI-rich galaxy NGC 1602 (IB(s)m pec; AV =
60 km s~ ') only 3.0 arcmin away and easily visible in
Figure Bl There are again many other possible compan-
ions within a 0.5 Mpc projected radius, but only three
galaxies have a similar known redshift: NGC 1581 (S0~;
AV ~ 90 km s7'; R = 0.13 Mpc), ESO 157-G 030
(E4; AV = 40 km s™*; R = 0.25 Mpc), and NGC 1566
(R'SAB(rs)bc; AV ~ 5 km s™*; R = 0.34 Mpc). See also
Maia et all (1989), IGiuricin_et. all (2000) and Kilborn_et, al
(2007) for studies of group membership. NGC 1596 was not
detected by IRAS but is apparently HI-rich (e.g. [Reif et al
1987; IKilborn et all [2001), although it is unlikely that a
single-dish telescope could disentangle its flux from that of
NGC 1602. Recently acquired H1 synthesis observations will
clarify the issue (Chung et all 200€).

3.3 NGC 3203

No in-depth study of NGC 3203 exists in the literature, al-
though Ilde Grijs & Peletier (1997) present broadband opti-
cal imaging and argue for an increasing disc scaleheight with
(projected) radius, which they attribute to the gradual dom-
inance of a thick disc over the thin disc. [de_Grijs & Peletier
(2000) however show that NGC 3203 has no discernable
vertical colour gradient.|de Grijs, Peletier & van der Kruit’s
(19917) K'-band data also suggest a change in the steepness
of the vertical light distribution near the centre, contrary
to most galaxies in their sample. Because of the particu-
lar shape of the K’ light profiles along cuts parallel to but



offset from the major-axis, which display a characteristic
plateau and secondary maxima, ILiitticke et all (2000) argue
that NGC 3203 is barred.

While little is known about the dynamics of NGC 3203,
except for the ionized-gas kinematics presented here and the
stellar kinematics of (Chung & Burean! (2004), the latter also
argue that the B/PS bulge of NGC 3203 is due to an edge-on
bar viewed nearly end-on.

NGC 3203 has many possible companions within R =
0.5 Mpc, but none with a known similar redshift: NGC 3208
(SAB(rs)bc; AV = 470 km s™; R = 0.5 Mpc) has a rather
high systemic velocity. NGC 3203 was not detected by TRAS
or in HI, but new improved HI observations will appear in
a future publication (in preparation).

4 DISCUSSION

4.1 Incidence of gas counter-rotation

Bertola et all (1999) presented the first rigorous statisti-
cal study of counter-rotating or strongly kinematically de-
coupled ionized gas in disc galaxies (see also

m) They identified 3 gas counter-rotators in a sam-
ple of 15 bright and nearby SOs with extended ionized-gas
(20+10% for 1 standard deviation assuming a binomial dis-
tribution), suggesting that at least 40% of such objects may
have acquired their gas externally (assuming randomly ori-
ented infall). Given that pre-existing co-rotating gas (e.g.
due to stellar mass loss) will tend to decrease the fraction
of observed counter-rotating systems (due to shocks and the
associated loss of angular momentum), the true fraction of
objects with significant external gas accretion is probably
even higher. Although it does not change their conclusions,
it is worth noting that [Bertola et all (1994) missed the gas
counter-rotation in NGC 128 and that the gas distribution
and kinematics in NGC 2768 is more nearly perpendicular

to the major-axis (Fried & IllingwortH [1994).

[Kuijken et all (1996) later studied a sample of 28 highly
inclined SOs galaxies in a variety of environment, search-
ing for counter-rotating stars. While no new system with
counter-rotating stars was found, 4 of the objects displayed
counter-rotating ionized-gas. This is 14 4+ 7% of the entire
sample or 24 + 10% of the objects with detected emission.

|K,a.n_n,ama.n_&_Eahni_Qam| (|2QQ_1|) also searched for bulk
counter-rotating ionized-gas in a sample of 67 galaxies from
all morphological types, extracted from the Nearby Field
Galaxy Survey (Ila.n.sf_nj_t_a.l] |2_O_O_(]) to have both stellar
and ionized-gas rotation curves available (Wm)
Those galaxies are generally fainter than in the above studies
but better represent the local galaxy population. A total of 4
E/SO gas counter-rotators were found, representing 7 + 3%
of the entire early-type sample or 24 + 10% of those with
both stellar and ionized-gas rotation curves. If only galaxies
currently classified as SOs in NED are considered (includ-
ing E/SO and S0/a galaxies), the fractions become 6 + 4%
and 18 £ 12%, respectively. Only one example of peculiar
kinematics was found amongst 38 Sa-Sbc spirals, although
in all cases the authors correctly argue that the number of
counter-rotating objects identified represents a rather strin-
gent lower limit.

[Pizzella et all (2004) searched for counter-rotation in a
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sample of 50 relatively bright and nearby S0/a—Scd galaxies
for which major-axis stellar and ionized-gas kinematics are
available from the literature (using similar observations and
data analysis methods; see Bertola et all[199€; (Corsini_et. all
[1999; Vega Beltran et all 2001; [Corsini et all 2003). They
detect 2 gas counter-rotators only (they ignore the appar-
ent counter-rotation in the outer disc of NGC 7213; see
[Corsini et all 2003), all of which are SOs according to NED,
for a fraction of 4 4+ 3%. If only galaxies currently classified
as SOs are considered, the fraction becomes 20 4= 13%. The
low fraction of counter-rotators in intermediate and late-
type spirals in this and the above study probably simply
reflects again the fact that, in those systems, the counter-
rotating gas is swept away by the dominant co-rotating one
(independently of its origin).

In the current work, we detect 3 galaxies with counter-
rotating ionized-gas in a sample of 30 objects. This repre-
sents 10 + 5% of the entire sample, but the objects cover
the morphological types SO—Sbc rather inhomogeneously, as
they were primarily selected to cover a wide range of B/PS
bulge morphologies. If we restrict ourselves to the objets
classified as SOs in NED, the sample decreases to 14 but
the 3 counter-rotating objects remain. They thus represent
a fraction of 21 £+ 11% of all the SOs, or 27 + 13% of those
where ionized-gas was detected. Those fractions are slightly
higher than the aforementioned studies, presumably because
of the better quality of the data, but they are consistent
within the errors.

Merging the 5 samples discussed above, and keeping
only galaxies currently classified as SOs in NED, we obtain
a sample of 94 objects. Correcting obvious kinematic mis-
takes from the recent literature, but not carrying out a full
literature search for each object, we find that 34 of those
do not have detectable ionized-gas. Of the 60 objects that
do, it is counter-rotating in 14. The fraction of objects with
counter-rotating ionized-gas is thus 15 + 4% for the entire
S0 sample, or 23 +5% for the objects with detected ionized-
gas only. Those fractions are again consistent with previous
studies, but the errors have shrunk significantly.

4.2 Gas infall versus minor mergers

External gas acquired by a disc galaxy will generally set-
tle in the equatorial plane, but it can also settle in the
meridional one, forming a polar- rmg or polar-disc structure
e.g. ﬂhh.hns_&_mmsad [1987;

; {1992). Once equlhbrlum has been
reached, those configurations lead to co- or counter-rotating
and perpendicular kinematics, respectively. Although the
(normalised) cold and warm gas content of polar-rings is
much higher than that of counter-rotators (the latter being
similar to normal galaxies), this probably reflect different
dynamical evolutions rather than different origins (i.e. mas-
sive self- grav1tat1ng polar-rings can be stable; m

11994; [Bettoni e, all |2£).O.1.d)

[Bracca, Bettoni & Galletta (1991) studied the environ-
ment of polar-ring galaxies and found it to be normal, in
the sense of the closeness, size, and likelihood of interac-
tion with nearby objects. Interestingly, there is at least one
similarly-sized companion near almost all objects. An anal-
ogous study of galaxies with counter-rotating gas or stars by

(2001H) (who also considered the

’
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local density of galaxies on different spatial scales) finds sim-
ilar results. While, superficially, this seems to indicate that
counter-rotating material does not originate from recent in-
teractions, it may also simply indicate that counter-rotation
develops in rather standard conditions, and that the spe-
cific characteristics leading to counter-rotation (e.g. specific
orbital configurations) are not captured by the coarse pa-
rameters considered.

From the ionized-gas statistics discussed above, exter-
nal gas accretion is clearly a widespread phenomenom in
SO galaxies. A similar conclusion can be reached from an
analysis of their neutral hydrogen (HI) and dust content
(e.g. Wardle & Knapp [198€; [Farbes [1991)). The question re-
mains, however, whether the external gas is accreted slowly
and continuously (gas infall) or sporadically in lumps (minor
interactions and mergers).

Using numerical simulations, [Eh_a.kaL&_B,;aif_d (I_Lﬂﬂd)

argue that gas infall is best suited for the creation of massive
counter-rotating discs in spirals. Indeed, as long as it is not
too clumpy and its infall rate is not too high, infalling gas
will not unreasonably disturb and thicken the pre-existing
galactic disc, while its angular momentum will determine the
scalelength and formation time-scale of the counter-rotating
disc. Furthermore, the clumpier the infalling gas, the smaller
the counter-rotating disc (due to dynamical friction).

For a successful merging scenario, the satellite galaxy
should be significantly less massive and dense than the host,
otherwise a more spheroidal system will emerge and/or the
disc will significantly thicken (e.g. [Hernquist. & Barned [1991;
Barnes [1999; Quinn, Hernqguist, & Fullagai [1993; Bekki
|_'L£19ﬂ, Balcells & Gonzalez |_'L£19ﬂ) While this is ill-suited for
the formation of massive counter-rotating discs (as the merg-
ing time-scale is long and many such events are required to
build up the mass; see, again, tﬂh_a.kaL&_B,;Ldf_d |_1_9_26), it
is probably befitting for the formation of the majority of
counter-rotating discs which are spatially limited and thus
(presumably) rather light, especially if the merging satellites
are gas dominated.

We do not separate here between events where the satel-
lite galaxies actually merge and events where simple tidally-
induced transfers of material take place, since those are of a
similar nature. It is nevertheless clear that tidally-induced
gas accretion without merging is easier to reconcile with the
requirement of keeping the host galaxy disc cold. Based on
numerical simulations, Bournaud & Combes (12393) also ar-
gue in favor of accretion rather than merging in the case of
polar-rings.

The presence of (likely) companions near all three
galaxies discussed here, and the apparent disturbed struc-
ture of the counter-rotating gas in at least two of them,
suggest that the counter-rotating gas was indeed accreted
in one or perhaps at most a few discrete events. Other
authors argue along similar lines for different objects

(e.g. [Haynes et all 2000 for Sa galaxies). Based on the

paucity of plausible nearby companions for their counter-
rotators, |K,a.n_n,ama.n_&_Eahu_Qam| (|2QQ_1|) argue against
tidally-induced mass transfer and favor (single) mergers, but
they recognize that possible culprits may be hard to identify.
In fact, the higher Ho/H1 ratio observed in counter-rotating
spirals (compared to polar-rings and normal galaxies) ar-
gues for the accretion of external material, as there should

be increased atomic to molecular gas conversion near the co-
to counter-rotating transition region (Bettoni et all[20014).

HT synthesis observations may actually represent the
best hope of identifying “smoking gun” evidence for exter-
nal gas accretion, since both faint galaxies and tidal features
are most easily detected in H1. Data for a significant number
of ionized-gas counter-rotators may thus go a long way to-
ward identifying the origin of the counter-rotating material
(or at least ruling out some possibilities). HI synthesis ob-
servations of the current sample of 3 counter-rotators have
already been acquired and will be discussed in future publi-

cations (e.g. I(Chung et all 2006 for NGC 1596).

4.3 Counter-rotating gas and bars

Given that the counter-rotating gas in NGC 128, NGC 1596
and NGC 3203 was discovered during a study of B/PS
bulges, in which (Chung & Burear! (2004) argued that the
B/PS bulges of all three galaxies are in fact thick edge-on
bars, it is worthwhile to ask if the counter-rotation itself
might help us understand the structure, formation and evo-
lution of those bulges.

As argued above, it is likely that the counter-rotating
gas in all three galaxies was accreted from nearby objects
during tidal interactions. It is thus entirely possible that the
bars argued to be at the origin of the B/PS bulges were trig-
gered by those same interactions. Indeed, it has been firmly
established through numerical simulations that bar forma-
tion can be triggered or accelerated by gravitational inter-

actlons (e.g. Noguchi [1987; [Gerin, Combes & Athanassoula
{1990; Miwa._& Noguchi [1998). Standard bar-driven evolu-

tion (e‘g. gas inflows, buckling, redistribution of angular mo-
mentum) may then take over, most likely driving the galax-
ies toward earlier types and the bulges toward boxy and
peanut shapes. IMihos et all (1995) in fact present a simu-
lation where a galaxy satellite is acccreted, triggering the
formation of a bar which subsequently evolves into a B/PS
bulge. Such a scenario is thus possibly at play in NGC 128,
NGC 1596, and NGC 3203. The same interactions might
also trigger bar formation in the satellite galaxies, if they are
not accreted or destroyed in the process. This may in fact
be the case in NGC 1596’s companion NGC 1602, which is
also barred. Independently of bar-driven evolution, it is of
course also possible that minor mergers will lead to bulge
growth and disc thickening, again driving the host towards
earlier types.

The counter-rotating gas discs may also provide an
independant test as to whether NGC 128, NGC 1596,
and NGC 3203 are truly barred. Indeed, only rotat-
ing triaxial potentials possess stable counter-rotating pe-
riodic orbits which are inclined with respect to the
equatorial plane (e.g., the so-called anomalous orbits;
Magnenaf [1982; [Heisler, Merritf. & Schwarzschild [1982;
W |19§_4 . If the counter-rotating gas in
the three galaxies is settled, as seems to be the case in
NGC 128 and possibly in NGC 1596, then it must lie in
such a configuration (see also [Friedli & Udry |1993) Using
integral-field spectroscopy, [Emsellem & Arsenaultl (I_LQE)_T‘)
clearly showed that this is the case in NGC 128, thus sup-
porting the barred origin of its B/PS bulge, but NGC 1596
and NGC 3203 lack both integral-field spectroscopy and
narrow-band imaging.




Although the above argument has not received much at-
tention in the literature, integral-field and Fabry-Perot ob-
servations clearly show that the counter-rotating ionized-
gas discs in the (nearly) edge-on SO galaxies NGC 4546
(Plana_et all [1998; Sarziet all 2005) and NGC 7332
(Plana_& Boulesteix [199€; [Falcon-Barroso et all [2004) are
also inclined, although they are also rather disturbed. Both
are believed to be barred (e.g. [Sandage & Bedkd [1994;
Falcon-Barroso et all 2004).

We also note that [Friedl] (1996) and [Davies & Hunter
(1991) discuss the development, evolution and kinematic sig-
natures of counter-rotating bars in the presence of counter-
rotating stars (see also [Sellwood & Merritti 1994).

5 CONCLUSIONS

Using our previous studies of the ionized-gas and stellar
kinematics of a relatively large sample of 30 edge-on disc
galaxies with (mostly) boxy and peanut-shaped (B/PS)
bulges, we have identified two new galaxies (NGC 1596 and
NGC 3203) where the ionized gas is counter-rotating with
respect to the bulk of the stars. We have also confirmed simi-
lar kinematics in one additional object (NGC 128). Counter-
rotating gas is thus present in 10 £+ 5% of our entire sample.
However, if only lenticular (S0) galaxies are considered, the
fraction climbs to 21 4+ 11%. This fraction further climbs
to 27 + 13% if only SOs with extended ionized-gas are con-
sidered. As discussed at length in the text, those fractions
are consistent with but slightly higher than the few existing
systematic studies available in the literature. Merging those
studies, fractions of 15 + 4% and 23 + 5% are obtained for,
respectively, all SOs and SOs with ionized-gas only.

Based on the presence of probable companions near the
galaxies discussed here, we argued that minor mergers and
tidally-induced transfer of material from nearby objects are
primarily responsible for the counter-rotating gas. If accre-
tion on to the objects is isotropic, similar processes must
have been at work in roughly twice the fractions of objects
discussed. This strongly argues for a non-negligible role of
(minor) accretion in galaxy formation and evolution.

The presence of counter-rotating gas in barred galaxies
offers a number of largely unexplored ways to probe the
structure and dynamics of those objects. In edge-on galaxies
in particular, where counter-rotation is easiest to detect, it
offers an independent way of testing the barred nature of
B/PS bulges.

ACKNOWLEDGMENTS

We wish to thank J. van Gorkom, B. Koribalski, E. Athanas-
soula, G. Aronica, A. Bosma, and K. C. Freeman for use-
ful discussions at various stages of this work. MB acknowl-
edges support by NASA through Hubble Fellowship grant
HST-HF-01136.01 awarded by Space Telescope Science In-
stitute, which is operated by the Association of Universi-
ties for Research in Astronomy, Inc., for NASA, under con-
tract NAS 5-26555, during part of this work. AC was sup-
ported by NSF grant AST 00-98249 to Columbia Univer-
sity. The Digitized Sky Surveys were produced at the Space
Telescope Science Institute under U.S. Government grant

Discovery of counter-rotating gas 7

NAG W-2166. The images of these surveys are based on
photographic data obtained using the Oschin Schmidt Tele-
scope on Palomar Mountain and the UK Schmidt Telescope.
The plates were processed into the present compressed dig-
ital form with the permission of these institutions. This
research also made use of NASA’s Astrophysics Data Sys-
tem (ADS) Bibliographic Services, of the NASA /IPAC Ex-
tragalactic Database (NED), which is operated by the Jet
Propulsion Laboratory, California Institute of Technology,
under contract with the National Aeronautics and Space
Administration, and of HyperLEDA.

REFERENCES

Arnaboldi M., Sparke L. S., 1994, AJ, 107, 958

Balcells M., Gonzalez A. C., 1998, ApJ, 505, L.109

Barnes J. E., 1992, ApJ, 393, 484

Beckman J. E., Varela A. M., Cepa J., 1990, Ap&SS, 170,
327

Bekki K., 1998, ApJ, 502, L33

Bertola F., Buson L. M., Zeilinger W. W., 1992, ApJ, 401,
L79

Bertola F., Capaccioli M., 1977, ApJ, 211, 697

Bertola F., Cinzano P., Corsini E. M., Pizzella A., Persic
M., Salucci P., 1996, ApJ, 458, L67

Bertola F., Cinzano P., Corsini E. M., Rix H.-W., Zeilinger
W. W., 1995, ApJ, 448, L13

Bettoni D., Galletta G., Garcia-Burillo S., Rodriguez-
Franco A., 2001a, A&A, 374, 421

Bettoni D., Galletta G., Prada F., 2001b, A&A, 374, 83

Bournaud F., Combes F., 2003, A&A, 401, 817

Bothun G. D., Greg M. D.; 1990, ApJ, 350, 73

Braun R., Walterbos R. A. M., Kennicutt R. C. Jr., 1992,
Nature, 360, 442

Brocca C., Bettoni D., Galletta G., 1997, A&A, 326, 907

Burbidge E. M., Burbidge G. R., 1959, ApJ, 130, 120

Bureau M., Athanassoula E., 2005, ApJ, 626, 159

Bureau M., Freeman K. C.; 1999, AJ, 118, 126

Chamaraux P., Balkowski C., Fontanelli P., 1987, A&AS,
69, 263

Christodoulou D. M., Katz N., Rix H.-W., Habe A., 1992,
AplJ, 395, 113

Chung A., Bureau M., 2004, AJ, 127, 3192

Chung A., Koribalski B., Bureau M., van Gorkom G., 2006,
MNRAS, submitted

Combes F., Debbasch F., Friedli D., Pfenniger D., 1990,
A&A, 233, 82

Combes F., Sanders R. H., 1981, A&A, 96, 164

Corsini E. M., et al., 1999, A&A, 342, 671

Corsini E. M., Pizzella A., Coccato L., Bertola F., 2003,
A&A, 408, 873

de Carvalho R. R., Djorgovski S., da Costa L. N., 1991,
ApJS, 76, 1067

Davies C. L., Hunter J. H. Jr., 1997, ApJ, 484, 79

de Grijs R., Peletier R. F., 1997, A&A, 320, L21

de Grijs R., Peletier R. F.,2000, MNRAS, 313, 800

de Grijs R., Peletier R. F., van der Kruit P. C., 1997, A&A,
327, 966

de Souza R. E., dos Anjos S., 1987, A&AS, 70, 465

de Souza R. E., Gadotti D. A., dos Anjos S., 2004, ApJS,
153, 411



8 M. Bureau and A. Chung

D’Onofrio M., Capaccioli M., Merluzzi P., Zaggia S.,
Boulesteix J., 1999, A&AS, 134, 437

D’Onofrio M., Pagan A., Capaccioli M., Merluzzi P., 1997,
in Arnaboldi M., Da Costa G. S., Saha P., eds., The Na-
ture of Elliptical Galaxies. ASP, San Francisco, p. 510

Emsellem E., Arsenault R., 1997, A&A, 318, L39

Falcon-Barroso J., et al., MNRAS, 2004, 350, 35

Forbes D. A., 1991, MNRAS, 249, 779

Fried J. W, Illingworth G. D., 1994, AJ, 107, 992

Friedli D., Udry S., 1993, in Dejonghe H., Habing H., eds.,
Galactic Bulges, p. 273

Friedli D., 1996, A&A, 312, 761

Galletta G., 1987, ApJ, 318, 531

Garcia A. M., 1993, A&AS, 100, 47

Garcia-Burillo S., Sempere M. J., Bettoni D., 1998, ApJ,
502, 235

Gerin M., Combes F., Athanassoula E., 1990, A&A, 230,
37

Giuricin G., Marinoni C., Ceriani L., Pisani A., ApJ, 2000,
543, 178

Focardi P., Kelm B., 2002, A&A, 391, 35

Haynes M. P., Jore K. P., Barrett E. A., Broeils A. H.,
Murray B. M., 2000, AJ, 120, 703

Heisler J., Merritt D., Schwarzschild M., 1982, ApJ, 258,
490

Hernquist L., Barnes J. E.; 1991, Nature, 354, 210

Hodge P. W., Merchant A. E., 1966, ApJ, 144, 875

Jarvis B. J., 1986, AJ, 91, 65

Jansen R. A., Fabricant D., Franx M., Caldwell N., 2000,
ApJS, 126, 331

Jore K. P., Broeils A. H., Haynes M. P., 1996, AJ, 112, 438

Jorgensen 1., Franx M., Kjaergaard P., 1995, MNRAS, 273,
1097

Kannappan S. J., 2001, Ph.D. Thesis, Harvard University

Kannappan S. J., Fabricant D. G., 2001, AJ, 121, 140

Karachentsev 1. D., Karachentseva V. E., Parnovsky S. L.,
1993, Astron. Nachr., 314, 97

Kilborn V. A., Koribalski B. S., Forbes D. A., Barnes D.
G., Musgrave R. C., 2005, MNRAS, 356, 77

Kuijken K., Fisher D., Merrifield M. R, 1996, MNRAS, 283,
543

Liitticke R., Dettmar R.-J., Pohlen M., 2000, A&A, 362,
435

Magnenat P., 1982, A&A, 108, 89

Maia M. A. G., da Costa L. N., Latham D. W., 1989, ApJS,
69, 809

Mihos J. C., Walker 1. R., Hernquist L., de Oliveira M. C.,
Bolte M., 1995, ApJ, 447, L87

Miwa T., Noguchi M., 1998, ApJ, 499, 149

Monnet G., Emsellem E., Ferruit P., Pecontal E., Thiebaut
E., 1995, RMxAC, 3, 161

Mulder W. A., Hooimeyer J. R. A., 19884, A&A, 134, 158

Noguchi M., 1987, MNRAS, 228, 635

Pizzella A., Corsini E. M., Vega Beltran J. C., Bertola F.,
2004, A&A, 424, 447

Plana H., Boulesteix J., 1996, A&A, 307, 391

Plana H., Boulesteix J., Amram P., Carignan C., Mendes
de Oliveira C., 1998, A&AS, 128, 75

Pohlen M., Balcells M., Liitticke R., Dettmar R.-J., 2004,
A&A, 422, 465

Quinn P. J., Hernquist L., Fullagar D. P., 1993, ApJ, 403,
73

Ramella M., Geller M. J., Pisani A., da Costa L. N., 2002,
AlJ, 123, 2976

Reif K., Mebold U., Goss W. M., van Woerden H., Siegman
B., 1982, A&AS, 50, 451

Rubin V. C.; 1994, AJ, 108, 456

Sandage S., 1961, The Hubble Atlas of Galaxies (Washing-
ton: Carnegie Institution)

Sandage S., Bedke J., 1994, The Carnegie Atlas of Galaxies
Vol. T (Washington: Carnegie Institution)

Sarzi M., 2005, MNRAS, submitted

Schwarzkopf U., Dettmar R.-J., 2000, A&AS, 144, 85

Schwarzkopf U., Dettmar R.-J., 2000, A&A, 361, 451

Schwarzkopf U., Dettmar R.-J., 2001, A&A, 373, 402

Schweizer F., 1998, in Friedli D., Martinet L., Pfenniger D.,
eds, Galaxies: Interactions and Induced Star Formation.
Springer, Berlin, p. 22

Sellwood J. A., Merritt D., 1994, ApJ, 425, 530

Shaw M. A., 1987, MNRAS, 229, 691

Shaw M., Dettmar R.-J., Barteldrees A., 1990, A&A, 240,
36

Steiman-Cameron T. Y., Durisen R. H., 1982, ApJ, 263,
L63

Sparke L., 1986, MNRAS, 219, 657

Terndrup D. M., Davies R. L., Frogel J. A., Depoy D. L.,
Wells L. A.; 1994, ApJ, 432, 518

Thakar A. R., Ryden B. S., 1996, ApJ, 461, 55

Tohline J. E., Durisen R. H., 1982, ApJ, 257, 94

Vega Beltran J. C., Pizzella A., Corsini E. M., Funes J. G.,
S. J., Zeilinger W. W., Beckman J. E., Bertola F., 2001,
A&A, 374, 394

Wardle M., Knapp G. R., 1986, AJ, 91, 23



	INTRODUCTION
	OBSERVATIONS
	Sample and data reduction
	Results

	THE GALAXIES
	NGC 128
	NGC 1596
	NGC 3203

	DISCUSSION
	Incidence of gas counter-rotation
	Gas infall versus minor mergers
	Counter-rotating gas and bars

	CONCLUSIONS

