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Abstract. NGC 4438 is a highly perturbed spiral with a stellar tidal tail and extraplanar molecular gas, now very
HI deficient, crossing the center of the Virgo cluster at high speed. Various authors have attributed the perturbed
appearance to the ram pressure of the intracluster medium, the tidal interaction with NGC 4435, and an ISM-ISM
collision between the ISM of NGC 4438 and NGC 4435. We present new CO observations covering virtually all
of NGC 4438 and the center of NGC 4435 and detailed simulations including all of the above effects. For the first
time CO is detected in NGC 4435. In NGC 4438 we find double line profiles at distances up to 40" to the west
and south-west and redshifted lines with respect to galactic rotation in the south of the center. The lack of gas to
the North and East coupled with the large gaseous extent to the West and the redshifted and double line profiles
can only be reproduced with a ram pressure wind. NGC 4438 is most probably on its first passage through the
cluster center and has been stripped of its HI only over the past 100 Myr. While an ISM-ISM collision between
NGC 4435 and NGC 4438 may occur, the effect is not significant compared to ram pressure and tidal forces, not
surprising for the passage of an SO galaxy 5 — 10 kpc from the center of NGC 4438. We also detect narrow CO
lines, in the absence of detected HI, in the northern tidal arm some 15 kpc from the center of NGC 4438. This can
be understood from the simulations assuming a few percent of the gas is too dense to experience the ram pressure
wind. NGC 4438 has changed greatly over the past 100 Myr due to its plunge through the center of the Virgo
cluster and the interaction with the SO NGC 4435. The ram pressure wind has a strong effect which is increased
by the interaction with NGC 4435, bringing gas further from NGC 4438 where the ram pressure strips it away.

Key words. Galaxies: individual: NGC 4438 — Galaxies: interactions — Galaxies: ISM — Galaxies: kinematics and
dynamics

1. Introduction duced by a retrograde encounter with an impact param-
eter of ~ 6 kpc that occurred ~ 100 Myr ago. The rela-
tive position and radial velocity between NGC 4438 and
NGC 4435 of 730 kms™! could be reproduced by their

model.

The perturbed spiral galaxy NGC 4438 and its compan-
ion galaxy NGC 4435 represent the most complicated sys-
tem in the Virgo cluster (see Fig. [l and Table [M). The
highly inclined disk of NGC 4438 is heavily perturbed
showing a prominent tidal perturbation to the north and
with stellar debris displaced to the west of the galaxy’s

Observations of the interstellar medium (ISM) of
NGC 4438 revealed an important extraplanar component

main disk (Arp 1966). Combes et al. (1988) simulated the
NGC 4438/NGC 4435 system using a test-particle code.
They showed that the northern tidal tail can be repro-
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sion of this article.
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that is displaced to the west of the galactic disk (for an
overview of the gas distribution at multiple wavelengths
see Fig.11 of Kenney et al. 1995). The disk ISM is mainly
in the form of molecular gas (Combes et al. 1988, Kenney
et al. 1995) characterized by the absence of HI emission
(Cayatte et al. 1990, Hibbard et al. 2001). However, CO
and HI are detected to the west of the center of NGC 4438.
The most spectacular gas distribution is that of the dense
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Fig. 1. Optical B band image of the NGC 4438 /NGC 4435
system. The observed positions are marked with triangles.

ionized gas observed in Ha (Kenney et al. 1995). These ob-
servations revealed several filaments which originate from
the disk plane and extend out from the disk for 5-10 kpc
towards the west and southwest. The radial velocities of
these filaments are within ~ 200 kms~! of the galaxy’s
systemic velocity. Not only the cold and warm phases of
the ISM are detected to the west beyond the galactic disk,
but also the hot phase (X-rays) and the magnetic field (ra-
dio continuum; Kotanyi et al. 1983).

While it is certain that the distortion of the stellar
content of NGC 4438 is due to a tidal encounter with
NGC 4435, different mechanisms were put forward to ex-
plain the displacement of all ISM phases: (i) the tidal in-
teraction which extracted the molecular gas from the cen-
ter and left it to the west of the galaxy (Combes et al.
1988), (ii) a collision between the ISM of the two galaxies
(Kenney et al. 1995), and (iii) ram pressure stripping due
to the rapid motion of NGC 4438 through the hot intra-
cluster medium (ICM; Kotanyi et al. 1983, Chincarini &
de Souza 1985).

Since NGC 4438 is located in projection only 1° ~
300 kpc from the cluster center! and has a radial velocity
of ~ 1000 kms~! with respect to the cluster mean, the
conditions necessary for strong ram pressure are fulfilled.

! We use a distance to the Virgo cluster of 17 Mpc

Table 1. Physical parameters of NGC 4438

Other names Arp 120

VCC 1043

UGC 7574
a (2000)* 12"27™45.91°
4 (2000)* +13°00'32.3"
Morphological type* Sb
Distance to the cluster center (°) 1.0
Optical diameter D,;* (') 8.5
BS2 10.49
Systemic heliocentric velocity® (kms™) 7143
Distance D (Mpc) 17
PA 29° °
Inclination angle 80° P, 85° ¢
HI deficiency? > 1.0

* RC3, de Vaucouleurs et al. (1991)
> Kenney et al. (1995)
¢ Combes et al. (1988)
4 Cayatte et al. (1994)

On the other hand, since Kenney et al. (1995) detected
Ha and Machacek et al. (2004) detected soft X-ray emis-
sion in the center of NGC 4435, an ISM-ISM collision is
unavoidable if the impact parameter of the encounter with
NGC 4438 is smaller than ~ 10 kpc. On the observational
side, extraplanar CO and extraplanar, asymmetric, high
surface brightness radio continuum emission are very rare
phenomena. It is mainly observed in direct galaxy colli-
sions where the two ISM collide (see e.g. Braine et al.
2003). On the other hand, displacements of X-ray and
Ha emission are observed in cluster spiral galaxies (X-
rays: Finoguenov et al. 2004, in preparation for the Coma
cluster; Ha: Yoshida et al. 2002; NGC 4388 in the Virgo
cluster). Thus, there is no clear evidence that rules out or
confirms one of the suggested interactions.

In this article we present new CO observations of
NGC 4438 and NGC 4435 (Sect. B) together with nu-
merical simulations of the system (Sect. B). The latter
present the advantage of separating different types of in-
teraction to determine their influence on the ISM. The CO
observations show three characteristics that can only be
reproduced by a model including ram pressure stripping
(Sect. EETD): (i) the extraplanar gas distribution, (ii) extra-
planar double line profiles, and (iii) redshifted line profiles
with respect to galactic rotation.

2. Observations

The observations were carried out with the 30 meter
millimeter-wave telescope on Pico Veleta (Spain) run by
the Institut de RadioAstronomie Millimétrique (IRAM)
in June 2002. The CO(1-0) and CO(2-1) transitions at
115 and 230 GHz respectively were observed simultane-
ously and in both polarizations. The observed positions
are marked as triangles in Fig. [l We generally used the



Vollmer et al.: Interaction diagnostics of NGC 4438 3

512 x 1 MHz filterbanks at 3mm and the two 256 x 4 MHz
filterbanks at 1mm, yielding an instantaneous bandwidth
of 1300 kms~1.

System temperatures were typically 250-350 K at
3mm and much higher for the CO(2-1) transition (T%
scale), due to the high water vapor content (usually HoO
> 6mm). The forward (main beam) efficiencies at Pico
Veleta were taken to be 0.95 (0.74) at 115 GHz and
0.90 (0.54) at 230 GHz. The half-power beamwidths are
about 21" and 11”. All observations were done in wobbler-
switching mode, usually with a throw of 150” but some-
times more or less depending on the position observed,
in order to be sure not to have emission in the reference
beam. Pointing was checked on the bright quasar 3C273
roughly every 90 minutes.

The main observational problem was the anomalous
refraction that affected pointing measurements and re-
sulted in a widening of the beam until sunset. Much of the
badly affected data were rejected and we do not present
the CO(2-1) data due to the generally high noise level and
refraction.

Data reduction was very simple. After eliminating the
bad spectra or bad channels, the spectra for each position
were summed. Only zero-order baselines (i.e. continuum
levels) were subtracted to obtain the final spectra.

Two features are particularly interesting: the presence
of molecular gas in the absence of HI in the tidal tail to
the north (Cayatte et al. 1990, Hibbard et al. 2001) and
the molecular gas to the west initially detected by Combes
et al. (1988).

2.1. NGC 4435

We made one pointing on the center of NGC 4435. For
the first time CO emission is detected in this galaxy.
The CO(1-0) and CO(2-1) spectra are shown in Fig. &
The total line width is ~ 400 kms~!, which is about
100 km s~ larger than the line width derived from optical
spectroscopy (Kenney et al. 1995). This large linewidth
justifies our model rotation velocity for NGC 4435 (see
Sect. Bl). In spiral galaxies the ratio between the CO(2-
1) and CO(1-0) lines observed at the same resolution
is about 0.9 (Braine et al. 1993). Since the brightness
temperature of an unresolved source is inversely propor-
tional to the beamsize, a larger line ratio than 0.9 im-
plies that the source is not resolved at 115 GHz. The
fact that the ratio between the CO(2-1) and CO(1-0)
lines is about two indicates that the spatial extent of the
molecular gas is comparable to the CO(2-1) resolution of
11”7 ~ 900 pc, somewhat larger than the extent estimated
by Kenney et al. (1995). Using the same conversion factor
of N(HQ)/ICO(1—>O) =2 x 10?0 H, cm™?2 (K km/s)’l, the
molecular gas mass of NGC 4435 is 9.5 x 10" Mg when
the He associated with the molecular gas is included.
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Fig. 2. CO(1-0) and CO(2-1) spectra of NGC 4435. The
systemic velocity of NGC 4435 is 800 kms—!.

2.2. NGC 4438

The CO(1-0) spectra of NGC 4438 superimposed on an
optical image are shown in Fig. Bl We have omitted the
central spectrum which we show separately in Fig. [

Using the same conversion factor as above, the total
molecular gas mass (including the He associated with the
Hy) of NGC 4438 is ~ 1.7 x 10° M. The conversion ratio
is very probably overestimated in the central parts (as
for spirals in general) and possibly underestimated in the
outer regions. Our observations show weaker CO emission
for the western part than reported by Combes et al. (1988)
and that it is closely related (spatially) with the Hr and
dust lanes.

The CO(1-0) emission extends over almost the entire
observed region. The lines are becoming weaker to the
west. Whereas we detect only one line at the eastern edge
of the galactic disk north-east of the galaxy center, CO
emission is detected up to ~ 80" to the west of the galaxy’s
major axis. Moreover, all spectra south west of the galaxy
center peak at velocities greater than zero, despite the fact
that the southern part represents the approaching side of
the galaxy. This behaviour is also present in the Ha spec-
tra of Kenney et al. (1995). We will show in Sect. Bl that
these spectra are displaced due to the action of ram pres-
sure. Most striking is the detection of strong, clearly sepa-
rated double lines west and south west of the galaxy center
at the positions (—20",—20"), (—38"”, 10”), and (—40",
—10"). The spectrum south of the galaxy center (—6",
—19”) also shows a redshifted component which can be
better seen in the Ha Fabry-Perot data of Chemin et al.
(2005). Such planar and extraplanar double lines are a
unique feature, characteristic of the interaction NGC 4438
underwent and is still undergoing.
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Fig. 3. Observed CO(1-0) spectra of the central part of NGC 4438 on an optical B band image. The systemic velocity

of NGC 4438 is 70 kms~!.

The extraplanar gas in NGC 4438, or gas at velocities
other than rotation, is at least 4.7 x 108 Mg, when the He
is included. We took the positive velocity component of
all spectra west of a right ascension offset of —19”. The
spectrum at an offset of —19.5” was not included although
its velocity has clearly been increased with respect to nor-
mal rotation. Similarly, the spectra along the major axis
south of the center have not been included although they
too have velocities which are not those of normal rotation
(or normal rotation and tides).

2.3. The northern tidal tail

As shown in Fig. [l we also observed several positions on
the northern tidal tail (Fig. H]). Unexpectedly, we detect

CO(1-0) emission with narrow line profiles at several posi-
tions (Av < 50 kms~1). Using the same conversion factor
of N(Ha)/Icon—o) = 2 X 10%° Hy em~2 (K km/s)~!, the
molecular gas mass in this region is about 2.5 x 107 M.

3. Simulations

We have adopted a model where the ISM is simulated as a
collisional component, i.e. as discrete particles which have
a mass and a radius and which can have inelastic collisions
(sticky particles). In contrast to smoothed particle hydro-
dynamics (SPH), which is a quasi continuous approach
and where the particles cannot penetrate each other, our
approach allows a finite penetration length, which is given
by the mass-radius relation of the particles. Both methods
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Fig. 4. Observed CO(1-0) spectra of the northern part
of NGC 4438 on an optical B band image. The systemic
velocity of NGC 4438 is 70 kms™!.

have their advantages and their limits. The advantage of
our approach is that ram pressure can be included eas-
ily as an additional acceleration on particles that are not
protected by other particles (see Vollmer et al. 2001). In
this way we avoid the problem of treating the huge density
contrast between the ICM (n ~ 10™* em~?) and the ISM
(n > 1 cm™3) of the galaxy.

Since the model is described in detail in Vollmer et al.
(2001), we will summarize only its main features. The N-
body code consists of two components: a non-collisional
component that simulates the stellar bulge/disk and the
dark halo, and a collisional component that simulates the
ISM. The 25 000 particles of the collisional component rep-
resent gas cloud complexes which are evolving in the grav-
itational potential of NGC 4438. For the ISM-ISM colli-
sion models the ISM of NGC 4435 is simulated by 10000
particles.

The total assumed initial gas masses of NGC 4438 and
NGC4435 are Mgt = 4.910° M and 1.310° Mg, respec-
tively. For NGC 4438 we begin with a NGC 4501 type
galaxy, i.e. the initial HI diameter is close to the optical
diameter. The recent GALEX observations of Boselli et al.
(2005) justify this assumption (see also Sect. H). A larger
Hr1 diameter does not change our results. The total gas
mass of NGC 4438 calculated as the sum of the molecular
gas mass derived from our observations and the initial H1
mass of NGC 4501 gives 3.4 x 109 M. The total gas mass
for NGC 4435 represents the upper limit for an SO galaxy
of its luminosity (Welch & Sage 2003). The ensemble of

Table 2. Total mass, number of particles IV, particle mass
M, and smoothing length [ for the different galactic com-
ponents.

component Mot (Mg) N M (Mg) 1 (pc)
NGC 4438

halo 1.410 32768 4.410° 1200
bulge 5.110° 16384 3.110° 180
disk 2.5101° 32768 7.610° 240
NGC 4435

halo 1.110% 16384 6.810° 1200
bulge 1.710% 16384 1.010° 180
disk 5.510° 16384 3.410° 240

model clouds has a power law mass distribution as de-
scribed in Vollmer et al. (2001). A radius is attributed to
each particle depending on its mass. During the disk evolu-
tion the particles can have inelastic collisions, the outcome
of which (coalescence, mass exchange, or fragmentation)
is simplified following Wiegel (1994). This results in an
effective gas viscosity in the disk.

As the galaxy moves through the ICM, its clouds are
accelerated by ram pressure. Within the galaxy’s inertial
system its clouds are exposed to a wind coming from a
direction opposite to that of the galaxy’s motion through
the ICM. The temporal ram pressure profile has the form
of a Lorentzian, which is realistic for galaxies on highly
eccentric orbits within the Virgo cluster (Vollmer et al.
2001). The effect of ram pressure on the clouds is sim-
ulated by an additional force on the clouds in the wind
direction. Only clouds which are not protected by other
clouds against the wind are affected.

The non—collisional component of NGC 4438 consists
of 65 536 particles, which simulate the galactic halo, bulge,
and disk. NGC 4435 is modeled by 49 152 particles. The
characteristics of the different galactic components are
listed in Table Bl The total masses of NGC 4438 and
NGC 4435 are 1.710"! Mg and 1.3 10! Mg, respectively.
We have chosen to model NGC 4435 as a bulge dominated
system with a bulge to disk mass ratio of 3:1. The bulge
has an exponential surface brightness profile with a scale
length of 2 kpc, which is the H band exponential scale
length given by Gavazzi et al. (2003) (R, = 25”). The
disk scale lengths are 3.5 kpc and 0.9 kpc for NGC 4438
and NGC 4435. The assumed value for disk scale length
of NGC 4438 is based on the optical diameter of an-
other Virgo spiral of slightly higher luminosity, NGC 4501
(Dg5 = 6.9" = 34 kpc, and the relation between the optical
radius Rss and the H band disk scale length R, derived
by Gavazzi et al. (2000): Ras ~ 5 X R,.

The resulting flat rotation velocities of NGC 4438 and
NGC 4435 are ~ 160 kms~! and ~ 250 kms~!. Our
choice of the rotation velocities are close to those de-
rived from our observed CO line profiles (Sect. 21 and H).
The disk of NGC 4435 has an inclination angle of ~ 70°.
NGC 4435 has a higher rotation velocity despite its smaller
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mass, because its disk scale length is smaller than that of
NGC 4438. For comparison, Combes et al. (1988) used a
mass ratio between NGC 4438 and NGC 4435 of 2:1 and
a ratio between the disk scale lengths of 4:1. The particle
trajectories are integrated using an adaptive timestep for
each particle. This method is described in Springel et al.
(2001). The following criterion for an individual timestep
is applied:
-1
Al = 20 kms ’ (1)
aj
where a; is the acceleration of the particle i. The mini-
mum value of ¢; defines the global timestep used for the
Burlisch—Stoer integrator that integrates the collisional
component.
We present 4 different simulations:

1. tidal interaction with NGC 4435 only,

2. tidal interaction and ISM-ISM collision between
NGC 4438 and NGC 4435,

3. tidal interaction and ram pressure stripping,

4. tidal interaction, ISM-ISM collision and ram pressure

stripping.

For the simulations without an ISM-ISM collision,
NGC 4435 is modeled only by a non-collisional compo-
nent (halo, bulge and disk).

In a different set of simulation we assumed NGC 4435
to be a disk dominated system before the interaction.
These simulations show that (i) NGC 4435 cannot be
transformed into a bulge dominated system by the tidal
interaction and (ii) the tidal effects on NGC 4438 are qual-
itatively and quantitatively the same as for the simulations
with an initially bulge dominated NGC 4435.

3.1. ISM-ISM collision

In a widely accepted picture (see, e.g. Kulkarni & Heiles
1988, Spitzer 1990, McKee 1995), the ISM of the Galaxy
consists of 5 different phases: the molecular, cold neutral,
warm neutral, warm ionized, and hot ionized gas phases.
In our case, the molecular and neutral gas phases are of
interest.

We have assumed that in the inner 10 kpc of a spiral
galaxy, half of the neutral gas mass is molecular whereas
the other half is in atomic form. Moreover, deep HI obser-
vations of local spiral galaxies (Braun 1997) showed that
60-90% of the H1 emission is in form of cold atomic hydro-
gen. In the calculation of the mass fractions we use a cold
to total HI fraction of 70%. More than 80% of the total
gas mass within 10 kpc is neutral and more than 70% has
temperatures well below 1000 K.

Two gas phases are important for an ISM-ISM colli-
sion: the warm (T ~ 10* K), diffuse (ionized or not) and
the cold (7' < 100 K), dense phases, because they repre-
sent more than 90 % of the total gas mass. The diffuse
and dense phases have volume filling factors of ®y ~0.3-
0.5 and 0.02, respectively. The area filling factor for the

diffuse phase is between 0.5 and 1 and that of the dense
phase is about 0.1 (Braun 1997). However, only 20% of
the total mass is warm but 75% is cold. Our simulations
do not distinguish between the two phases. Therefore,
we use average volume and area filling factors of &y =
(5473 )/ Vaar ~ 0.05 and @ = (Si7rd) ;) /Agar ~ 0.2 in
our ISM-ISM collision simulations, which takes the differ-
ent volume filling factors and mass fractions into account,
where r¢ is the cloud radius and Vg / Agal are the vol-
ume/area occupied by the gas cloud complexes. The col-
lision rate can be controled by changing the mass-radius
relation to obtain clouds of larger radii, i.e. larger cross
section. The most massive, i.e. the largest clouds deter-
mine the volume filling factor. The chosen volume filling
factor insures that each cloud of NGC 4435 undergoes at
least one collision during the ISM-ISM collision between
NGC 4438 and NGC 4435. We have run an additional set
of simulations where we increased the cloud-cloud colli-
sion rate by a factor of 4. The higher collision rate does
not change the distribution and dynamics of the high den-
sity gas (CO) significantly. However, the dynamics of the
low density gas located in the north-western low surface
brightness stellar tidal tail are different. Since we do not
have observations in this area, it is not possible to dis-
criminate between the simulations with different collision
rates.

In general, SPH simulations which include heating and
cooling (Barnes & Hernquist 1996, Struck 1997, Tsuchiya
et al. 1998) show that cooling is very important (mainly
because it is proportional to the square of the gas density)
and that cooling times are so small that in general the
gas can be regarded approximately as isothermal. This is
what we assume in our model. In Sect. we show that
our results are similar to those of SPH ISM-ISM collision
simulations of Struck (1997) and Tsuchiya (1998), which
treat the gas as a continuous phase (®y ~ 1).

We now estimate the mass of the warm phase in-
volved in the ISM-ISM collision between NGC 4438 and
NGC 4435: since the fraction of the NGC 4438 disk,
which is hit by NGC 4435, is about 10% of the total
disk area, the mass of the warm ISM of NGC 4438 in-
volved in the interaction is 0.1 x 0.2xMgoL. Moreover, the
total warm gas mass of NGC 4435 is involved in the in-
teraction: 0.2xMgot. Thus even asuming that all clouds in
NGC 4435 experience a collision with clouds in NGC 4438,
only 3.4 X 10® M /,q¢ due to the collision of the two warm
phases is affected, an unknown fraction of which could
be found between the two galaxies. If, in addition, there
is an efficient interaction between the warm and the cool
phases, this value can increase up to ~ 1.5 x 109 M. This
interaction between a warm, diffuse phase of one galaxy
with the cold, dense phase of the other galaxy is not taken
into account in our model. We discuss the implications of
this estimate in Sect.
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3.2. Ram pressure

For the simulations including ram pressure stripping we
assume that the galaxy is on an eccentric orbit within
the cluster. The temporal ram pressure profile can be de-
scribed by:

thw
Pram = Pmax 5, ,5 > (2)
2 + iy

where tpw is the width of the profile (Vollmer et al. 2001).
We can estimate the maximum ram pressure using the
formula of Gunn & Gott (1972):

27TGZ*E ~ ’U?OtRilz =~ Pram » (3)

where G is the gravitational constant, ¥, the stellar sur-
face density. The truncation radius of the gas disk of
NGC 4438 of R=2.5 kpc together with a rotation veloc-
ity of v.ot = 160 kms™' and a gas surface density of
¥ = 1.5 x 10! cm™2 implies a maximum ram pressure
of Prmax=5000 cm~3(km/s)?. A realistic orbit in the Virgo
cluster then implies tirw=>50 Myr. In order to produce ex-
traplanar, high gas column density gas, the inclination an-
gle between the disk and the orbital plane must be higher
than ~ 30°. On the other hand, the efficiency of ram pres-
sure depends on the inclination angle i between the galac-
tic disk and the orbital plane (Vollmer et al. 2001). Too
low inclination angles (more face-on stripping) result in a
very high column density gas in the south of the galaxy
center. The azimuthal angle of the galaxy’s motion within
the ICM with respect to the orbit of NGC 4435 is chosen
so as to reproduce the asymmetric CO and Ha emission
distributions. In the end, we set pyax=5000 cm ™3 (km/s)?,
tpyw=>50 Myr, and an inclination angle of i=68°. This re-
sulted in the best model fit to observations. For ram pres-
sure stripping the model clouds have a column density of
Y =1x10% ecm~2

3.3. Relative importance of the interactions

In order to investigate the importance of the different in-
teractions, we estimate the accelerations on the ISM of
NGC 4438 due to the galactic potential (aga1), the direct
gravitational pull of NGC 4435 which is close to the tidal
acceleration (atiq), and ram pressure (@yam):

MnN443sG

Ggal ~ — o (4)
MnN4435G

Atid ~ (7" — R)2 ) (5)
Pram

Aram ™~ ) 6
YIsm ©)

where G is the gravitational constant, vrot,N4438, Urot,N4435
are the rotation velocities of NGC 4438 and NGC 4435,
respectively, R is the radius of tidal influence, r is the dis-
tance between the two galaxies, pyam is the ram pressure,
and Yign is the gas surface density of NGC 4438 at the

radius R. For the tidal interaction to be important the
following condition must be fulfilled:

2
atia  Mnazs R
agal  Mnaass (r — R)?

~1. (7)

The mass fraction between the two galaxies is about 0.75.
With an impact parameter of r = 8.5 kpc the parts of
NGC 4438 at radii R > 4 kpc are affected. For ram pres-
sure to be important we obtain the following condition:

Gram _ Pramltcosi

=5 5 ~1, (8)
Qgal ISM Vo, N4438

where ¢ is the angle between the two vectors @ram and
Qgal. A peak ram pressure of pram = 5000 cm ™3 (kms™1)2,
a rotation velocity of vyt N4438 = 160 km s~1 i =0°, and
a radius of R = 4 kpc results in a critical gas surface
density of Yisyerit ~ 2 X 1021 em™2. Thus, ISM with
surface densities smaller than Yygu crit is stripped by ram
pressure at radii greater than 4 kpc. This is close to the
observed stripping radius of ~ 50” (Sect. Bd). On the
other hand, giant molecular clouds have column densities
much higher than 10%! cm =2 (several 10*? cm™2) and thus
should not be stripped.

A single simulation requires about 100 hours on a
1.2 GHz and 1024 MB RAM memory PC. In the following
we describe the temporal evolution of the 4 different simu-
lations. The models presented here are those with the best
results (i.e. best set of collision parameters, see Sect.
and B for each of the four scenarios.

3.4. Tidal interaction only

For the tidal interaction we follow Combes et al. (1988)
and chose a close, rapid, retrograde encounter between
NGC 4438 and NGC 4435. The closest approach occurs
at ¢ = 165 Myr. The impact parameter is 9 kpc and the
velocity difference is Av = 840 kms™'. We verified their
best fit model in varying the impact parameters from 5 to
10 kpc and the inclination angle between the orbital plane
of NGC 4435 and the disk plane of NGC 4438 between 20°
and 40°.

There is no significant change in the distribution of
stars and gas of NGC 4438 before the passage of NGC 4435
at t = 165 Myr. Being more extended, NGC 4438 gets
most damaged during the interaction. A prominent tidal
tail is formed north of the galaxy center. In addition, a
second tidal tail in the south forms a loop whose north-
ern/western edge moves towards the north/west while its
southern/eastern edge does not change position. There is
no stellar or gas bridge between NGC 4438 and NGC 4435.
At the end of the simulation (¢ = 260 Myr) the distribu-
tion of gas and stars of NGC 4438 is highly asymmetric
with a sharply truncated southern and eastern edge, a
prominent tidal arm towards the north, and an extended
component to the west (Fig. ).

NGC 4435 is located close to its observed location. The
difference in radial velocities of NGC 4438 and NGC 4435



8 Vollmer et al.: Interaction diagnostics of NGC 4438

DOk STARE anG 50 W
R ur ' 0 r PrTrT—y -
H x -
E 1o E L=l 3
: n ) " U (=]} E
3 K
L - . 1 -
—H ! 'S ok Y 1
-4 " 24 rmmabamdamada
A a0 b A0 -H 2 X 11 ¢ —10 -20 3D
«—asin (hpa} —ada (k]
OiE STAAE BhS A0 Wi
ki - I » r - 0 ” prearey -r 4
S
M 1] 4. E
E o E op 4
e 0 1 of
a _ B
L o . B L —op
| i ' -mof ) 1
- al i el .. - b Il al &
b1 I R Iy T R | 3 ¥ 11 & -—i0 -20 —3D
==l [Fpat —0h (k]
O&E STAAS -5 110 Myr
i = T » T - N r prarmrey o »
Hl x
E 1o E f F
e 0 o
t—m i —1of !
-m i -mt
X o e HAd—mm- a0 M o144 -0 -0 3o
—nka [l —u1 kel
OGK STARS L LY 140 ker
R - ) 4 r - N ” prearey - ”
Ml a3 E
E m E =]
E 0 x 0
I_ -10 I. =la
i 1] —k E
-1 . n ]
b - T N QN 1, | 3 % 10 O -10 20 -a0
~—=im [paj =i Lkpc]

DKk STaRE ] 170 Myr
_m ] T w L Lol m L ™ -
L)
M 2 . H
'E 10 E i3 ! 3
-; n n oF 3
3 L
L, -1 1l .
—H -F 3
[, ) - -2 R -
A a0 1 b Ab-A-H 40 B 10 9 -10-20 -3
a—asin [hpa) — ke
OMsE STAAE s 2 kyr
- b =i r o b+ r o wriuren
H L] 3
E 1m E h[=13 4
e 0 o
A L
L -m L o b
= . L
- al i hmalnl i L b i &
L -1 I O Iy P B Hh. 1 a0 B 10 9 -10 20 -3
«—a«m fhpa} —h {bpe)
Ok STAAS e ] I3 Wyr
L] - 3 ey ey
M .+
g 10 E of 3
e 0 o
t-m i -0
-+l ]
-m -
XN o 4 o b -a U B o0 9 —10 20 -
ke [hpd —h (k)
OGK STARS 2580 kyr
] ey - r - aa T - wriuren
i .l 4
E m E 1)
E ] a &
I_ -1 I. L
—=Hi -k L
-m =
b O-T T I R 1 O, - | 3 M 0 0 -10-20-30

v [}

= (b

Fig. 5. Tidal interaction only: evolution of the model stellar (1st and 3rd columns) and gaseous disks (2nd and 4th
columns) of NGC 4438. The major axis position angle and inclination of NGC 4438 are PA = 20° and i = 80°,
respectively. For clarity, we only show the stellar disk of NGC 4435. The elapsed time from the beginning of the
simulations is shown above the panels showing the ISM. NGC 4435 passes through the disk of NGC 4438 at ¢t = 165 Myr.

A movie of this simulation can be found here.

is Av, = 670 kms~!, compatible with the observed value
of ~ 730 kms~!. The final stellar distribution at the
timestep which we compare to our CO observations is dis-
cussed in Sect.

3.5. Tidal interaction and ISM-ISM collision

Since the collision between the ISM of NGC 4438 and
NGC 4435 only concerns the gaseous component whose
mass is small compared to that of the non-collisional com-

ponent, the evolution of the stellar disk is the same as for
the simulations of the tidal interaction alone (Sect. B).
After the ISM-ISM collision at t = 165 Myr, two gaseous
bridges are formed between NGC 4438 and NGC 4435
(Fig. Bl). The southern arm is more prominent and longer
lasting than the northern component. The total gas mass
in the gas bridge is about 3.4 x 108 My which represents
~25% of the gas mass of NGC 4435. The surface den-
sity within the whole bridge is high (5-10 Mgpc™2) until
45 Myr after the collision (¢ = 165 Myr). Still ~ 20 Myr
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Fig. 6. Tidal interaction and ISM-ISM collision: evolution of the model stellar (1st and 3rd columns) and gaseous
disks (2nd and 4th columns). The major axis position angle and inclination of NGC 4438 are PA = 20° and i = 80°,
respectively. For clarity, we only show the stellar disk of NGC 4435. The elapsed time from the beginning of the
simulations is shown above the panels showing the ISM. NGC 4435 passes through the disk of NGC 4438 at t = 165 Myr.

A movie of this simulation can be found here.

later, the surface density in the middle of the bridge drops
to ~ 3 Mgpc~2 and higher surface density gas (5 Mopc™2)
is only found along the minor axis at distances smaller
than 4 kpc to the west of the disk of NGC 4438. At
t = 260 Myr (95 Myr after the collision) this close, western
extraplanar gas has only a mean surface density of about
2 Mepc~2. The rest of the gas in the bridge has a lower
surface density. At the end of the simulation (¢ = 260 Myr)
the gas distribution of NGC 4438 is very similar to that of
the simulations of the tidal interaction alone, i.e. the ISM-

ISM collision is neither able to remove the gas from the
northern tidal tail, nor can it produce extraplanar, high
surface density gas ~ 100 Myr after the collision.

Our simulations can be compared to the SPH ISM-ISM
collision simulations of Struck (1997) and Tsuchiya et al.
(1998). Since SPH particles cannot interpenetrate by def-
inition, the intruder galaxy makes a hole in the primary
galaxy, which is rapidly filled due to differential rotation
(Struck 1997). Whereas Struck (1997) explains the effects
in more detail, Tsuchiya et al. (1998) give more quanti-
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tative information. In particular, Tsuchiya et al. (1998)
show the evolution of a head-on collision of a primary
galaxy with a massive companion in their Fig. 6. The rel-
ative velocity is 300 kms—!, thus a factor 3 smaller than in
our case and their companion mass is 25% of the primary
galaxy. They find 25% of the mass of the companion’s
gas mass in the bridge. In addition, the surface density
of the gas in the bridge drops drastically within 40 Myr
(from T = 15 = 195 Myr to T = 18 = 234 Myr) and
~ 70 Myr after the collision the gas surface density in
the bridge is small. The column density evolution of the
gas in the bridge is qualitative and, as far as we can see,
in quantitative agreement with our findings. Interestingly,
position-velocity plots of their simulations at 7" = 15 or
T = 18 (their Fig. 9) show that the gas in the bridge near
the primary galaxy has negative velocities with respect to
the primary’s systemic velocity, because the bridge gas is
falling back onto the primary galaxy.

If an ISM-ISM collision were responsible for the ob-
served extraplanar CO, more than 108 Mg of cold and
dense gas must have been involved in the collision, since
the involved diffuse ISM is not massive enough to ac-
count for the observed extraplanar, molecular gas mass
(see Sect. B)). Tt is not likely that the extraplanar gas still
has a high surface density (> 10 Mgpc=2) as it is observed
~ 100 Myr after the collision. Furthermore, ~ 100 Myr af-
ter the collision, the gas which was involved in the collision
should be falling back onto NGC 4438 producing lines at
negative velocities in the south-west of the galaxy cen-
ter, which is not observed. We conclude that an ISM-ISM
collision is not responsible for the observed molecular gas
distribution and kinematics.

3.6. Tidal interaction and ram pressure stripping

In this simulation we did not assign gas to NGC 4435 but
include ICM ram pressure. The choice of the free param-
eters of the ISM-ICM interaction are given in Sect.
Since ram pressure acts only on the ISM of NGC 4438,
the evolution of the stellar disk is the same as for the
other simulations (Sect. B4l and BH). For the gas, the
situation changes completely. Soon after the passage of
NGC 4435, the gas distribution is distorted by the action
of ram pressure, which pushes the ISM of NGC 4438 to
the west (Fig. ). The probability for a close galaxy en-
counter is highest in the cluster core due to its strongly
peaked density of elliptical and SO galaxies (Schindler et
al. 1999). In addition, in the cluster core the galaxy ve-
locity and the ICM density, i.e. ram pressure, are highest.
Thus the small time difference between the galaxy collision
and maximum ram pressure of At = 85 Myr is a natural
consequence of the maximized probability for galaxy colli-
sions and maximized ram pressure in the cluster core. The
direction of ram pressure is natural for a highly eccentric
orbit of NGC 4438 in the Virgo cluster (Vollmer et al.
2001). The trajectory of NGC 4435 can also be naturally
explained by a less eccentric orbit.

3.7. Tidal interaction, ISM-ISM collision and ram
pressure stripping

This simulation contains all three interactions: (i) the tidal
interaction, (ii) the ISM-ISM collision and (iii) ram pres-
sure stripping. The evolution of the gaseous component is
very similar to that of the previous simulation (tidal inter-
action and ram pressure stripping), because ram pressure
stripping is the most energetic and thus most important
effect. Due to the plot mode (each particle is represented
by a black dot), the evolutionary plot of this simulation
is indistinguishable from that of Figld However, the dif-
ferences can be seen in the animation or in the final gas

distribution (Sect. BF]).

3.8. The final stellar and gas distributions

The final distribution of the stellar content of NGC 4438
and NGC 4435 is shown in Fig. B The overall distribution
of NGC 4438 is close to the observed one (Fig. [), i.e. the
major characteristics are reproduced: (i) the stellar disk is
truncated to the south, (ii) there is a prominent northern
tidal arm and (iii) displaced stellar debris to the west of
the galaxy’s main disk. In addition, the location and radial
velocity of NGC 4435 is close to observations (Sect. B4)).
The reproduction of the stellar component is imperfect
in that the model arm to the North is offset. Whereas
the observed arm is located on the galaxy’s major axis,
the model arm is parallel to the major axis, but ~ 3 kpc
offset to the east. The aim here is not to present a perfect
model of the tidal interaction but to study the influence
of the different kinds of interactions, for which the model
stellar distribution is amply sufficient.

We produced a model cube of the gas within the inner
20 x 20 kpc of our final snapshot. From this model cube
we extracted column density maps and model spectra at
different resolutions. Since our model gas distribution of
NGC 4438 does not include the high density core that
is observed, we added this component ad hoc. If we had
included this component into the numerical simulations,
the computational costs would have been too high to carry
out our systematic study. The a posteriori addition of this
core, does not change our conclusions, because the core
does not extend further out than the model gas distribu-
tion without the core at t = 260 Myr. The core mainly
enhances the surface brightness of the central disk. In ad-
dition, the initial model rotation curve of NGC 4438 is not
as steep as it is observed because of numerical resolution.
The additional core component takes this into account.

An overlay of the stellar component with the gas distri-
bution convolved to a resolution of 7/ = 580 pc for all four
simulations is shown in Fig. @ The lower panels include
ram pressure while the upper panels do not. The final gas
distributions of the simulations including ram pressure are
very different from those without ram pressure, whereas
the effect of the ISM-ISM collision on the gas distribution
is minor. This shows that ram pressure is much more im-
portant for the overall gas dynamics than the ISM-ISM
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Fig. 7. Tidal interaction and ram pressure stripping: evolution of the model stellar (1st and 3rd columns) and gaseous
disks (2nd and 4th columns). The major axis position angle and inclination of NGC 4438 are PA = 20° and i = 80°,
respectively. The elapsed time from the beginning of the simulations is shown above the panels showing the ISM.
NGC 4435 passes through the disk of NGC 4438 at t = 165 Myr. The arrow indicates the direction of ram pressure,

i.e. it is opposite to the galaxy’s velocity vector, and its size is proportional to pv

2 .- The galaxy passes the cluster

core at 250 Myr (maximum ram pressure). For clarity, we only show the stellar disk of NGC 4435. A movie of this
simulation can be found here. A movie of the simulation including a tidal interaction, an ISM-ISM collision, and ram

pressure can be found here.

collision. The gas distributions of the simulations of the
tidal interaction with and without an ISM-ISM collision
are similar. Both distributions show two tidal arms in the
north. Moreover, high column density gas is found to the
west of the galactic disk, which belongs to the second spi-
ral arm extending to the south-west. Combes et al. (1988)
already observed this effect.

The two simulations including ram pressure stripping
also lead to similar distributions. The ISM-ISM collision
enhances the velocity dispersion and decreases the volume
density of NGC 4438’s gas which is involved in the colli-
sion. Due to the decrease of the particle density the ICM
penetration length into the ISM of NGC 4438 increases
and thus the ram pressure efficiency increases. The net ef-
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fect is that more gas is pushed to the west by ram pressure
when an additional ISM-ISM collision occurs. The gaseous
disk of NGC 4438 is truncated at a radius of ~ 40” and
the gas of the outer disk is pushed to the west. The dis-
placed gas of highest surface density is found in the south-
west and north-west close to the truncated disk (see also

Sect. B3).
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Fig.10. Column density map of the CO(1-0) observa-
tions.

3.9. Distribution of the neutral ISM

Since the pointings of our observations form an irregu-
lar grid, we used a Delaunay triangulation within IDL
(TRIANGULATE and TRIGRID functions, see the IDL
reference guide) to interpolate the data and to derive a
column density map (Fig. [[). Within the galactic disk
we observe an asymmetry along the major axis, i.e. there
is more flux in the north than in the south. The western,
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Fig.11. Column density maps of the simulations. The
contour levels are the same as for Fig. [0

extended emission shows the same asymmetry, i.e. there
is a local maximum in the north. This emission closely
traces the dust absorption features observed towards the
west of the galactic disk of NGC 4438 (see e.g. Fig. 1 of
Kenney et al. 1995).

The column density maps of our 4 simulations are
shown in Fig. [l Their spatial sampling is complete. For
the comparison with the observed column density map
one has to keep in mind that these are irregularly grid-
ded and do not cover the entire region. Only the simula-
tions that include ram pressure stripping reproduce the
observed CO gas distribution. In particular, the simula-
tions without ram-pressure cannot account for the ob-
served strong CO(1-0) lines west of the galaxy center. The
simulation including all interactions (tidal, ISM-ISM col-
lision and ram pressure stripping) is also consistent with
our observations. The main difference with the tidal/ram
pressure simulation is that the column density of the west-
ern extraplanar gas is lower if an ISM-ISM collision is
included, because the gas clouds extracted and “heated”
from NGC 4438 during this ISM-ISM collision are effi-
ciently stripped by ram pressure.

The main difference between our CO(1-0) observations
and the simulations including ram pressure stripping is
that the model gas surface density is greater than observed
in the southern, extraplanar gas. Since this is not observed
in CO, we suspect that part of this gas is heated and
ionized with its molecular gas dissociated. A part of this
“missing” gas might be visible in X-rays or in the radio
continuum.

4. The need for ram pressure

We showed in Sect. that only simulations including
ram pressure can account for the fact that there is almost
no neutral gas detected in the northern tidal tail. Boselli
et al. (2005) observed NGC 4438 with the GALEX satel-
lite. They found UV emission in the northern and southern
tidal tail where no gas is detected. By fitting a spectral en-
ergy distribution locally using NIR, optical and UV data
they reconstructed the star formation history of different
regions. For the northern and southern tidal tail the data
is consistent with a star burst > 100 Myr ago. This is en-
tirely consistent with our scenario for the tidal interaction.
Since there is UV radiation detected in the tidal tails, gas
was associated with these regions before the interaction,
which justifies our initial gas distribution of NGC 4438.

In the following we show that the observed CO(1-0)
spatial and velocity asymmetry and extraplanar double
lines (Fig. B) can be reproduced by a model that includes
ram pressure stripping (Fig. [[2). We recall that, in order
to reproduce the observed stellar distribution, we adopted
the orbital parameters of Combes et al. (1988). We veri-
fied their best fit model in the way described in Sect. B4
With these parameters, the parameters for the tidal in-
teraction and the ISM-ISM collision are fixed. Concerning
ram pressure, the open parameters are the maximum ram
pressure, the inclination angle between the disk and the
orbital plane and the azimuthal projection angle (Vollmer
et al. 2001; see also Sect. BZ). The maximum ram pres-
sure is chosen such that there is extraplanar high column
density gas as observed. The inclination angle is chosen
such that there is a a minimum of gas to the south-west.
When we decreased the inclination angle, there was far
too much extraplanar gas in the SW. The azimuthal pro-
jection angle is chosen such that the position and radial
velocity of NGC 4435 are close to observations. We call
this model our best fitting model.

4.1. The best fitting model: tidal interaction and ram
pressure stripping

We took the last snapshot of Fig. [ and produced a model
cube out of it (see also Sect. B¥). CO model spectra with
a resolution of 21" were then extracted on a equidistant
grid with a cell size of 20”. We only show model spectra
with a non zero flux (Fig. [A). The model spectra show
the same overall east-west asymmetry as is observed (see
also Sect. Bl). At the eastern edge of the galactic disk
the model shows weak lines that are consistent with our
CO(1-0) observations. In particular, the observed spec-
trum about 30" north-east of the galaxy center is well re-
produced, even though the maximum of the model spec-
trum is weaker than the observed one. We find strong
model lines to the north-west of the galaxy center as ob-
served. The model spectra in the south-west of the galaxy
peak at velocities greater than zero as observed. In addi-
tion, the model also reproduces the observed double line
profile of the south-western spectrum. Whereas the two
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Fig.12. Top panel: tidal interaction and ram pressure
stripping. Simulated CO(1-0) spectra of the central part
of NGC 4438 on an optical B band image. The systemic ve-
locity of NGC 4438 is 70 kms~—!. Bottom panel: Observed
12C0(1-0) spectra (Fig. B).

observed peaks have the same fluxes, the model peak at
high velocities is much stronger than the peak at low ve-
locities. The double line profile is still visible in the model
spectra further to the west. The two lines trace two spa-
tially distinct regions in the line of sight. The line at nega-
tive velocities traces gas which rotates in the galactic disk,
whereas the line at positive velocities traces gas which is
accelerated by ram pressure.

For more detailed comparison we show selected ob-
served and model spectra in Fig. The observed spectra
(solid line) follow the tidal and ram pressure simulations
(dotted line) more closely than the tidal interaction alone
(dashed line). Adding the ISM-ISM collision has little ef-
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Fig. 13. Representative spectra to the NE; SW, and West
in NGC 4438 shown to illustrate generic properties of the
difference between collisions with and without ram pres-
sure stripping (R-P). Offset in arcseconds with respect to
the center of NGC 4438 are indicated in each panel. Solid
lines: observations. Dotted lines: tidal interaction and ram
pressure stripping. Dashed lines: tidal interaction only.

fect. On both sides of the galaxy the gas velocities are
not well represented by the tidal only simulations whereas
they are reasonably reproduced when ram pressure is in-
cluded. Molecular gas is present in many positions to the
West, where the tidal forces do not bring gas but is not
present on or near the northern or eastern part of the main
body of NGC 4438, where strong lines are expected if ram
pressure is not acting. NGC 4435 penetrates NGC 4438
in a region which has now rotated to the northern side.
A ”smooth” or clumpy ISM-ISM collision ~ 100 Myr ago
could not change the rotation velocities in the southern
part on or near the major axis (i.e. pos. —35"”,—52") but
the observations show that to the South the CO veloci-
ties are much higher than they would be in the absence
of ram pressure. Most of the molecular gas has been ef-
ficiently stripped from what is now the northern part of
NGC 4438. Only the simulations with ram pressure show
this (see also Fig. [[Il) and a collision with the ISM (dense
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or diffuse) of NGC 4435 could not empty a large region of
its dense gas. While the intensity ratio is not reproduced,
it is very interesting that at the (—24"”, —13") position the
ram pressure simulation reproduces the velocities whereas
almost no gas is at the velocity of the big (single) peak
predicted by the tidal interaction only. The (—43", —8")
position is similar. Here as well, the ISM-ISM collision has
little effect.

The three spectra to the right of Fig. [[3 are all consid-
erably off the plane of NGC 4438 to the west. The simu-
lations without ram pressure show no flux here or, for the
(—54", —46") position, at a significantly lower velocity as
in the spectra to the right.

The observed central and integrated spectra together
with the model spectra are shown in Fig.[[4 In the model
spectrum the double horn component at high absolute
velocities in the central spectrum is mainly due to the
fast rotating core of NGC 4438 (see Sect. BF). On the
other hand, the bump at v ~ 140 kms™! is due to gas
that has been accelerated by ram pressure to positive
velocity. Thus, we conclude that the observed bump at
v ~ 100 kms™! is due to ram pressure stripping. The sim-
ulated bump is shifted by ~ 40 kms~! with respect to the
observed bump.

The integrated spectrum shows two main characteris-
tics: (i) a major bump around the galaxy’s systemic veloc-
ity v = 70 kms~! and (ii) an asymmetry with less gas on
the low velocity (approaching) side. The simulations in-
cluding only a tidal interaction (dashed line) show neither
a central bump nor the observed asymmetry in velocity.
On the contrary, the model integrated spectrum without
ram-pressure shows a reversed asymmetry with more gas
at low velocities, because most of the spectra summed
are on the approaching side. On the other hand, the inte-
grated spectrum of the simulations including a tidal inter-
action and ram pressure stripping do reproduce the ob-
served asymmetry and and the central bump. However,
the model bump has the same peak value as the high ve-
locity peak and is shifted to smaller velocities.

We conclude that the model including a tidal inter-
action and ram pressure stripping reproduces the major
characteristics of the observed spectra:

— the east west asymmetry,

— the displacement of the peaks of the spectra to higher
velocities in the south-west of the galaxy,

— the double line profiles located to the west and south-
west of the galaxy center.

Since the detection of extraplanar CO shows that molecu-
lar gas is displaced, this implies that either the bulk of the
molecular gas is taken along with the atomic gas via ram
pressure due to the diffuse ISM or magnetic field coupling,
or the molecular clouds are left behind, form stars rapidly
and then are destroyed by the energy input due to star
formation. This means that the Gunn & Gott criterion
might not be applicable to single clouds, but only to the
ISM within the galactic disk as a whole.

0.15 | |

observations

---------- tidal + R—P

(@)
—

Intensity (K)

0.05

0.015 —+—+—+—f—+—+—+—F+—+—+F+++F+

0.01

Intensity (K)
T

0.005 —

—400

—200 0 200
Velocity (km/s)

Fig. 14. Upper panel: central spectrum. Lower panel: in-
tegrated spectrum of the entire galaxy. Solid line: observed
spectrum. Dotted line: model spectrum of the simulation
including a tidal interaction and ram pressure stripping.
Dashed line: model spectrum of the simulation including a
tidal interaction alone. The systemic velocity of NGC 4438
is 70 kms~1.

4.2. Alternative scenarios

We have chosen the model including a tidal interaction
and ram pressure stripping as the best fitting model, al-
though including an ISM-ISM collision is about as good.
In this section we present the alternative scenarios (tidal
interaction alone; tidal interaction and ISM-ISM colli-
sion; tidal interaction, ISM-ISM collision and ram pressure
stripping).

The spectra from the simulation including the tidal
interaction alone are shown in Fig. [l High column den-
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Fig. 15. Tidal interaction only. Simulated CO(1-0) spec-
tra of the central part of NGC 4438 on an optical B band
image. The systemic velocity of NGC 4438 is 70 kms™!.

sity gas is dragged to the west by the tidal interaction.
However, the spectra with non zero flux do not extend
further to the west than 60" (see also Fig. [[Il). Contrary
to observations, there are strong lines at the eastern edge
of the galactic disk, but not to the north-west of the galaxy
center. All spectra located south of the galaxy center peak
at velocities smaller than zero in contrast to the observed
spectra in this region. At the north-eastern edge of the
optical disk multiple line profiles can be seen. These are
due to the superposition of the disk gas and gas located
in the north-western tidal arm (see Fig. [[Tl). There are no
double line profiles in the south-west of the galaxy.

The spectra from the simulation adding ISM-ISM col-
lision are shown in Fig. T8 The spectra within and east of
the optical disk are very similar to those of the simulation
with a tidal interaction alone (Fig.[H). The spectral pro-
files at and beyond the western edge of the optical disk
occupy the same velocity range as those of Fig. [[3 but
their peak fluxes are lower. In contrast to the observed
spectra, the model spectra in the south-west of the galaxy
center show peaks at negative velocities.

The spectra from the simulation including the tidal
interaction, an ISM-ISM collision and ram pressure strip-
ping is shown in Fig. [ The spectra are very similar to
those of the simulation including a tidal interaction and
ram pressure stripping. Again, the effect of the ISM-ISM
collision is minor compared to that of the tidal interaction.

We conclude that the simulations without ram pres-
sure do not reproduce the major characteristics of the
CO(1-0) observations: (i) the spectra at the eastern edge
of the optical disk, (ii) the strong lines to the north-west
of the galaxy center, (iii) the double line profile in the
south-west of the galaxy center, and (iv) the shift of the

L L

LarplL g

13 Dirge)!

1 BOEErH!

1o g P 45" 400

Fig.16. Tidal interaction and ISM-ISM
Simulated CO(1-0) spectra of the central part of
NGC 4438 on an optical B band image. The systemic ve-
locity of NGC 4438 is 70 kms™'.
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Fig.17. Tidal interaction, ISM-ISM collision and ram
pressure stripping. Simulated CO(1-0) spectra of the cen-
tral part of NGC 4438 on an optical B band image. The
systemic velocity of NGC 4438 is 70 kms~".

line profile in the south-west to positive velocities. Only
the simulations with ram pressure stripping are able to
reproduce these features.

5. The northern tidal tail

We have detected 2 x 107 Mg of molecular gas in the
northern tidal tail and the mass limit for atomic gas in this
region is a few 107 Mg, (Hibbard et al. 2001). The simula-
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Fig. 18. Observed (dashed line) CO(1-0) and simulated
(solid line) spectra of the northern part of NGC 4438.
Upper left panel: tidal interaction and ISM-ISM collision.
Lower panels: tidal interaction only. The position offsets
in arcsec with respect to the galaxy center are shown
in the upper left corner of each panel. The x-axis rep-
resent the radial velocity in kms™!, the y-axis the main

beam antenna temperature in mK. The systemic velocity
of NGC 4438 is 70 kms~".

tions including ram pressure stripping do not show any gas
in or near this region (see Fig.[) nor is any HI present. The
gas mass in the northern tidal arm region of the simula-
tions without ram-pressure (Fig[[H) is ~ 710% M. Thus,
the observed molecular gas mass given the absence of Hi
in this region represents a few percent of the gas mass
that would be there without ram pressure stripping. This
is consistent with a picture where the gas, which was in
the form of molecular clouds during the phase of maxi-
mum ram pressure (¢ > 150 Myr), was not affected by
ram pressure due to its high gas surface density. This im-
plies that the observed molecular clouds in the northern
tidal arm region are rather long-lived (several 10 Myr).

Fig. shows model and observed spectra of two po-
sitions within the northern tidal arm region. The model
spectra are rescaled to the show a maximum comparable
to that of the observed spectra. Note, however, that the
mass in the model spectrum is more than 30 times higher
than the mass derived from the observed spectra. Since
the model northern tidal arm is ~ 3 kpc offset from the
galaxy’s major axis to the east, the positions of the model
spectra are also shifted by 3 kpc to the east. Indeed, the
model spectra show the same peak velocity and the same
line width. The simulation including an ISM-ISM colli-
sion fits the observations at (38", 134") slightly better,
because the secondary peak seen in the simulations of the
tidal interaction alone is less present.

Thus some giant molecular clouds (a few percent of
the total gas mass) seem to have decoupled from the ram
pressure wind. They were left behind in the otherwise gas
free disk and survived for several 10 Myr. We cannot say
if this is a phenomenon exclusively related to the tidal tail
or if giant molecular clouds in other parts of the disk also
decoupled from the wind. Our observations indicate that
the bulk of the molecular gas is stripped by ram pressure.
Since only a few percent of the total gas mass decouple,
decoupled gas would only represent ~ 7 x 107 Mg,.

6. Conclusions: the history of NGC 4438

New 2CO(1-0) observations of the NGC 4438/4435 sys-
tem are presented. For the first time CO is detected in
NGC 4435. As already shown by Combes et al. (1988), the
distribution of molecular gas is highly truncated within
the disk of NGC 4438 and we find an extraplanar compo-
nent up to ~ 1.5 to the west of the galaxy center. Within
this extraplanar molecular gas we find double line pro-
files at distances up to 40” to the west and south-west
of the galaxy center. In addition the lines in the south of
NGC 4438 are all redshifted with respect to galactic rota-
tion. We argue that asymmetry of the molecular gas dis-
tribution, the double line profiles and the redshifted lines
are characteristic for ram pressure stripping of NGC 4438.

The combination of our new CO(1-0) observations
with detailed numerical simulations leads to the follow-
ing interaction scenario for the NGC 4438 /NGC 4435 sys-
tem: NGC 4435 passed through the disk of NGC 4438
~ 100 Myr ago at a radial distance of ~ 5 — 10 kpc. The
encounter was rapid (Av ~ 830 kms™!) and retrograde
(see also Combes at al. 1988). With an impact parameter
< 10 kpc an ISM-ISM collision is unavoidable. Its impor-
tance depends on the initial gas distributions in NGC 4435
and NGC 4438. The estimated extent of NGC 4435’s ob-
served gas disk is < 1 kpc. In our simulations the gas disk
of NGC 4438 had an initial extent of ~ 10 kpc. Even with
this initial extent the influence of an ISM-ISM collision
on the final gas distribution and velocities is small com-
pared to that of ram pressure stripping. NGC 4438 evolves
on an eccentric orbit within the Virgo cluster. We ob-
serve the galaxy ~ 10 Myr after its closest passage to the
cluster center (M87). Our model infers a total velocity of
Vot ~ 2000 of NGC 4438 with respect to the cluster mean.
The galaxy is located at a total distance of ~ 350 kpc
from the cluster center. With the assumed maximum ram
pressure the ICM density at the position of NGC 4438 is
nicm ~ 1073 em ™3 which is high but compatible with the
ICM density at the distance of NGC 4438 derived from
X-ray observations (Schindler et al. 1999). Ram pressure
plays a key role for the evolution of the gaseous compo-
nent of NGC 4438 together with the tidal interaction. The
displacement of the line profiles to higher velocities in the
south-western region of the galaxy, the lack of CO emis-
sion in the eastern optical disk, and the presence of dou-
ble line profiles in the south-west of the galaxy center are
clear signs of ram pressure stripping. There is evidence
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that in the northern tidal arm region a few percent of
the ISM survived ram-pressure stripping in the form of
dense molecular clouds (Sect. H). These clouds must be
stable for several 10 Myr. Vollmer et al. (2001) claimed
that gas clouds located within the ICM can be stable and
are almost entirely molecular, i.e. they are selfgravitating,
heated by the X-ray background and cooled by CiI and
O1 line emission. With a typical column density of about
1022 cm ™2 these clouds resist ram pressure. We suggest
that the observed molecular clouds in the northern tidal
arm regions are of this kind.

NGC 4438 has been greatly affected by both the tidal
interaction with NGC 4435 and ram pressure stripping
due to the rapid motion of NGC 4438 through the intra-
cluster medium. It is difficult, however, to be more precise
than we have been about the relative roles of tides and
ram pressure given their partial degeneracy and the un-
certainties in the simulations and observations.
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