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ABSTRACT

We present three-dimensional (3D) hydrodynamical simulations of ram pressure stripping of

massive disc galaxies in clusters. Studies of galaxies that move face-on have predicted that in

such a geometry the galaxy can lose a substantial amount of its interstellar medium. But only

a small fraction of galaxies is moving face-on. In this work we focus on a systematic study

of the effect of the inclination angle between the direction of motion and the galaxy’s rotation

axis.

In agreement with some previous works, we find that the inclination angle does not play a

major role for the mass loss as long as the galaxy is not moving close to edge-on (inclination

angle �60◦). We explain this behaviour by extending Gunn & Gott’s estimate of the stripping

radius, which is valid for face-on geometries, to moderate inclinations.

The inclination plays a role as long as the ram pressure is comparable to pressures in the

galactic plane, which can span two orders of magnitude. For very strong ram pressures, the

disc will be stripped completely, and for very weak ram pressures, mass loss is negligible

independent of inclination. We show that in non-edge-on geometries the stripping proceeds re-

markably similar. A major difference between different inclinations is the degree of asymmetry

introduced in the remaining gas disc.

We demonstrate that the tail of gas stripped from the galaxy does not necessarily point in a

direction opposite to the galaxy’s direction of motion. Therefore, the observation of a galaxy’s

gas tail may be misleading about the galaxy’s direction of motion.
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1 I N T RO D U C T I O N

Galaxies populate different environments, ranging from isolated

field galaxies to dense galaxy clusters. Comparative observations

between field and cluster galaxies reveal that, in addition to inter-

nal processes, the environment plays an important role in galaxy

evolution. Disc galaxies are especially affected. Many well-known

differences between cluster and field disc galaxy populations are

attributed to a smaller gas content of cluster members. Such differ-

ences are the higher fraction of red galaxies and early-type galaxies

in clusters (e.g. Goto et al. 2003b; Pimbblet 2003) as well as the HI

deficiency of cluster disc galaxies (Cayatte, van Gorkom & Kotanyi

1990; Cayatte et al. 1994; Solanes et al. 2001) and the reduced star

formation rates (Koopmann & Kenney 1998, 2004a,b; Koopmann,

Haynes & Catinella 2006).

Several processes have been proposed to explain these features.

One idea are tidal interactions between cluster members. Although

the interaction time-scales in clusters are rather short due to the

high-velocity dispersion of cluster galaxies, Moore et al. (1996),
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Moore, Lake & Katz (1998) and Moore et al. (1999) have shown

that repeated short interactions (harassment) can have a substantial

influence on cluster galaxies (see also review by Mihos 2004 and ref-

erences therein). Another process is ram pressure stripping, which

is the interaction between the galactic gas disc and the intracluster

medium (ICM). As galaxies move through the ICM, the ram pressure

is expected to push out (parts of) their interstellar medium (ISM),

provided the ram pressure is strong enough. This process does not

affect the dynamics of the stellar and dark matter (DM) components

of the galaxy. If ram pressure stripping plays a role, one expects to

find galaxies with undisturbed stellar discs and distorted and trun-

cated gaseous discs. Such examples have been observed e.g. NGC

4522 (Kenney & Koopmann 1999, 2001; Kenney, van Gorkom &

Vollmer 2004; Vollmer et al. 2004), NGC 4548 (Vollmer et al. 1999)

and NGC 4848 (Vollmer et al. 2001b).

The ICM–ISM interaction is a complex process influenced by

many parameters. Different aspects have been studied by several

groups. Schulz & Struck (2001), Marcolini, Brighenti & D’Ercole

(2003) and Roediger & Hensler (2005) showed that the ICM–ISM

interaction is a multistage process. The most important phases are

the instantaneous stripping, on a time-scale of a few 10 Myr, an

intermediate phase, on a time-scale of up to a few 100 Myr, and a
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continuous stripping phase that, in principle, could continue until all

gas is lost from the galaxy. Instantaneous stripping is the immediate

consequence of the ram pressure dislocating the gas disc. However,

the gas does not become unbound from the galactic potential im-

mediately. It takes the intermediate phase until all displaced gas is

truly lost. Schulz & Struck (2001) described this as a ‘hang-up’

phase where gas lingers behind the disc. The continuous stripping

is caused by the Kelvin–Helmholtz (KH) instability induced by the

ICM wind flowing over the surface of the remaining gas disc, lead-

ing to a slow but continuous gas loss. This process is also termed

turbulent/viscous stripping (see e.g. Nulsen 1982; Quilis, Moore &

Bower 2000).

A list of parameters that influence ram pressure stripping includes

the ICM wind density, ρ ICM, wind velocity, v ICM, the inclination an-

gle, i, between the disc’s rotation axis and the wind direction, the

overall galaxy mass (its potential depth) and its gas mass, the vari-

ability of the ICM wind, the structure of the ISM gas disc. Gunn

& Gott (1972) proposed that for galaxies moving face-on through

the ICM the success or failure of ram pressure stripping can be pre-

dicted by comparing the ram pressure with the galactic gravitational

restoring force per unit area. If this comparison is done for each

galactic radius, a stripping radius can be estimated. In general, nu-

merical simulations agree with this analytical estimate. For inclined

geometries, no clear picture has yet emerged. In smoothed particle

hydrodynamics (SPH) simulations, Abadi, Moore & Bower (1999)

found a good agreement with the analytical estimate for face-on

cases. For the few inclined cases they studied, their model galaxies

lost significantly less gas. However, this result may be biased by

their short runtime of ∼100 Myr. Using an SPH code, Schulz &

Struck (2001) studied the phases of the ICM–ISM interaction in de-

tail. They focused on face-on geometries, but also performed a few

simulations with inclined galaxies. They found that inclined galax-

ies are stripped on longer time-scales. They also studied the loss of

angular momentum and found that inclined galaxies are ‘annealed’

by a stronger loss of angular momentum. Hence, the galaxies con-

tract and thus become more resistant against stripping. Quilis et al.

(2000) used a hydrodynamical grid code to study, both, the influence

of the inclination angle and an inhomogeneous gas disc structure.

In their work, they concentrated on rather high ram pressures, for

which they found the inclination angle to play a minor role as long as

the galaxy is not moving strictly edge-on. So far the work of Vollmer

et al. (2001a) is the only study of the effect of a time-dependent ram

pressure, as it would be the case for galaxies orbiting in clusters.

Using a sticky particle code, they modelled the ram pressure as an

additional variable force on the gas disc particles. They observed

a significant backfall of material that had been stripped during the

time of maximum ram pressure but was not unbound. This is in

agreement with the result of Schulz & Struck (2001) and Roediger

& Hensler (2005) that even for a constant ICM wind the unbinding

of stripped material takes a few 100 Myr. The sticky particle code of

Vollmer et al. (2001a) cannot model hydrodynamical processes such

as the continuous stripping found with hydrocodes because it cannot

simulate hydrodynamical instabilities. None the less, this model has

been applied successfully to individual galaxies (e.g. Vollmer et al.

1999, 2000, 2001b; Vollmer 2003). Marcolini et al. (2003) studied

ram pressure stripping of discy dwarf galaxies in groups, where the

ram pressure is lower than in clusters. They used a hydrodynami-

cal three-dimensional (3D) grid code and studied inclinations of 0◦,

45◦ and 90◦. This group found that in dwarf galaxies the inclination

angle only plays a role as long as the central disc pressure is com-

parable to the ram pressure. While for smaller ram pressures little

gas is lost, for stronger ram pressures the complete disc is stripped.

Even in the range where inclination plays a role, the 45◦ runs were

similar to the face-on cases and only edge-on cases could retain

more gas. Roediger & Hensler (2005) presented a comprehensive

parameter study of face-on stripping. They varied wind density and

velocity and covered conditions from cluster centres to outskirts

and galaxy groups. The ram pressure, p ram = ρ ICMv2
ICM, depends

on, both, ICM density and velocity, and usually it is assumed the

stripping depends on pram, and not on ρ ICM and v ICM individually.

While this was confirmed in general by Roediger & Hensler (2005),

they found that supersonic runs tend to suffer slightly less than cor-

responding subsonic runs. This work used a two-dimensional (2D)

hydrodynamical grid code in cylindrical symmetry and was thus

restricted to the face-on geometry.

Even though ram pressure stripping has been studied by several

groups, most simulations were performed for a face-on geometry,

either because this allows to use computationally cheaper 2D sim-

ulations or because this geometry is expected to show the strongest

impact. Qualitative results for the influence of the inclination angle

have been found, but they do not agree in all points. So here, we

concentrate on the influence of the inclination angle in the case of

massive galaxies and present 3D hydrodynamical simulations that

were performed with the adaptive-mesh-refinement code FLASH. We

study the amount of gas loss and discuss asymmetrical structures

introduced in the remaining gas disc. We also present projected gas

surface density maps which reveal interesting implications for the

interpretation of observational data.

In Section 2, we briefly introduce the code and describe our galaxy

model and simulation parameters. In Section 3, we discuss some an-

alytical considerations, and in Section 4, we present our simulation

results. Finally, in Section 5, we compare our results to previous

work and discuss their implications.

2 M E T H O D

We study the motion of the galaxy through the cluster in the rest

frame of the galaxy. Therefore, its motion translates into an ICM

wind flowing past the galaxy.

2.1 Code

The simulations were performed with the FLASH code (Fryx-

ell et al. 2000), a hydrodynamical adaptive-mesh-refinement

code with a piecewise parabolic method (PPM) hydrosolver.

All boundaries but the inflow boundary are open. The simula-

tions presented here are performed in 3D. We use a simula-

tion box of size of (x min, x max) × (ymin, ymax) × (zmin, zmax) =

(−64.8 kpc, 64.8 kpc)3. For the low ram pressure runs a box size of

(x min, x max) × (ymin, ymax) × (zmin, zmax) = (−97.2 kpc, 97.2 kpc) ×

(−64.8 kpc, 129.6 kpc) × (−97.2 kpc, 97.2 kpc) was used to prevent

interference with the boundaries. The galactic centre is located at

(xgal, ygal, zgal) = (0, 0, 0). The ICM wind is flowing along the y-

axis into the positive direction. Most simulations were done using

four refinement levels, resulting in an effective resolution of 500 pc

and an effective number of grid cells of 2563 (3843 for the low ram

pressure runs to keep the effective resolution constant). For compar-

ison, we also run a few test simulations with five refinement levels

(effective grid size of 5123, and effective resolution of 250 pc) (see

Appendix A). The refinement criteria were the standard density and

pressure gradient criteria.

In the FLASH code, we used a mass scalar to ‘dye’ the galactic

gas. Thus, we can identify which fraction of gas inside a grid cell
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originated from the galactic disc (for a more detailed description of

such ‘dyeing’ techniques, see Roediger & Hensler 2005).

2.2 Model galaxy

We model a massive spiral galaxy with a flat rotation curve at

200 km s−1. It consists of a gas disc, a stellar disc, a stellar bulge and

a DM halo. For the gravitational potential of the stellar disc, bulge

and DM halo, we use the following analytical descriptions.

Stellar disc: Plummer–Kuzmin disc, see Miyamoto & Nagai

(1975) or Binney & Tremaine (1987). Such discs are character-

ized by their mass, M∗, and radial and vertical scale lengths, a∗ and

b∗, respectively.

Stellar bulge: spherical Hernquist bulge (see Hernquist 1993). In

case of a spherical bulge, the gravitational potential, �, depends on

radius, r, as �(r) = −(G Mbulge)/(r + rbulge), where Mbulge is the

mass of the bulge, rbulge the scale radius and r the spherical radius.

DM halo: the spherical model of Burkert (1995), including the

self-scaling relations. The central density and M(rDM), the mass

enclosed inside the scale radius, rDM, are calculated from rDM ac-

cording to the scaling relations. For the equation of the analytical

potential, see also Mori & Burkert (2000).

The self-gravity of the gas is neglected as the gas contributes

only a small fraction to the overall galactic mass. The galaxy model

parameters are summarized in Table 1. In order to prevent steep

density gradients in the galactic plane and in the galactic centre, the

gas disc is described by a softened exponential disc:

ρ(R, Z ) =
Mgas

2πa2
gasbgas

0.52 sech

(

R

agas

)

sech

(

|Z |

bgas

)

. (1)

The coordinates (R, Z) are galactic cylindrical coordinates. The ra-

dial and vertical scale lengths are agas and bgas, respectively. For

R � agas and |Z| � bgas, this density distribution converges to-

wards the usual exponential disc ρ(R, Z ) = (M gas/(2πa2
gasbgas))

exp(− R/agas) exp(−|Z |/bgas). For the corresponding exponential

disc, Mgas is the total gas mass. We chose Mgas such that in the outer

regions the gas disc converges to an exponential gas disc with 10

per cent of the stellar disc mass, i.e. Mgas = 0.1 M∗. Because of the

reduction of the gas density in the central part of the softened expo-

nential disc, the integrated gas mass amounts to 6 × 109 M⊙. Given

the density distribution in the disc, its pressure and temperature dis-

tribution are set such that hydrostatic equilibrium with the ICM is

maintained in the direction perpendicular to the disc plane. In radial

direction, the disc’s rotation velocity is set such that the centrifugal

force balances the gravitational force and pressure gradients. We

have cut the gas disc smoothly to a finite radius of 26 kpc to prevent

interaction of stripped gas with the grid boundaries. This smooth

Table 1. Galaxy model parameters. For details, see Section 2.2.

M∗ 1011 M⊙
Stellar disc a∗ 4 kpc

b∗ 0.25 kpc

Bulge Mbulge 1010 M⊙
rbulge 0.4 kpc

DM halo rDM 23 kpc

M(rDM) 1.1 × 1011 M⊙
Mgas 1010 M⊙

Gas disc agas 7 kpc

bgas 0.4 kpc

v rot 200 km s−1

Figure 1. Radial profiles of the density, ρ, pressure, p, and rotation velocity,

v rot, in the galactic plane for the initial model. Also the radial profile for the

projected ISM surface density, �, is shown. In the bottom panel, the thin

lines show the contribution of each galaxy component to the total rotation

velocity (thick solid line). The thin solid, dashed and dashed–dotted lines

are for the contributions of the stellar disc, the DM halo and the bulge,

respectively.

cutting was achieved by multiplying the gas density distribution

ρ(R, Z) with 0.5(1 + cos(π(R −20 kpc)/6 kpc)) for 20 kpc < R �

26 kpc. Fig. 1 shows radial profiles of density, surface density, pres-

sure and rotation velocity for the initial model.

Without an ICM wind, the model galaxy is stable. Fig. 2 shows

the evolution of radial profiles for the density and rotation velocity

in the disc plane and for the projected gas surface density for two

different resolutions (500 and 250 pc). Note that we have not set

the ICM surrounding the gas disc in equilibrium with the galactic

potential, because this would be unphysical. Consequently, in sim-

ulations without ICM wind, the ICM slowly sinks into the galactic

potential and causes a slow evolution of the ‘surface’ of the galactic

gas disc. Apart from the decrease of the density in the inner part

and a slow evolution at the outer edge, the gas disc is stable for sev-

eral 100 Myr, i.e. much longer than the stripping time-scales (see

Section 4). The decrease of the central density is caused by the spa-

tial discretization of our grid. In grid codes, advection of mass and

momentum into non-axial directions is always accompanied by a

numerical viscosity due to numerical diffusion. In the rotating gas

disc, the gas has to move on circular orbits in a Cartesian grid. This

geometrical mismatch is strongest in the inner part of the galaxy. Be-

low a certain radius, the resolution of the rotational motion becomes

insufficient and the numerical diffusion introduces radial velocities,

which lead to a decrease of the central density. As seen in Fig. 2,

this effect is smaller for better resolutions. We have also checked in

higher-resolution runs with ICM wind that this behaviour does not

influence our results (see Appendix A).
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Figure 2. Evolution of radial profiles in runs without ICM wind, for density,

ρ, and rotation velocity, v rot, in the galactic plane. Also the projected gas sur-

face density, �, is shown. The thick line displays the mean profile averaged

azimuthally over the disc, the thin lines display the minimum and maxi-

mum values for each radius. For further explanation, see text, Section 4.3.

The colours/linestyles code four different times, see legend. The left panels

are for a run with 500-pc resolution, the right panels for a run with 250-pc

resolution.

2.3 ICM conditions

In order to study the influence of the inclination isolatedly, we use a

constant ICM wind. The additional effect of a variable ICM wind,

as one would expect for a cluster passage, will be studied in a forth-

coming paper. We measure the inclination angle, i, of the galaxy

as the angle between its rotation axis and the ICM wind direction.

Thus 0◦ corresponds to to a face-on motion of the galaxy, and 90◦

to edge-on.

The strength of the ICM wind is characterized by the ram pres-

sure, p ram = ρ ICM v2
ICM, which depends on, both, ICM wind density,

ρ ICM, and velocity, v ICM. Roediger & Hensler (2005) have shown

that the ram pressure is the relevant parameter and not ρ ICM or

v ICM. Therefore, we use v ICM = 800 km s−1 for most simulations

and vary the ram pressure by varying ρ ICM. We chose the ICM

temperature such that the sound speed is 1000 km s−1. Thus, the

standard v ICM corresponds to a Mach number of 0.8. For compari-

son, a few runs with supersonic v ICM = 2530 km s−1 have also been

performed. The parameters for pram, ρ ICM, v ICM and i are summa-

rized in Table 2. We will refer to the three ram pressures used as

low, medium and high. We will refer to individual runs by labels

of the form PaVbIc, where the string a identifies the ram pressure

(low, medium or high), the string b identifies the ICM velocity (b

is either 800 or 2530) and c identifies the inclination angle. E.g.,

PmediumV800I30 labels the run with p ram = 6.4 × 10−12 erg cm−3,

v ICM = 800 km s−1 and i = 30◦. An addition of the string ‘HR’ to

the label denotes that the run was performed with the higher effec-

tive resolution, e.g. PmediumV800I30HR refers to the same sim-

ulation parameters as before but an effective resolution of 250 pc.

The runs with the standard resolution of 500 pc do not carry an extra

label.

We start the simulation with the ICM at rest and then increase the

inflow velocity over the first 50 Myr from zero to v ICM.

In order to include all stages of the ICM–ISM interaction, the

overall runtime of our simulations is 1 Gyr.

Table 2. ICM wind parameters. Crosses indicate which ICM wind parameter

– inclination combinations have been simulated.

pram ρ ICM v ICM Inclination i (◦)

(erg cm−3) (g cm−3) (km s−1)

0 30 60 75 90

6.4 × 10−11 10−26 800 × × × ×

6.4 × 10−12 10−27 800 × × × × ×

6.4 × 10−12 10−28 2530 × ×

6.4 × 10−13 10−28 800 × × × ×

3 A NA LY T I C A L C O N S I D E R AT I O N S

3.1 Different phases

As described in previous works, the ICM–ISM interaction proceeds

in multiple phases. The discussion of the phases in Section 1 made

clear that the overall process is quite complex. Analytical estimates

exist mainly for the instantaneous stripping phase in face-on geom-

etry (see Section 3.2). Marcolini et al. (2003) estimated a stripping

radius for the edge-on geometry by assuming that the instantaneous

stripping can be neglected and the stripping radius will be set by the

KH instability. They estimated the radius up to which the galaxy’s

gravity can suppress the KH instability, and assumed that gas out-

side this radius will be stripped. They found that, both, the estimates

for face-on and edge-on cases are rather similar. However, the time-

scale for the continuous stripping, which is the relevant process

in the edge-on geometry, operates on a much longer time-scale.

Roediger & Hensler (2005) estimated that the mass-loss rate during

the continuous stripping phase is of the order of 1 M⊙ yr−1.

In the following sections, we discuss the estimate for the strip-

ping radius in the instantaneous stripping phase and try to derive an

estimate for inclined geometries.

3.2 Face-on geometry

The usual way to estimate the amount of gas loss during the in-

stantaneous stripping phase for galaxies moving face-on through

the ICM follows the suggestion of Gunn & Gott (1972). Here, one

compares the gravitational restoring force per unit area and the ram

pressure for each radius of the galaxy. At radii where the restor-

ing force is larger, the gas can be retained, at radii where the ram

pressure is larger, the gas will be stripped. The transition radius is

called the stripping radius. In order to calculate the restoring force

per unit area, it is assumed that the gas disc can be approximated by

an infinitely thin disc. Then, the restoring force per unit area would

be

fgrav(R) = �gas(R)
∂�

∂Z
(R), (2)

where � is the gravitational potential of the galaxy and �gas(R)

the gas surface density. As pointed out by e.g. Roediger & Hensler

(2005), the gradient of ∂�/∂Z exactly in the disc plane is zero, so

if ∂�/∂Z exactly in the galactic plane is used, this estimate would

not yield any restoring force. In order to obtain a reasonable esti-

mate, one can use the maximum gradient ∂�/∂z (R, Z) behind the

disc plane at a given R. In general, the resulting stripping radii and

retained gas masses from numerical simulations agree well with the

predictions from this simple estimate.
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Figure 3. Slices in y–z plane at x = 0, colour-coded density for different time-steps. For run PmediumV800I30HR. The ICM wind is flowing from left to right.

Also the grid structure is shown: one square is the cross-section of one block = 83 grid cells.

3.3 Inclined cases

Now we wish to move on from face-on geometries to inclined cases.

As in face-on geometries, we assume that the gas disc can be de-

scribed by an infinitely thin disc. For a given surface element dA at

radius R in the galactic plane, the ram pressure force is ρ ICM v2
ICM

cos i dA, because we have to use the projected cross-section of this

surface element. This force is axisymmetrical with respect to the

galactic rotation axis for all i. We can also interpret this force in

terms of an effective inclination-dependent ram pressure cos i ρ ICM

v2
ICM. Clearly, the ram pressure force decreases with inclination. In

addition to the reduced ram pressure force, also the correct gravita-

tional restoring force needs to be calculated. For a surface element

dA in the galactic plane at galactic radius R and azimuthal angle φ,

the restoring force is the projection of the sum of local gravitational

force and centrifugal force onto wind direction. Since the centrifu-

gal force and the radial gravitational force in a disc galaxy balance,

we can drop both terms from our analysis. Only the projection of

the gravitational force perpendicular to the disc plane onto wind

direction remains. This is cos if grav dA with f grav calculated as in

equation (2). Again, this force is axisymmetrical with respect to the

galactic rotation axis. If now the ram pressure force and the restor-

ing force are compared for all disc radii, the factor cos i drops out

completely. Consequently, the stripping radius should be indepen-

dent of inclination. One of the assumptions for this estimate is that

the gas disc can be approximated by an infinitely thin disc. Clearly,

this assumption is not valid for highly inclined cases, so the estimate

is expected to fail for near-edge-on cases. However, for moderate

inclinations it could give a useful approximation. For near-edge-on

inclinations, we expect that the galaxy loses less gas.

4 S I M U L AT I O N R E S U LT S

The most striking result of our simulations is that with increasing

inclination a stronger and stronger degree of asymmetry is intro-

duced to the gas disc. This asymmetry makes simple concepts such

as a stripping radius difficult to apply.

4.1 Snapshots of the evolution

To visualize the 3D data, we show slices through the simulation

box and projected gas densities. Figs 3 and 4 display the local gas

density in certain planes through the galaxy for an inclination of

30◦ (Fig. 3) and 90◦ (Fig. 4). Both plots represent runs with medium

ram pressure. Snapshots at three different times are shown. For

the 30◦ case, the disc remains rather symmetrical, whereas espe-

cially early snapshots of the 90◦ case display a strong degree of

asymmetry.

In Figs 5–7, we show projected gas densities at several time-steps

for the same runs as in Figs 3 and 4, but also for the corresponding

60◦ run. For all three runs, we show projections along the three

coordinate axes. Only galactic gas (identified by its ‘colour’, see

Section 2.1) is shown.

The snapshots reveal an interesting trend: at early times a higher

inclination causes stronger asymmetry: one side (roughly the up-

stream side) is stripped more strongly than the other. Details of how

the rotation of the disc affects the stripping are discussed below.

However, even for the edge-on case, the asymmetry decreases with

time and the remaining gas disc becomes circular again. This is

caused by the rotation of the gas disc. At a galactic radius of 10 kpc,

the rotation time is roughly 300 Myr, so in the course of our simu-

lation the disc rotates roughly three times. Therefore, for the case

of a constant ICM wind, eventually each part of the disc passes

the region of strongest stripping, and the disc becomes symmetrical

again.

4.2 Velocity information

Vollmer et al. (2001a) stressed that velocity information is crucial

for the correct interpretation of H I observations of ram pressure

stripped galaxies. Because of the fact that we have used a constant

ICM wind, the velocity structure of the stripped material reflects

mainly the superposition of the galactic rotation and the acceleration

by the ICM wind. The velocity structure will be more interesting

for simulations with variable ICM winds.

4.3 Radial profiles

In Fig. 8, we display the evolution of radial profiles. To generate

this plot, we measured radial profiles along 12 radial lines that are

separated by 30◦ in the galactic disc. The thick lines show the

average of these profiles, the thin lines show the maximum and
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Figure 4. Slices in x–y plane at z = 0, colour-coded density for different time-steps. For run PmediumV800I90HR. The ICM wind is flowing from bottom to

top. For more details, see Fig. 3.

minimum value for each radius. The profiles reveal that the inner

part of the gas disc remains symmetrical, whereas the outer part

becomes asymmetrical.

The reason for the decrease of the density in the central part is a

numerical one, it is explained in Section 2.2.

4.4 Mass loss/radius decrease

4.4.1 Radius and mass measurement

In the light of the previous plots, it is not clear how the radius of the

gas disc should be defined. We decided to include the asymmetry

in our measurement. We scan along 12 radial lines, separated by

an angle of 30◦, in the galactic plane. For each of these scan lines,

we find the radius where the density drops below 10−26 g cm−3 for

the first time. This is the stripping radius for this scan line. This

density limit seems rather arbitrary, but Roediger (2005) tested dif-

ferent options and found this one to be the most appropriate and

representative one. We average the results of all scan lines to obtain

a mean disc radius Rmean, but we also compute the maximum and

minimum radius Rmax and Rmin.

Two masses are of interest here: the mass Mdisc of gas inside

a cylinder centred on the galaxy (radius = 27 kpc, thickness =

±5 kpc), and the mass of gas bound to the galaxy, Mbnd. In order to

exclude the ICM in Mdisc, we only consider gas with a temperature

less than 107 K. The bound mass is given by the sum of the gas mass

in all those grid cells where the total energy density e therm + ekin +

epot = p/(γ −1) + 0.5 ρ(v2
x + v2

y + v2
z ) + ρ� is negative.

4.4.2 Radius and mass

The evolution of disc mass and radius is shown in Fig. 9. The left,

middle and right plot correspond to high, medium and low ram pres-

sure, the inclinations are colour coded. These plots were generated

from the simulations with effective resolution of 500 pc. However,

as shown in Appendix A, these results are not sensitive to resolution.

The reason why the initial mass appears less in the case of the high

ram pressure is that we have set the gas disc in pressure equilibrium

with the ICM. For a higher ρ ICM but constant ICM temperature, the

ICM pressure is higher, which causes the outer layers of the gas disc

to have a higher pressure. As the density distribution is fixed, this

means the outer layers have a higher temperature and, therefore,

drop out of our calculation of Mdisc due to the temperature limit (see

also discussion of this effect in Roediger & Hensler 2005). In order

to include the asymmetry of the disc, we plot Rmin(t) and Rmax(t) as a

function of time. In addition, we overplot the mean radius, Rmean(t).

For strong and medium ram pressure, it is obvious that the degree

of asymmetry increases with inclination. We have also plotted the

quantities Rmax − Rmin and (Rmax − Rmin)/Rmean in Fig. 10 to quantify

the degree of asymmetry.

Several interesting statements can be made from the radius and

mass plots.

(i) Depending on ram pressure, we can strip the disc completely,

partially or only marginally.

(ii) The evolution of the retained mass and, particularly, the disc

radius are remarkably similar for face-on, 30◦ and 60◦ runs. The runs

for 0◦ and 30◦ are nearly indistinguishable, and in the 60◦ case only

slightly less mass is lost.

(iii) For all but the edge-on runs, we can clearly distinguish

the three phases discussed in Roediger & Hensler (2005) and in

Section 1.

The first is the instantaneous stripping phase, during which the

outer part of the gas disc is pushed in the downwind direction. This

phase ends with the first minimum in Rmean(t). The first minimum

in Mdisc(t) appears slightly later because the gas has to leave our de-

fined ‘disc region’ first before it is no longer considered as disc gas.

The next phase is the intermediate phase, which is characterized by

Mbnd(t) >Mdisc. Finally, the phase of continuous stripping follows.

(iv) The durations of, both, the instantaneous stripping phase

and the intermediate phase are longer for weaker ram pressures. For

a fixed pram they are independent of inclination.

(v) For non-edge-on cases, the evolution of Rmean after the in-

stantaneous phase is slow.

(vi) For a given pram, the mass-loss rate in the continuous strip-

ping phase seems to be independent of inclination. This feature is
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Figure 5. Projected gas densities along x-, z- and y-axis in the left, middle and right column, respectively. Each row is for the same time-step that is printed

in the top left corners of each panel. For run PmediumV800I30HR (same as in Fig. 3). Contour levels are 10−5,−4,−3,−2 g cm−2. The labels in the top right

corners denote the orientation of the line-of-sight with respect to the galaxy: αax is the angle between the line-of-sight and the galactic rotation axis. If the

line-of-sight is projected into the grid’s x–z plane, the resulting line has an angle of αproj with the negative part of the grid’s z-axis. αax and αproj are given in

degree. Concerning the time-steps and the direction of projection, the panels in the first column correspond to the three panels in Fig. 3.

most relevant for medium ram pressures, where neither the mass loss

is negligible (like for weak ram pressures) nor the disc is stripped

completely (like for the strong ram pressure).

The basic point in all these aspects is that the stripping process

is nearly independent of inclination as long as the inclination is not

close to edge-on.

The dependence of asymmetry on ram pressure and inclination

is more complex. Moreover, the asymmetry decreases with time.

In general, the face-on cases show nearly no asymmetry. The ab-

solute asymmetry (i.e. Rmax − Rmin) for the edge-on cases depends

strongly on ram pressure, where higher ram pressures lead to sig-

nificantly higher asymmetries. For the remaining inclinations, the

absolute asymmetry is approximately independent of ram pressure.

The dependence of the relative asymmetry [i.e. (Rmax − Rmin)/Rmean]

on ram pressure reflects the dependence of Rmean on pram. The radial

profiles in Fig. 8 reveal that the asymmetry is restricted to the outer

part of the gas disc. The inner part remains symmetrical. This is even

true for the medium ram pressure edge-on case, as can be seen in

Fig. 4. Even for inclined cases, an inner part of the gas disc remains

more or less untouched.

The comparison between subsonic and supersonic runs with iden-

tical ram pressure reveals a similar result to the result of Roediger &

Hensler (2005). In the supersonic case, the galaxy can retain slightly

more mass than in the subsonic case. The difference in retained

masses increases with inclination. For highly inclined galaxies, also

the asymmetry of the disc is temporarily larger in the supersonic

case.
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Figure 6. Projected gas densities along x-, z- and y-axis. For run PmediumV800I90HR (same as in Fig. 4). See also Fig. 5. Concerning the time-steps and the

direction of projection, the last three panels of the middle column correspond to the three panels in Fig. 4.

Figure 7. Projected gas densities along x-, z- and y-axis. For run PmediumV800I60. See also Fig. 5.

4.5 Comparison analytical/numerical

Because of the asymmetry of the disc and the ongoing evolution, it is

not straightforward to compare the numerical results to the analytical

predictions. A first question to answer is at which time we have to

measure mass and radius in our simulations to make a meaningful

comparison to the analytical prediction. We take measurements at

two time-steps: at the end of the instantaneous phase and at the end of

the intermediate phase. For the strong ram pressure, the intermediate

phase is finished at t = 175 Myr, for the medium ram pressure at t =

400 Myr, and for the weak one at t = 800 Myr. Except for the edge-on

cases, the stripping radius does not change during the intermediate

phase. Therefore, the radius measurements taken at the end of of

the intermediate phase are also representative for the end of the
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Figure 8. Evolution of radial profiles, for density, ρ, and rotation velocity,

v rot, in the galactic plane. Also the projected gas surface density, �, is

shown. The profiles belong to run PmediumV800I30HR (same as in Fig. 3).

The thick line displays the mean profile averaged azimuthally over the disc,

the thin lines display the minimum and maximum values for each radius.

For further explanation, see text, Section 4.3. The colours/linestyles code

four different times, see legend.

instantaneous phase. The disc mass, however, changes during the

intermediate phase. As a further complication, Rmax(t) and Rmin(t)

oscillate on rather short time-scales. We average these quantities

over a smoothing length of 100 Myr to derive typical values.

In Fig. 11, we show the numerical results and the analytical esti-

mate for the stripping radius and the remaining mass in the disc. The

analytical estimate is displayed by the dotted lines. The predicted

stripping mass given in the lower panel of this plot is simply the disc

mass inside the stripping radius. For the numerical stripping radius,

we show Rmean as diamonds and the range Rmin – Rmax as an error bar.

For the mass remaining in the disc, we show the numerical results

at the end of the intermediate phase as diamonds. The disc mass at

the end of the instantaneous phase is shown by stars. However, for

the high ram pressure case this quantity cannot be derived.

For the face-on cases (i = 0), the analytical estimate and the

numerical result for the stripping radius agree well. The same is

true for the disc mass at the end of the instantaneous phase. The

numerical values are just slightly smaller than the predicted ones.

Here we confirm the result of previous works. At the end of the

intermediate phase the galaxy has already lost more than the gas

outside Rstrip. Therefore, the numerical values for the disc mass at

the end of the intermediate phase are significantly lower than the

analytical prediction.

For inclinations �30◦, neither stripping radius nor disc mass de-

pend on inclination. For 30◦ < i � 60◦ the dependence on inclination

is weak. Only for i � 60◦ the stripping radius and disc mass increase

with inclination. Therefore, the simulation results confirm the pre-

diction made in Section 3.3.

The mass-loss rate in the continuous stripping phase is remarkably

similar in all cases and is about 1 M⊙ yr−1. This is similar to the

results of Roediger & Hensler (2005).

5 D I S C U S S I O N

5.1 The influence of the inclination

According to our simulations, the inclination angle does not affect

stripping significantly unless the galaxy moves close to edge-on.

This result agrees with the trends found by Quilis et al. (2000)

and Marcolini et al. (2003). In contrast to Quilis et al. (2000), we

do not find that only strict edge-on galaxies suffer less stripping,

but we find that i affects the amount of mass loss for inclinations

within ∼30◦ of the edge-on geometry. Moreover, we have studied

the stripping process for longer run-times and investigated a larger

range of ram pressures. Our result disagrees with Schulz & Struck

(2001) who find that inclined galaxies are stripped on a longer time-

scale, also for inclinations around 45◦. In contrast, in our simulations

the phases of the ICM–ISM interaction are remarkably independent

of inclination. The duration of the phases is comparable to what was

found by Roediger & Hensler (2005).

Vollmer et al. (2001a) have included a time-dependent ram pres-

sure in their simulations, which seems to make the influence of

inclination rather messy. They could not find a correlation between

ram pressure, inclination angle and stripping radius (or remaining

disc diameter), but they give an empirical fit for the remaining mass.

We checked whether our simulation results for the disc masses fol-

low their suggestion, but this is not the case.

Based on their study of dwarf galaxies, Marcolini et al. (2003)

argue that the inclination is only important when the ram pressure is

comparable to the central pressure p0 of the galactic potential well.

For pram > p0 the galaxy will be stripped completely, independent

of inclination, and for pram < p0 only very little gas is lost. For our

galaxy, the central pressure is p0 ≈ 10−10 erg cm−3. Our ram pres-

sures are 6.4 × 10−11,−12,−13 erg cm−3. If only the central galactic

pressure is compared with pram, a dependence on inclination should

be prominent only in the case of our strongest ram pressure. In our

simulations, however, at least the strong and the medium ram pres-

sure case clearly depend on inclination. We suggest that not only the

central disc pressure is relevant for this comparison, but the pressure

profile along the galactic plane. For our model galaxy, the pressure

along the galactic plane drops to about 10−11 erg cm−3 at a radius

of 5 kpc and down to about 10−12 erg cm−3 at a radius of 10 kpc.

This explains why the inclination plays a role for the strong and the

medium ram pressure. For the weak ram pressure, our galaxy loses

little mass for all inclinations. However, even there, the influence of

the inclination is the same. We conclude that the result of Marcolini

et al. (2003) cannot be applied to massive galaxies directly but needs

to be improved in the sense that the inclination is important as long

as the ram pressure is comparable to the pressure in the galactic

plane.

5.2 What could be observed?

A prediction for observable gas surface density maps is given in

Figs 5–7. We want to emphasize one special aspect, namely the

relation between the direction of the tail of stripped gas and the

galaxy’s direction of motion. Consider e.g. the following surface

density maps (all at t = 200 Myr): Fig. 5, first line and first column;
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Figure 9. Radius and mass of the remaining gas disc for three ram pressures (left, middle and right plot correspond to high, medium and low ram pressure)

and different inclinations (colour coded). For the radius, we show the mean radius (thick solid line) and the minimum and maximum radius (thin lines of same

colour). The area between the minimum and maximum radius curves is hatched for easier orientation. In addition to the colour, also the direction of hatching

codes the inclination (e.g. horizontal hatching for edge-on). Thin dashed lines in mass plot are bound gas mass, thick solid lines are the mass in a fixed disc

region (see text, Section 4.4.1). Both, mass and radius do not drop immediately because we switch on the flow at the inflow boundary at t = 0, and then the

flow needs a certain time to reach the galaxy.

Figure 10. Demonstration of the asymmetry of the gas disc and its evolution. The asymmetry is shown by Rmax − Rmin in the top panels, and the same

normalized to Rmean in the bottom panels. For three ram pressures: left, middle and right plot correspond to high, medium and low ram pressure. In each plot,

the results for different inclinations are shown (coded by colour/linestyle, see legend). Please note the different scales on the y-axes of the bottom panels.

Fig. 6, second line and second column and Fig. 7, first colum. Also

focus on contour lines of 10−4 g cm−2 and above, as it would be the

case for ‘normal’ H I observations. Now try to guess the galaxy’s

direction of motion purely from these maps, from the direction of

the tail. The answer is not that the galaxy is moving into the direction

opposite to the tail, but in all cases the galaxy is moving towards

the left. The reason for this strange appearance is simple for the two

cases where the disc is seen edge-on: going back to the rest frame

of the galaxy, the ICM wind is blowing the stripped gas towards the

right. The gas from the upwind edge has to go a longer way to reach a

certain distance to the galaxy in y direction, whereas the gas from the

downwind edge has a ‘head start’. Moreover, in the direct vicinity

of the galaxy, the ICM wind is not blowing straight in y direction,

but it is flowing smoothly past the galaxy. This introduces velocity

components in ±x and ±z direction. Therefore, for some time during

the initial phase the tail of stripped gas appears to be in the ‘wrong’

direction. For such cases, not even radial velocity information would

help to determine the true direction of motion because this behaviour

is governed completely by velocities perpendicular to the line-of-

sight.

In the case of the map in Fig. 6, second line and second column,

the reason is a different one. This galaxy is moving edge-on through

the ICM, while we see it face-on. If we can determine the position

of the galactic centre, e.g. from the stellar disc, we would see that

the gas disc is stretched towards the top-right and compressed at the

opposite side. But also this galaxy is moving towards the left. In this

example, we can see the interaction between the galactic rotation and

the ICM wind. In this map, the galaxy is rotating counter-clockwise.

The side where the gas rotates parallel to the ICM wind is stripped

more easily than the side where the gas rotates antiparallel to the

wind. In later stages (further maps in the middle column of Fig. 6),

we can see that the tail of stripped gas seems to be attached to the
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Figure 11. The analytical estimate of stripping radius and stripping mass

as a function of inclination for three different ram pressures (black = weak,

red = medium, green = strong) is shown by dotted lines. Also the numerical

results are shown. We measure the numerical stripping radius and mass at

the end of the intermediate phase, see text for a more detailed discussion.

For the numerical radius, we give the mean radius as a diamond, and the

range between the minimum and maximum measured radius as an error bar.

See text for further explanation (Section 4.5). The disc mass at the end of

the intermediate phase is shown by diamonds. In addition, we plot the disc

mass at the end of the instantaneous phase as stars.

bottom side of the galaxy. Phookun & Mundy (1995) discussed the

effects of combined stripping and rotation and concluded that in

such a geometry the side where the gas rotates into the wind will be

stripped more strongly because, as the relative velocity between the

gas and the ICM is higher at that side, also the true ram pressure is

higher at this side. Thus, the tail of stripped gas should be twisted

towards this more strongly stripped side. This is just the opposite of

what our simulations show. The relative velocity is higher at the side

where the gas rotates into the wind, and also the ram pressure may

be stronger there. But at this side the gas first has to be decelerated

to zero velocity and then accelerated to get stripped. At the opposite

side, the gas is already moving in wind direction and, hence, it seems

easier to strip it there.

In all cases discussed here, deep H I observations that reveal the

low density extension of the tail or, for supersonic cases, the obser-

vation of a bow shock could help to determine the true direction of

motion.

5.3 Application to cluster galaxies

The strongest limitation of our approach is the use of a constant

ICM wind, which is not a good model for galaxies that traverse the

cluster centre. None the less, some of our results are applicable to

real cluster galaxies.

According to our simulations, the mass loss is similar for galaxies

that do not move close to edge-on also in initial phase of stripping.

Therefore, even if galaxies are exposed to strong ram pressures for

a short period only, only those galaxies that are close to edge-on can

be protected against stripping by their inclination. Most galaxies

should suffer severe stripping in cluster centres.

Although the mass loss from galaxies in low ram pressure en-

vironments such as cluster outskirts is small, Roediger & Hensler

(2005) found that still the gas discs are truncated at ∼15–20 kpc.

While this work was restricted to face-on geometries, we found

that this is also true for all non-close-edge-on geometries. Thus,

ram pressure stripping of massive galaxies may also play a role in

cluster outskirts. Observational evidence for the ‘pre-processing’ of

galaxies in low-density environments (see also Fujita 2004) arises

from the detection of H I deficient galaxies (Solanes et al. 2001) and

passive spirals (Goto et al. 2003a) in cluster outskirts.

The duration of the intermediate phase, which is the phase where

a substantial amount of gas that will be stripped eventually, is still

bound to the galaxy, is independent of inclination. Therefore, we

expect that if the ICM wind strength decreases during this phase, as

it could be the case for galaxies passing cluster centres, a substantial

amount of the stripped gas will still be bound to the galaxy and will

fall back to the disc. This effect was found by Vollmer et al. (2001a)

in their sticky particle simulations. They also found that the amount

of gas that falls back into the galaxy increases with inclination.

It will be interesting to compare this feature with hydrodynamical

simulations of a cluster passage.

If the ICM wind decreases during the intermediate phase, it leaves

behind a gas disc with a strong asymmetry in the outer parts. Differ-

ential rotation should smear out this asymmetry on a few galactic

rotation time-scales, resulting in a gas disc with a steepened gas den-

sity profile in the outer parts. A similar feature has been observed

recently by Koopmann et al. (2005) in the Hα discs of Virgo spirals.

We suggest that this feature could be caused by the scenario we just

described.

6 S U M M A RY

We have presented 3D hydrodynamical simulations of ram pressure

stripping of massive disc galaxies. We concentrated on the influence

of the inclination angle between the galactic rotation axis and the

galaxy’s direction of motion.

We find that the inclination angle has a weak effect on the mass

loss from the gas disc as long as the galaxy is not moving close to

edge-on. We can explain this behaviour analytically by comparing

the effective ram pressure with the component of the gravitational

restoring force in wind direction. From simulations of dwarf galax-

ies, Marcolini et al. (2003) concluded that the inclination angle does

not play a role as long as the ICM ram pressure is not comparable

to the central disc pressure, p0. For pram < p0 hardly any gas would

be lost, and for pram > p0 the gas disc would be stripped completely

for all inclinations. We refine this result in the sense that for massive

galaxies it is not sufficient to compare the central disc pressure with

pram, but the pressure profile along the galactic plane must be used

for this comparison. This leads to a larger range of ram pressures

for which the inclination angle plays a role.

We have also studied the phases of the ICM–ISM interaction and

found that for all non-edge-on geometries the stripping proceeds in

a remarkably similar fashion. First, during the instantaneous strip-

ping phase, the outer part of the gas disc is pushed towards the

downstream direction. Then follows the intermediate phase which

is needed to unbind the stripped gas from the galactic potential. Fi-

nally, during the continuous stripping phase the gas disc continues

to lose gas at a small rate of ∼1 M⊙ yr−1.

In addition to the mass loss, we have studied the asymmetrical

structure introduced in the remaining gas discs of inclined galaxies.

We have also presented projected gas density maps for several

simulation runs. We have demonstrated that in moderately deep H I
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observations the tail of stripped gas does not necessarily point in

a direction opposite to the galaxy’s direction of motion. Therefore,

the observation of a galaxy’s gas tail may be misleading about the

galaxy’s direction of motion. Deep H I observations or additional

observations of e.g. a bow shock may be essential.
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A P P E N D I X A : R E S O L U T I O N C O M PA R I S O N

We have performed some of our simulation runs with two different

resolutions to verify that our results are resolution independent.

In Figs A1 and A2, we repeat slices through the simulation box

corresponding to Figs 3 and 4, but for the lower resolution of 500 pc.

In the higher resolution runs, the stripped gas fragments more than

in the low-resolution runs, but the overall structure is very similar

for both resolutions.

In Fig. A3, we repeat Fig. 8 but for the low-resolution case. Here

the numerical diffusion problem in the inner part as explained in

Section 4.3 occurs in a larger region in the inner part. Aside from

this, the characteristics of the profiles are very similar for the two

resolutions.

In Fig. A4, we demonstrate that the disc radius and mass evolution

are nearly independent of resolution. Even the mass-loss rate in the

continuous stripping phase is very similar. This is due to the fact

that the mass loss is dominated by the largest KH modes, which are

also resolved in the lower resolution runs.

We conclude that our simulations use a sufficient resolution.

C© 2006 The Authors. Journal compilation C© 2006 RAS, MNRAS 369, 567–580



Ram pressure stripping of disc galaxies 579

Figure A1. Same as Fig. 3, but for lower resolution (run PmediumV800I30).

Figure A2. Same as Fig. 4, but for lower resolution run (run PmediumV800I90).
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Figure A3. Same as Fig. 8, but for low resolution (run PmediumV800I30).

Figure A4. Comparison of disc radius and mass evolution for two different

resolutions. For medium ram pressure, inclinations of 30◦ and 90◦. For

inclination and resolution, see legend.
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