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between the IGM and the gas bound by the gravitational potential of a galaxy depends primarily on the following three

parameters: 1) the relative velocity, vRam, of the galaxy with respect to the IGM, 2) the density of the IGM, ρIGM , and 3) the

exposed surface area, S, of the ISM towards the ram wind. The ram pressure, P , is usually defined as (Gunn & Gott 1972),

P = ρIGM v2Ram

and the component of the ram force parallel to the galaxy’s disk on a gas element is given by

FRam‖ ∝ ρIGM v2Ram S cos γRam

and perpendicular by

FRam⊥ ∝ ρIGM v2Ram S sin γRam

where γRam is the angle between the wind direction and the galaxy’s plane. Here we assume that the galactic gas is distributed

as a thin plane that is not exactly edge-on relative to the IGM motion and not shielded by neighbouring gas clouds. The
gas within a volume element with a surface area A and a thickness d of the gas disk will be assumed to be either diffuse

gas (homogeneously distributed over a volume element) or clumpy (see Fig. 1 for illustration). In the diffuse case, the gas

has a constant density ρDiff within a volume element and S = A. In the clumpy case, the gas is distributed over a number,
N , of individual gas clouds within the volume element. Here we simply assume spherical gas clouds with a constant radius

rCloud and a density ρCloud, so that S = N π r2Cloud. In the context of two neutral atomic phases in approximate pressure

equilibrium (Wolfire et al. 2003), these two cases might be identified with the warm and the cool neutral medium respectively,
with a density contrast of about 100:1. The opposing force to the ram pressure is the gravitational binding force of the galaxy,

which is roughly equal to the centrifugal force,

FGrav ∼ mISMv2Rot/r

where vRot is the rotation velocity of the ISM at a radius r from the galactic center and mISM the mass of the gas in the volume

element with mISM = ρDiff S d (diffuse gas) and mISM = N ρCloud 4/3 π r3Cloud (clumpy gas). The ratio µ = FRam/FGrav

describes the relative impact of the ram pressure on the ISM in the galactic disk and is basically a measure of the strength
to disturb the motion of the ISM. For diffuse gas, this effective ram parameter is given by

µ =
ρIGM v2Ram S cos(γRam)

mDiffv2Rot/r
=

ρIGM

ρDiff

v2Ram

v2Rot

r
d
cos(γRam)

and for clumpy gas by

µ =
ρIGM v2Ram S cos(γRam)

mDiffv2Rot/r
=

ρIGM

ρCloud

v2Ram

v2Rot

3 r
4 rCloud

cos(γRam)

with d ∼ rCloud. Since diffuse gas has much lower density than clumpy gas, it requires much smaller ram forces to disturb the
motion of the diffuse ISM. In extreme cases, i.e. µ >> 1, this can lead to ram pressure stripping as seen for high ρIGM as e.g.

demonstrated in galaxy clusters.
The effective velocity change ∆v of the ISM due to ram pressure can be described via momentum conservation in the

approximation of an fully dissipative collision between the ISM and IGM,

$pIGM + $pISM = $pTot.

In the rest-frame of the galaxy ($pISM = 0), this equation reduces to

mIGM | vRam |= (mIGM +mISM) | ∆v |,

and using mISM = ρDiff S d (diffuse gas) and mIGM = ρIGM S d to

| ∆v |=
| vRam |

1 +
ρDiff

ρIGM

.

For ρDiff >> ρIGM , the effective velocity change of the ISM can be approximated by

| ∆v |#| vRam |
ρIGM

ρDiff
.

The effective velocity change due to an instantaneous momentum transfer can be only integrated over timescales of less
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with

x = −(X −X0) sin(φ) + (Y − Y0) cos(φ), (3)

y =
−(X −X0) cos(φ)− (Y − Y0) sin(φ)

cos(i)
, (4)

r =
√

x2 + y2, (5)

cos(θ) =
x
r
, (6)

sin(θ) =
y
r
. (7)

Here X0 and Y0 are the position of the rotation center in the plane of the sky (X,Y), r the radius in the plane of the disk

(x,y), vSys the systemic velocity, vRot(r) the rotational velocity at a radius r, vExp the rdial velocity, i the inclination angle
and φ the position angle of the receding major axis of the galaxy measured in anti-clockwise direction from north toward the

east. In the following we will set X0 = 0 and Y0 = 0 and we will assume first a constant PA and inclination of the disk. The
more general case where both PA and inclination can change as function of radius (e.g. due to a warped disk) is described in

detail in App. B and is labelled as θW throughout the paper.

The velocity due to the ram wind ∆v can be described as an additional component to the HI kinematics (see Fig. 2).
Here we assume that the entire gas disk is exposed to a constant ram pressure field which contributes a velocity component to

the velocity field of the galaxy. The magnitude of this ram velocity component is a function of the HI gas density as described

by the scale function F (ρISM). Here we decompose the ram velocity vector into three different components: 1) perpendicular
to the gas disk as given by,

vRam⊥ =| ∆v | F (ρISM) sin(γRam),

2) an additional rotational velocity component,

vRamRot =| ∆v | F (ρISM) sin(θ − θRam) cos(γRam),

and 3) an additional radial velocity component,

vRamExp =| ∆v | F (ρISM) cos(θ − θRam) cos(γRam).

Note that the ram wind vector field is fixed with respect to the sky plane but that the angles θRam and γRam depend on the
alignment of the plane of the galaxy with respect to the sky plane as described in App. C. The entire velocity field, including

the ram component, is then given as

vLoS = vSys + [vRot(r) + vRamRot] cos(θ) sin(i) + [vExp(r) + vRamExp] sin(θ) sin(i) + vRam⊥ cos(i). (8)

If we subtract the circular rotation vRot and the systemic vSys and set the non-ram wind radial velocity vExp term to

zero, we derive a line-of-sight residual velocity field vRes that includes only ram pressure terms which can be written as,

vRes =
[

vRamRot cos(θ) + vRamExp sin(θ)
]

sin(i) + vRam⊥ cos(i) (9)

= | ∆v | F (ρISM){cos(γRam) sin(i) [sin(θ − θRam) cos(θ) + cos(θ − θRam) sin(θ)] + sin(γRam) cos(i)} (10)

= | ∆v | F (ρISM)
[

cos(γRam) sin(i) sin(2θ − θRam) + sin(γRam) cos(i)
]

. (11)

The first term of vRes, with its 2θ dependence, is a second order Fourier component of azimuthal angle in the galaxy plane,
while the second term is independent of azimuth corresponding to a zero order Fourier component.

A significant fraction of disk galaxies have warped disks that are characterized by a change in PA and inclination as

function of radius. In the following we provide a mathematical description of the velocity field and residual velocity field
which includes the change in PA and inclination as function of radius. A complete description is given in App. C. The line-

of-sight velocity component for a combination of a warped disk and ram wind (extending Eq. 8 to the case of a warped

disk)

vLoS = vSys + (vRot(r) + vRamRot) cos[θW (r)] sin[i(r)] + vRamExp sin[θW (r)] sin[i(r)] + vRam⊥ cos[i(r)]. (12)

where θW (r) is a function of the PA φ(r) of the warped disk that changes as a function of radius r (see equation B7), while the
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Figure 2. Illustration of the contribution from ram wind parallel to the disk, Framdisk, to the rotation (Framrot) and radial velocity
component Framexp of a galaxy. The force vector f of the ram wind v is defined by the inclination angle γram between disk and ram
wind and the azimuthal angle θram (see text).

inclination i(r) is a function of radius as well. We find that the residual velocity field can be decomposed into three Fourier

components of θ

vRes = c0(r) + c1(r) cos[θwarp∗(r)] + c2(r) sin[2θW (r)− θRam(r)] (13)

with

c0(r) = | ∆v | F (ρISM) cos[i(r)] sin[γRam(r)] (14)

c1(r) = vRot(r) sin[i(r)] 2 sin[φW (r)/2] (15)

c2(r) = | ∆v | F (ρISM) cos[γRam(r)] sin[i(r)] (16)

where the first order describes the main residual of a warped disk in comparison to a circular rotating disk with constant

inclination and position angle, while the zero and second order characterize the ram interaction terms of a warped disk
perpendicular and parallel to the disk, respectively. The inclination and position angle of the warp are a function of radius

i(r) = i0 + iW (r), (17)

φ(r) = φ0 + φW (r). (18)

and can be described, e.g., as transition function between an inner and outer disk with

iW (r) = ∆i{0.5 + 0.5 tanh[(r − rW )/sW ]}, (19)

φW (r) = ∆φ{0.5 + 0.5 tanh[(r − rW )/sW ]}. (20)

where ∆φ and ∆i characterize the amplitude of change in PA and inclination, respectively. The complete derivation is provided

in App. B. We note that this is just a first order approximation of the geometry of a true warp, which can have, for instance,
different transition scale lengths between the change in PA and inclination, depending also on the orientation of the disk.
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Figure 2. Illustration of the contribution from ram wind parallel to the disk, Framdisk, to the rotation (Framrot) and radial velocity
component Framexp of a galaxy. The force vector f of the ram wind v is defined by the inclination angle γram between disk and ram
wind and the azimuthal angle θram (see text).
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Figure 2. Distribution of test gas clouds in the (X, Y )-plane
(top left) and (X,Z)-plane (top right) after two dynamical time-
scales (∼1.0 Gyrs) in the combined gravitational potential of a
disk and spherical halo. The bottom left panel shows the circular
rotation velocities (black points) as function of radius, which can
be decomposed into a stellar disk (blue line) and a spherical halo
component (dashed red line). The dispersion velocity measured
from the velocity component in the Z-direction is shown in the
bottom right panel.

on one side of the galaxy are elongated due to the ram com-
ponent in the (X,Y)-direction while on the other side they
are shortened. This leads to an asymmetry where gas clouds
are exposed for a longer time and to a more effective ram
wind in the z-direction due to the smaller gravitational forces
at larger radii on one half of the orbit than on the other. In-
tegrated over the entire orbital path, this causes a change
in the inclination angle and a warped disk evolves. Our re-
sults show that the warp direction depends on the direction
of the galaxy’s motion through the IGM and whether the
galaxy is rotating in the clockwise or counter-clockwise di-
rection, which results in a distortion which has the opposite
sign in the Z-direction. The formation of warped structure
is in agreement with studies of torques exerted by accretion
flows (e.g. López-Corredoira et al. 2002; Sánchez-Salcedo
2006), and our results corroborate the picture that warps
in galactic disks are formed by the interaction with their
surrounding material.

The radius at which the disk becomes warped depends
not only on the gravitational potential but also significantly
on the state of the neutral ISM, which goes through a phase
transition from dense clumpy clouds (with possible molecu-
lar gas cores) towards lower density clouds and diffuse gas
(see Haan & Braun 2013). We have compared the geometry

of the final warped gas disk after 4 Gyrs for three different
density profiles: (a) uniform, (b) exponential, and (c) hy-
perbolic with a transition radius at 15 kpc (see Fig. S2 in
the supplementary material). In all cases the final gas dis-
tribution and velocities show that the ram wind induces an
“S-shaped” warped gas disk for a moderately inclined ram
wind angle. However, the radial scale at which the inclina-
tion of the disk changes depends on the density properties
of the ISM.

Besides the warped morphology, we find that a ram
wind component parallel to the plane of the galaxy induces
a one-arm spiral pattern that slowly evolves with time in
a retrograde direction. The nature of this structure can be
interpreted as a wave phenomenon due to the combination
of the underlying gravitational potential and the ram wind
direction in the plane of the galaxy. Tosa (1994) has shown
a similar structure evolving under ram pressure, but was
restricted only to the plane of the galaxy and no vertical
component was included. If the ram wind also has a vertical
component, as is the case in our study, the retrograde spiral
in the disk evolves into a warped retrograde helix structure
along the vertical axis as shown in Fig. 4 and in the simula-
tion movie (see supplementary material). Moreover, we find
that the ram pressure induced “instantaneous” non-circular
motions (∼ 10− 50 km s−1 over less than one orbit) are in
the same range as measured in our kinematic ram pressure
study (Haan & Braun 2013), which suggests that both, the
warped geometry and the non-circular motions that are not
due to warps, require similar ram pressure properties (IGM
density and relative velocity of galaxy to IGM).

This study demonstrates that the measured typical mo-
tion of a disk galaxy relative to its median intergalactic en-
vironment can lead to a significant change of the morphol-
ogy of the gas distribution, characterized by a “S-shaped”
warped, lopsided disk and a one arm retrograde helix struc-
ture. Given the results of our previous kinematic ram pres-
sure study (Haan & Braun 2013) and the fact that most
galaxies show these structures, we suggest that the interac-
tion between galaxies and their surrounding IGM are the
main drivers for both non-planar and non-circular motions
in the outer gas disks of galaxies. Having recognised the
cause of these distortions, one can use the ubiquity of these
phenomena to infer the physical attributes of galaxy groups.
With multiple probes of the same environment, each galaxy
within a group can be used to infer the likely IGM density
profile, the galaxy space velocity and a likely orbital history.
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Figure 3. The gas distribution as function of time under ram
pressure (45 degree angle between X and Z axis, the red arrow
indicates the wind direction) in the combined gravitational po-
tential of disk and spherical halo. All gas clouds have the same
density with a uniform effective ram pressure and the galaxy is
rotating in counter-clockwise direction.
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López-Corredoira, M., Betancort-Rijo, J., & Beckman,
J. E. 2002, A&A, 386, 169
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Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).

Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counterclockwise-rotating (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.
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3

Figure S3: Comparison of the geometry of the final warped gas disk in the X-Z plane (top row) after 4 Gyrs under a moderate
inclined ram wind for three different density profiles (see second row): uniform (left panel), hyperbolic (middle panel), and exponential

transition (right panel). The panels at the bottom display the corresponding velocity fields as observed on the sky with a disk
inclination of 45 degree.
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  out-­‐of-­‐plane	
  
•  Warp	
  builds	
  up	
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Summary	
  
•  Ram	
  pressure	
  interac&ons	
  between	
  Galaxy	
  –	
  IGM	
  ram	
  produces	
  a	
  significant	
  kinema&c	
  
(and	
  ul&mately	
  morphological)	
  signature	
  in	
  the	
  diffuse	
  HI	
  disk.	
  	
  

•  Kinema&c	
  ram	
  pressure	
  terms	
  are	
  characterized	
  by	
  m=0	
  and	
  m=2	
  modes	
  in	
  the	
  residual	
  
velocity	
  field	
  and	
  have	
  a	
  strong	
  dependence	
  on	
  ISM	
  density	
  (e.g.	
  outer	
  disk	
  NGC	
  6946).	
  	
  

•  Long	
  term	
  consequences:	
  Forma&on	
  of	
  warped	
  gas	
  disks,	
  primarily	
  S-­‐shaped	
  warp,	
  m=1	
  
mode	
  (typical	
  warped	
  shape	
  in	
  most	
  galaxies)	
  

•  Applica&on:	
  reveal	
  the	
  3D	
  vector	
  of	
  the	
  galaxies’	
  movement	
  through	
  the	
  IGM,	
  might	
  be	
  
used	
  to	
  reconstruct	
  both	
  the	
  IGM	
  density	
  profile	
  and	
  individual	
  member	
  orbits	
  within	
  
galaxy	
  groups	
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  will	
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enough	
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  in	
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  of	
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  of	
  nearby	
  galaxies	
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Figure 1. Top panels: Trajectory of a counter-rotating test par-
ticle as function of position and time in a spherical logarithmic
potential with a ram force in the (Y,Z) directions with an in-
clination angle of 45 degree (red arrow). The bottom left panel
displays the offset in vertical direction as a function of time, while
the bottom right panel shows the normalized decomposition of the
angular momentum vector L = R× v.

(Fram < Fgrav) leads naturally to a significant change of
the inclination of a gas cloud’s orbit over a few dynamical
time-scales.

3 NUMERICAL SIMULATIONS

To test how a gas disk of a galaxy responds to a ram pres-
sure field, we simulate the orbital paths of gas clouds in a
static galactic potential. While the interaction of gas clouds
via merging and dissipation is certainly very important for
many galaxy evolutionary processes, in particular on smaller
scales, we assume that the main factor for the global dynam-
ics of a gas disk is the underlying gravitational potential and
interaction processes with its environment. Therefore our
model does not rely on any hydrodynamical assumptions as
usually applied in smooth particle hydrodynamics (SPH) or
sticky particle simulations.

The gravitational potential in our model is given by the
stellar disk and a spherical halo component. The stellar disk
potential can be approximated by the Miyamoto & Nagai
potential (see Miyamoto & Nagai 1975; Binney & Tremaine
1987):

Φdisk(r, z) =
G Mdisk

√

r2 + (adisk +
√

z2 + b2disk)
2

(3)

where Mdisk = 1.5 × 1010 M!, adisk = 1 kpc, and bdisk =
100 pc. The gravitational potential of the spherical halo is
given as (Binney & Tremaine 1987)

Φhalo(R) =
1
2
v20 ln(R

2
c +R2 + z2) (4)

with v0 = 150 km s−1 and Rc = 2 kpc.
The self-gravity of the gas component is neglected since

the gas typically contributes less than 5% to the total grav-
itational mass of a galaxy. The collissionless stellar disc is
not directly affected by ram pressure and hence shows no
disturbed kinematics or distribution (see Kronberger et al.
2008). The gas clouds are uniformly distributed over a disk
with a radius of 20 kpc (typical HI disk) to trace the re-
sponse of the gas due to the combined forces of the gravita-
tion potential and ram pressure. The initial velocities in the
(X,Y) plane are defined as circular orbits corresponding to
the gravitational potential of the galaxy. For each particle
a random dispersion term is added to the (X,Y,Z) veloci-
ties using a Gaussian distribution with σ = 4 km s−1 and
we let the gas further relax over two dynamical time-scales
(∼1 Gyr). Fig. 2 shows the gas distribution and rotation
curve after this initialization run. Then we add the ram wind
component and let the gas evolve over 4 Gyrs (∼8 dynam-
ical time-scales). We have chosen an average density ratio
of ISM/IGM of 500:1 and a ram wind of 300 km s−1, which
is a typical velocity of field and group galaxies relative to
the rest-frame of the IGM. These ram pressure parameters
ensure that the ratio of Fgrav/Fram < 1 on all scale lengths
and hence does not lead to a stripping of gas. We have sim-
ulated the impact of the ram wind for four wind directions,
a) perpendicular to the disk, b) parallel to the disk, c) 45 de-
gree inclined to the disk in (X,Z)-direction, and d) 45 degree
inclined to the disk in (Y,Z)-direction. In a first run we as-
sume that all gas clouds have the same density and hence
experience the same effective ram force. In subsequent runs
we test more realistic gas density profiles with a transition
from clumpy to diffuse gas with increasing radius.

4 RESULTS AND CONCLUSIONS

Fig. 3 displays the gas distribution as function of time for
a gas disk subjected to a uniform ram pressure. We find
that the ram force leads to a significant change of the or-
bital paths of the gas clouds, but with very different orbital
alignments as function of ram wind angle (see Fig. 4): A ram
wind parallel to the disk causes only a periodic variation in
the plane direction as function of time (periodic lopsided-
ness), while a perpendicular ram wind leads only to a small
displacement in the vertical direction of the disk along the
ram wind angle, inducing an additional “flaring” or a minor
“U-shaped” warp (non-axisymmetric flares, see also López-
Corredoira & Betancort-Rijo 2009). Only a combination of
perpendicular and parallel ram forces, namely a ram wind
that is moderately inclined to the disk, leads to a signifi-
cantly “S-shaped” warped disk as shown in Fig. 4 (see also
Fig. S1 and movie in supplementary material). This result
can be explained in a simple picture: The orbits of gas clouds
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Warped Gas Disks 5

Figure 3. The gas distribution as function of time under ram
pressure (45 degree angle between X and Z axis, the red arrow
indicates the wind direction) in the combined gravitational po-
tential of disk and spherical halo. All gas clouds have the same
density with a uniform effective ram pressure and the galaxy is
rotating in counter-clockwise direction.
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López-Corredoira, M., Betancort-Rijo, J., & Beckman,
J. E. 2002, A&A, 386, 169
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2

Figure S1: The gas distribution (left panel) and the line-of-sight velocity fields (right panel) as observed on the sky with an inclination
of 45 degree of the final warped disk after 4 Gyrs (ram properties and disk geometry are the same as in Fig. 3).

Figure S2: Comparison of the geometry of the final warped gas disk after 4 Gyrs under a moderate inclined ram wind between
counterclockwise-rotating (left panel) and clockwise rotation (right panel). Ram properties and disk geometry are the same as in Fig. 3.
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Figure 24. The simulated velocity field (left) and residual velocity field (right) of particles in a static gravitational potential after
200 Myrs of ram pressure from three different directions: top left: parallel to plane of the disk, top right: perpendicular to disk, bottom
left: 45deg inclined to disk, bottom right panel: Simulation after 2 rotation periods, which shows a strong asymmetry in the velocity field
due to the combination of warped morphology and kinematic perturbation.

Figure 25. Amplitudes of the kinematic modes as a function of time derived from simulated velocity fields of gas clouds in a static
galactic gravitational potential with a ram pressure wind that is 45deg inclined to the disk. The ratio of ram pressure to gravitational
force at R=20 kpc is Fram/Fgrav=1/24 (dashed line) and Fram/Fgrav=1/12 (solid line).

disk can significantly differ, in particular in its strength, from the current ram pressure environment due to the long timescales

associated with warp formation (>1 Gyr).
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