
 

 

 University of Groningen

Warps in disk galaxies
García Ruiz, Iñigo

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2001

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
García Ruiz, I. (2001). Warps in disk galaxies. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/4206a3b2-9e0b-4490-b5dc-cd3809208330


2
TheWarp of the Galaxy and the

LMC
Based on a paper by I. Garcı́a-Ruiz, K. Kuijken & J. Dubinski

MNRAS, submitted.

We study the possibility that the Galactic warp is caused by the tides of the
Magellanic clouds. Using a specialized N-body particle+ring code we investi-
gate the role of extra torques on the disk induced by gravitational wakes in the
dark halo created by the LMC. We find that even when the wake in the halo
is taken into account, the influence of the LMC is too weak to generate the
observed warp amplitude in the Galaxy.

2.1 Introduction

We know since 1957 that the outer parts of the Galaxy are warped (Burke,
1957; Kerr, 1957). Studies of external galaxies have extensively shown that
this phenomenon is not uncommon at all: at least three out of four galaxies
exhibit warps in their outer HI disks (Sancisi, 1976; Sánchez-Saavedra et al.,
1990; Bosma, 1991). In this era of astrophysics where most of the matter of
the universe is believed to be dark, the main hypotheses for the excitation
and/or maintenance of warps make use of this dark matter in the shape of a
halo surrounding the galaxies. Warping modes of disks embedded in some-
what flattened (dark) halos (Sparke & Casertano, 1988) seemed to provide a
gooddescriptions ofwarps, but they assumed that the halo didn’t respond to
the gravitational influence of the disk. When later this effect was taken into
account (Dubinski & Kuijken, 1995; Nelson & Tremaine, 1995), warp modes
damped too quickly and dynamicists began looking for an alternative expla-
nation.
Galaxy-galaxy encounters are known to produce tidal features that may

bend the outer parts of the disk in the observed fashion (see, for example,
(Schwarzkopf & Dettmar, 2001)). The problem with this scenario is that
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18 Chapter 2: The Warp of the Galaxy and the LMC

Figure 2.1— Mass profile and Rotation Curve: Disk (dotted), Halo (dashed), and Total
(solid). Simulation units are described in x2.2.2.

there are several galaxies where no companion is seen close to the warped
galaxy, or the companion doesn’t have enough mass to generate the ob-
served warp amplitudes. In our own galaxy, for example, the LMC’s direct
tidal forcing at its present distance is tooweak to produce the observedwarp
(Hunter & Toomre, 1969).
Recent work by Weinberg (1998) describes a calculation in which a disk

galaxy surrounded by a dark halo is perturbed by a massive satellite, sim-
ilar to the LMC. By means of a linear perturbation analysis, he follows the
perturbation (wake) created by the satellite in the halo, including its self-
gravity. He finds that the torque exerted by this wake on the disk is several
times larger than that due directly to the satellite. The latter is amplified be-
cause (i) the satellite-induced wake in the halo itself exerts a torque, roughly
in phase with that from the satellite; and (ii) the wake itself further perturbs
the halo, resulting in a torque that is larger again. As Weinberg shows, the
details of the disk model (and hence its vertical oscillation mode spectrum)
sensitively determine the degree of warping in response to the satellite and
halo wake perturbations. The amplification of the satellite tidal effect on
the disk by a wake was originally addressed in a calculation by Lynden-Bell
(1985) of a similar scenario, as well as in a simple model described by Kuij-
ken (1997).
Weinberg’s calculation, while impressive, relies on a number of simplify-

ing assumptions:

1. The halo model is taken to be a King model, i.e., spherical and radially
scalefree over a substantial radial range. The symmetry reduces the
dimensionality of phase-space, making calculation of the response of
the halo more tractable. However, real galaxies will have halos that are
somewhat flattened by their disks, and which are not scalefree.

2. The response of the disk is calculated after that of the halo is estab-
lished, i.e., the disk’s back reaction on the halo is ignored. But, as
shown by Dubinski & Kuijken (1995) and Nelson & Tremaine (1995)
disk damping against the halo is an important effect.
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3. The satellite orbit is taken to be quasi-periodic, as is appropriate for a
non-decaying orbit. However, a satellite massive enough to warp the
disk will be affected by dynamical friction, and hence will have a de-
caying orbit.

4. Only the steady-state forced response is calculated, not the transient
responses. Since satellite orbital frequencies are rather low (the orbital
period of the LMC is about 1.5Gyr) the transients may be important.

In this chapter we investigate these questions by means of N-body sim-
ulations. x2.2 contains a description of the N-body code used, and x2.3 the
results of our simulations: there we show that the amplification by the halo
wake in our model is modest. In x2.4 we give our conclusions.

2.2 Simulation details

2.2.1 N-body Ring Code

The N-body code used to evolve the system uses a hybrid approach. The
halo is modeled using particles while the disk is modeled using a system of
concentric, spinning rings. The gravitational potential of the halo is com-
puted using a self-consistent field (SCF) code (Hernquist & Ostriker, 1992),
expanding the potential in terms of radial (quantum number n) and spher-
ical harmonic (numbers l;m) basis functions. Basis functions up to n = 6,
l = 4were used in this paper. We havemade several checks tomake sure that
we have used high enough harmonics in our expansion. We have compared
the particle density directly determined from the particle halo (Fig. 2.4) with
the truncated expansion used by the SCF code for the same halo (Fig. 2.5).
The match shows us that an expansion up to n = 6, l = 4 is able to resolve
thewakes generated by the satellites in the halowith sufficient accuracy (the
imaging of the wake is explained in detail in x2.3.4). As a double check, we
also run some simulations with higher harmonics (n = 6, l = 8), and no
significant variation in either the warp nor in the wake was detected.
The disk is treated as a system of spinning rings centered on the halo.

The rings are spaced uniformly but have varying mass to represent the disk
density profile. Each ring is realized as 36 equal mass particles that are az-
imuthally equally spaced. The gravitational potential generated by the ring-
particles are calculated using a tree code (Barnes & Hut, 1986) since the SCF
method cannot accurately determine the potential for highly flattened sys-
tems. The gravitational forces on these individual “ring-particles” are then
used to calculate the torque on each ring which were used in the solution of
Euler’s equations.
Finally, we treated satellites as single particles with a Plummer-law po-

tential. The force exerted by a satellite on the simulation particles was eval-
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Nr Halo Model Msat Nhalo Lxsat Dyn:Fr: Sat! Halo Disk ! Halo

(1) (2) (3) (4) (5) (6) (7)

1 King 0 500,000 � – – no
2 King 1 500,000 � no no no
3 King 1 500,000 � no yes no
4 King 1 5,000,000 � no yes –
5 King 10 500,000 � no no no
6 King 10 500,000 � no yes no
7 King 10 500,000 + no yes no
8 King Relaxed 0 500,000 � – – yes
9 King Relaxed 10 500,000 � yes yes yes

Table 2.1— Summary of all the simulations used in this article. (1) See x2.2.2, (2) Mass
of the satellite in units of 1.5� 1010M� (MLMC ), (3) Number of halo particles, (4) Sense of
rotation of the orbit, (5) Is satellite orbit allowed to decay under dynamical friction ? (6) Is
halo allowed to respond to satellite (form a wake)? (7) Is halo allowed to respond to disk?

uated directly using the Plummer potential while the satellite moved under
the influence of the halo and disk potentials.
We simultaneously integrate the equations of motion for the halo parti-

cles and the system of Euler’s equations for the rigid-ring system describing
the disk. Total energy and angular momentumof the combined particle and
ring systemwere found to bewell-conservedwith typical errors less than 1%
in these quantities by the end of a typical simulation.

2.2.2 Initial conditions

To simulate the tidal amplification of a satellite by a halo we have chosen
a set of initial conditions following Weinberg (1998). We have adopted as a
halo the one that generated the greatest warp in his calculations, as well as
an exponential disk with a scale-length of 4.5 kpc. The disk is exponential
in the first 5 scale-lengths, and then it is tapered smoothly to zero in the last
scale-length as described in Kuijken & Dubinski (1995).
The units of the model translate to the Galaxy (disk scale-length 4.5 kpc,

and the rotation velocity at 8.5 kpc of 220 kms�1) as follows: length unit = 4.5
kpc, velocity unit = 315 kms�1, time unit = 1.40� 107 years, mass unit= 1.0�
1011 M�. With these numbers, the disk mass of our model is 5.24 � 1010M�,
and the satellite (LMC) has amass of 1.5� 1010M�, the biggest currentmass
estimate for the Clouds (Schommer et al., 1992). In the coordinate system
of the simulations, z = 0 is the disk plane, and the orbit of the satellite lies in
the x = 0 plane.
We have used two different types of simulations: semi-live and live. In

the ‘semi-live’ simulations, the effect of the disk on the halo is suppressed.
The halo model used for these simulations is a King model of 	0=�0

2
= �6,

a tidal radius of 44, and mass of 10 disk masses (see Fig. 2.1 for the mass
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profile and rotation curve). We use this halo for the simulations in which
the effect of the disk on the halo is suppressed.
In the ‘live’ simulations the halo is allowed to feel the effects of the disk.

Here the initial conditions need to be different, as our King model halo and
the exponential disk are obviously not in equilibrium. Hence for these runs
we have allowed our halo to relax before. For this purpose we evolved the
King halo with a disk, forcing the disk to remain flat in the initial configura-
tion until the system does not evolve anymore. Once the halo and disk have
relaxed, we introduce the satellite and allow the disk to depart from the disk
plane. Letting the halo relax in the presence of the disk causes the density to
increase in the internal parts of the halo, which makes the contribution of
the halo to the rotation curve higher in the inner parts. It peaks higher (by
' 20%) and at a smaller radius (25%) than before.
For eachmodel we usedNh = 500,000 particles for the halo and 600 rings

for the disk. Each ring contained 36 particles. Various runs wheremadewith
more rings and more particles per ring, without significant changes in the
results described below. We also made a simulation with 5,000,000 particles
for the halo (simulation nr. 4, described in x2.3.3) and obtained the same
results.
We use two Plummer-law satellites, symmetrically placed with respect

to the center of the halo-disk system to null out the dipole term of the tidal
field. In this way, we avoid relative movements of the galaxy with respect to
the satellites and focus on the quadrupole (l = 2) terms which dominate in
generating the warp.
The simulations begin with the satellite at its apocenter where the den-

sity of the halo is lowest, to minimize disturbance to the equilibrium halo-
diskmodel and give enough time for the halo to develop a gravitational wake
due to the satellite, before it gets to its pericenter.
The satellites are placed in a polar orbit with pericenter at 50 kpc and

apocenter at 100 kpc, consistent with recent determination of the orbit of
the Clouds (Lin et al., 1995). In the first simulations dynamical friction is
suppressed but incorporated later when the response of the halo to the disk
is computed (x2.3.6). The orbit of the satellite in the case where dynamical
friction is neglected is shown in Figure 2.2.
Our standard model consists of the exponential disk, the King model

halo, and the satellite orbiting in the 50 kpc - 100 kpc non-decaying orbit
recently described. All simulations were run for 320 time units (which cor-
responds to 4.5 Gyr).

2.3 Results

We have performed a number of simulations to look for the effect described
in Weinberg (1998). We first simulate a system resembling the Galaxy and
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Figure 2.2— Orbit of one
of the pair of satellites (the
other one orbits symmetri-
cally) used in the simula-
tions nr. 2-6 (without dy-
namical friction). We have
plotted the trajectory in the
plane of the orbit and indi-
cated the apogalacticon and
perigalacticon with empty
and filled circles, respec-
tively. The period of the
satellite is 178 time units.

LMC and later increase the mass of the satellite to observe the warp above
our particle noise level. For a summary of all the simulations performed, see
Table 2.1.

2.3.1 Control simulation

We first simulated our standard model parameters for the disk and the halo
but without satellites (simulation nr. 1) to determine any disk warping from
particle noise. We find that the particle noise due to the halo had excited a
warp in the disk with an amplitude of 3.5 degrees at r = 6.

2.3.2 Semi-live halo

In this section, we calculate the bending of the disk caused by orbiting satel-
lites by switching off the effect of the disk on the halo (and hence its backre-
action on the disk), in an effort to reproduce Weinberg’s calculations.
First, we switch off the effect of the satellite on the halo as well (simu-

lation nr. 2), to quantify the warp amplitude in the case of only direct tidal
forcing by the satellite. This simulation shows warp amplitudes indistin-
guishable from the control simulation, indicating that the raw tidal field of
the satellite is much too weak to affect the disk.
The standard model (resembling the LMC - Galaxy, simulation nr. 3),

including the effect of the satellite on the halo develops a warp no bigger
than 0.5 degrees above the control simulation.
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Figure 2.3— Torques on a flat disk caused by the satellite (dashed line), the halo (dotted
line), and the total torque (solid line). The left plot shows torques calculated from the high
resolution simulation (simulation nr. 4), while the plot at the right shows the SCF simula-
tion results (simulation nr. 6, with a satellite 10 times more massive and a factor of 10 less
halo particles than simulation nr. 4).

The wake that is created in our halo as a result of the perturbed satellite
peaks inside the orbit of the satellite, but not as deeply as half the distance
(2:1 resonance mentioned in Weinberg (1998)). Since tides depend strongly
on distance, this more distant wake results in insufficient amplification of
the tidal effect on the disk.

2.3.3 High resolution halo simulation andmassive satellites

We tried to detect thewake in the halo by comparing simulations 2 and 3 but
particle noise is too high to detect the small wake in our halo. We address
this problem of resolution using two approaches. We first did one higher
resolution simulation with 5M particles in the halo (an order of magnitude
higher than our standard simulations) of a satellite orbiting a halo (simula-
tion nr. 4) using a parallel treecode (Dubinski, 1996). We do not include a
disk in this simulation, which had otherwise the same initial conditions as
simulation nr. 3.
We have also run simulations with the same initial conditions as in sim-

ulations 2 and 3 but with a satellite an order of magnitude more massive
(1.5� 1011M�). We again performed a simulation including only the direct
tidal forcing of the satellite on the disk (simulation nr. 5) and another one
including the influence of the satellite on the halo (simulation nr. 6).
We keep the satellite in the same orbit as in simulations 2 and 3 but allow

the halo to respond to the more massive satellite to induce a stronger wake
in the halo. We don’t let the satellite orbit evolve self-consistently or other-
wise the satellite would spiral into the galaxy in a timescale shorter than a
Hubble time.
If the wake in the halo is still in the linear perturbation regime, we would

expect the wake (and therefore the torque on the disk) of the high resolution
simulation to be an order of magnitude smaller than that of simulation nr. 6
(because the wake scales linearly with the mass of the satellite).
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We compared simulations 4 and 6 by computing the torque that the halo
(with the wake created by the satellite) would create on a flat disk. We then
compared it with the direct torque that the disk feels from the satellite. Fig-
ure 2.3 shows these torques for both simulations. The first conclusion we
derive from this figure is that both simulations agree at an excellent level
in the contribution of the wake to the total torque, which is not larger than
25%. The fact that the wakes in the 5M particle halo are producing the same
amount torque on a disk suggests that we are converging to the correct dy-
namical behavior.
Thus, even though the halo does contribute to the torque that a disk ex-

periences from a satellite, this extra contribution is quite modest. Note as
well that the torque generated by thewake on the halo is not exactly in phase
with the torque arising directly from the satellite. Thewake is slightly behind
the satellite, which causes the torque from the wake to peak some time after
the torque from the satellite has. This will make the combined torque from
both wake and satellite smaller than the sum of both, so we expect the warp
amplitudes not to be increased by more than 25% when the wake is taken
into account.
The comparison between the high resolution simulation and simulation

nr. 6 also indicates that the SCF simulations accurately represent the satel-
lite-halo interaction, and that we can use them to explore the properties of
warps in halo-satellite-disk systems.

2.3.4 The wake and the satellite

We have compared simulations 5 (no wake) and 6 (wake) to estimate the
contribution of the wake to the warping of the disk.
The difference in the warping of the disk between simulations nr. 5 and

nr. 6 is the warping induced by the wake in the halo on the disk. If this ef-
fect is very important we would expect larger warps in simulation nr. 6. In
agreementwith the lower-mass satellite simulations (nr. 2,3) and torque cal-
culations of Figure 2.3, the disk warp obtained is less than 20% larger in sim-
ulation nr. 6 than in nr. 5, indicating that the wake in the halo contributes
only a fraction of the torque exerted by the satellite itself.
We then attempted to image the wake in the halo by subtracting the esti-

mated halo density from the particle distribution simulation nr. 5 (no wake)
from that of simulation nr. 6 (wake included). Contour plots of the halo
density in the orbital plane are shown in Figure 2.4. We have also calcu-
lated the wake in density comparing the SCF expansions for both simula-
tions (Figure 2.5). The wake follows the satellite from behind clearly along
the simulation, having its maxima at a smaller radius than where the satel-
lite is. Although we lack resolution to tell exactly where the maxima of the
wake are (these maps are smoothed), it is further out than half the orbital
radius of the satellite. This smoothing has to be taken into account when
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Figure 2.4— Wake in the halo, calculated directly from the particle density in the halo
at different timesteps. For this plot only the particles in a slice of 1 disk scale-length cen-
tered in the satellite plane were considered. The contours are overdensities and underden-
sities with respect to the unperturbed halomodel. To suppress particle noise, we smoothed
thesemaps to a resolution of 6 scale-lengths. The positions of the satellites are given by the
crosses. See x2.3.4 for details on the imaging of the wake.



26 Chapter 2: The Warp of the Galaxy and the LMC

Figure 2.5— Wake in the halo, as calculated from the SCF code with terms up to n = 6,
l = 4. The contours are overdensities and underdensities with respect to the unperturbed
halo model, and have been calculated in the orbital plane of the satellite. See x2.3.4 for
details on the imaging of the wake.
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comparing the figures 2.4 and 2.5. If we smoothed the density plots of figure
2.5, the peak of the wake would shift outwards in radius.

2.3.5 Halo particle noise

As a check on the influence of particle noise on our results, we performed
another simulation (simulations nr. 7) with the same parameters as nr. 6 but
with the orbit of the satellites having opposite angular momentum (zsim6 =

�zsim7). In absence of halo particle noise, we would obtain the same warp
amplitude in both simulations, with a difference in the position angle of the
line of nodes of 180Æ. On the other hand, if we see that the line of nodes of
simulation nr. 7 is close to that of nr. 6, this means that the noise from halo
discreteness is dominating the warp.
The warps of both simulations are shown in Figures 2.6 and 2.7, where

we have plotted tip-LON diagrams (Briggs, 1990) at different timesteps for
these two simulations. We have computed the line of nodes averaging the
disk every 50 rings (0.5 scale-lengths). In these plots we can see that up to
t = 160 the effect from the wake and the satellite is dominant, but after this
the halo particle noise grows, dominating the shape (and orientation) of the
warp.
At the end of the simulation (t = 320), the maximum amplitude of the

warp at 6 scale-lengths is smaller than 6 degrees. This poses an upper limit
to the warp generated by the satellite and the halo wake, since the noise
excited warp is themain driver of the warp we see. If the warp excited by the
satellite-halo system were as important as the noise excited one we would
detect differences in the final warp of simulations nr. 5 and nr. 6, which
we don’t. If we get a maximum warp of 6Æ with a satellite of 1.5� 1011M�,
the amplitude of the warp that a LMC-like satellite (1.5� 1010M�) is going
to generate on the Galaxy is not going to be bigger than 0.6 degrees. This is
a conservative upper limit, taken into account that we know that the halo
noise generates a considerable percentage of this quantity.

2.3.6 Full simulation

In this section we take into account the effect that the gravity of the disk has
on the halo, and the backreaction of the halo on the disk. We also consider
the effect of the halo on the satellite, causing it’s orbit to spiral inwards by
dynamical friction. The satellite we use in this simulation is as massive as
the one in simulation nr. 5, but its decaying orbit has been calculated with
a satellite with the mass of the LMC, to avoid rapid decay of the orbit in an
unrealistically short period of time. For the halo, we have used the relaxed
King model halo described in x2.2.2.
We have made two simulations with these settings. The first of them

(simulation nr. 8) is a control simulation with no satellite to determine the
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Figure 2.6— tip-LON diagrams at different timesteps for the simulation nr. 6. We have
binned the disk every 0.5 scale-lengths in radius. There is a dotted circle every degree.

Figure 2.7— tip-LONdiagrams at different timesteps for the simulation that has the same
parameters as the one in Figure 2.6 except that the satellite is orbiting in the opposite sense
(simulation nr. 7). We have binned the disk every 0.5 scale-lengths in radius. There is a
dotted circle every degree.
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effect of halo particle noise in our disk. The disk in this simulation doesn’t
develop amore or less coherent warp as in simulation 1 (control simulation
without backreaction). Instead, the inclination of the rings fluctuates fast
and the line of nodes changes drastically with radius. At the end of the sim-
ulation (t=320) the outer rings are inclined by 2.5Æ (with a completelywound
up line of nodes).
Now we introduce the satellites (simulation nr. 9) to see how the influ-

ence of the disk on the halo will influence the warp. The first difference we
observe in the evolution of the disk is that in this simulation the inclination
of the inner parts is smaller than in previous simulations. This is caused
by the fact that the halo is now flattened in the vicinity of the disk due to
the potential of the disk, and this creates a preferred plane (Dubinski & Kuij-
ken, 1995). In previous simulations a slight asymmetry in the initial halo can
cause the inner disk to tilt with respect to the z = 0 plane. The flattening of
the halo now exerts a torque on the disk in the direction of the line of nodes
of the warp, besides the torque due to the wake created by the satellite. A
flattened halo would have the same consequences in the previous simula-
tions.
We also note that the warp has lost most of its coherence. The line of

nodes is tightly wound up, smearing out the growing warp pattern, consis-
tent with the simulations in Binney, Jiang & Dutta (1998). A warp like this
would be much more difficult to detect observationally than the warps we
were getting without considering the backreaction of the halo on the disk.
The amplitude of the warp are somewhat higher than in simulations nr. 6
and 7, due to the fact that the satellites now are affected by dynamical fric-
tion and this carries them closer to the disk, increasing their tidal force on
it.

2.4 Conclusions

We have been unable to reproduce Weinberg’s prediction (1998) of strong
tidal amplification of a disk warp by a satellite’s gravitational wake. In the
case of the Milky Way - LMC system an amplification of the order of 500% is
required, whilewe get amplifications nohigher than 25% in the total torques
and smaller than 20% inwarp amplitudes. This amplification is achieved for
the halo profile and satellite parameters that had a maximum amplification
in the calculations byWeinberg (1998). It is possible that some halo profiles,
together with specific satellite orbits may increase this amplifications some-
what, but we have found no evidence that the tidal field from a satellite can
be amplified as much as 500% by means of the halo. We have tried several
different simulation techniques, with large and varying number of particles,
and consistently find evidence for only weak tidal field amplifications.
We conclude that the amplitude of the warps generated with LMC-like
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satellites is much lower than what is observed in the Galaxy. Assuming a
highmass for the LMC, the typical inclination angles from the plane defined
by the inner part of the disk are of the order of 0.6 degrees (or less), which
is a factor of 5 less than in the Galaxy. Furthermore, the line of nodes of the
resulting warp is tightly wound. If smaller mass estimates for the Clouds are
used (Meatheringham et al., 1988), the results are even more discouraging.
So, although periodic forcing of disk warps by tidal fields of orbiting satel-
lites would appear to circumventmany of the persistence problems of other
tidal field models for warps, we conclude that in the case of the Galaxy this
does not appear to be a feasible model.
Even if a halo is able to amplify the satellite tidal field (though the ex-

tent to which this happens may depend quite subtly on the halo structure),
it will also strongly perturb the disk precession that accompanies the warp-
ing. Dubinski & Kuijken (1995) and Nelson & Tremaine (1995) showed that
most realistic halo mass distributions damp the precession strongly, while
Binney, Jiang & Dutta (1998) showed that in the process the line of nodes of
the warp winds up very fast, effectively destroying the forming integral-sign
warp. Obtaining the amplification of the tidal field without the accompany-
ing damping of the disk precession would seem to require halos which are
present at large radii, but not near the disk’s gyration radius, otherwise the
disk would be too tightly coupled to the inner halo.
Our results thus suggest that the explanation for warps should be sought

elsewhere. Either there is a frequently occurring, and presumably quite gen-
tle, dynamical instability of disk/halo systems that has been overlooked so
far, or an entirely different mechanism needs to be considered. Possibilities
include late cosmic infall which continuously realigns the angular momen-
tum vector of galaxies (Ostriker & Binney, 1989), or a generic misalignment
between disk and halo angular momentum vectors which may excite warps
(Debattista & Sellwood, 1999).


