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1
Introduction

It is very common for galaxies to warp in the outer regions of their HI disks.
This chapter serves as presentation for a thesis on this subject, where we re-
viewmost of the current theoretical models. We also give a brief outline of this
thesis, which follows a two-pronged approach: it first explores the generation
of warps by satellite galaxies by means of analytical calculations and N-body
simulations. Second, it uses HI data from the Westerbork HI Survey of Spiral
and Irregular Galaxies (WHISP) to determine the frequency and properties of
warps. Herewe give somebackground for thiswork and provide abrief outline
of the thesis.

We have known for almost a century that galaxies (or island universes)
apart from our own exist. Optical imaging and spectroscopy of these dis-
tant systems showed us that there is a class of galaxies that are highly flat-
tened and supported by rotation: disk galaxies. Most of our early knowledge
of these galaxies came from optical studies, which showed that these disks
were very flat and planar unless they were interacting with nearby compan-
ions. HI observations were going to change this picture.
The first indication that the HI distribution of disk galaxies was some-

times bent or warped came in 1957 from observations of our own galaxy
(Burke, 1957; Kerr, 1957). Although the tidal field from theMagellanic Clouds
was unable to account for the warp of the Galaxy (Burke, 1957; Kerr, 1957;
Hunter & Toomre, 1969), it was regarded as a rare, uncommon phenome-
non. Later on, Sancisi (1976) studied the HI layer of 5 edge-on galaxies and
discovered 4 of them to have warps. This result indicated that warps are
very common among galaxies. This discovery was not expected, because
three of Sancisi’s galaxies were quite isolated and thus presented a prob-
lemwith the tidal-warp scenario. The high incidence of warps among spiral
galaxies has later been confirmed with larger samples both in the optical
(Sánchez-Saavedra et al., 1990; Reshetnikov & Combes, 1998) and the HI
(Bosma, 1991).
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Figure 1.1— Tilted ringmodel of a warped galaxy (left) and illustration of the parameters
that describe each ring: radius (r), inclinationwith respect to the inner disk (�) and azimuth
of the ascending node (�) (right). The line of nodes is indicated by the dots in the left panel
and the dashed line in the right panel.

1.1 Warp properties

Figure 1.1 shows the geometry of a warped galaxy. The modeling of such a
system is usually done by considering the galaxy to be composed of a se-
ries of concentric rings that can be inclined with respect to each other and
adjusting the rings to match the observed kinematics (Rogstad et al., 1974).
Each rings is identified by three parameters: the radius (r), the inclination
(�) and the azimuth of the ascending node (�). The line defined by �(r) is
called the line of nodes (LON) of the warp. Christodoulou et al. (1993) stud-
ied thewarps of 21 galaxies by building such tilted-ringmodels, wheremany
of the caveats of this procedure are described.

A discussion of the kinematics of warps is contained in an article by
Briggs (1990)who summarized the properties of 12 galaxies thatwere known
to have warps. He pointed out that warps start around R25 - RHÆ

and that the
line of nodes of warps is straight inside R25 but tends to form a leading spiral
outside, in the fashion showed in Figure 1.1.

1.2 Warp theories

From the beginning, warps presented dynamicists with a difficult puzzle.
The presence of warps in most of the galaxies suggests that either warps
are continuously being excited, or they are stable over long periods of time.
The first scenario needs a perturbing agent to warp the disk more or less
continuously, while the second needs a way of maintaining a coherent pat-
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tern against the destructive effects of differential precession. The differen-
tial precession arises from the non-sphericity of the potential (Avner& King,
1967), causing the LON of the warp to gradually twist until it renders the
warp into a corrugation in a few Gyr. However, the survival time of a coher-
ent warp pattern can be larger if the halo in which the disk is embedded de-
viates only slightly from spherical symmetry (Tubbs & Sanders, 1979). Like-
wise, a halo with a flattening that decreases outwards in the right way would
be able tomaintain a coherent warped disk for aHubble time (Petrou, 1980).

1.2.1 Discrete normalmodes

The first theoretical models to address the maintenance and formation of
warps focused on the hypothesis that warps are long-lasting structures, and
tried to find a mechanism that could explain why the line of nodes does not
wind up in a short timescale.

Hunter & Toomre (1969) examined whether normal, infinitesimal bend-
ing oscillations might be sustained by thin, rotating disks of self-gravitating
material. They concluded that only disks whose density is truncated over a
narrow edge region can maintain suchmodes.

Later on, Toomre (1983) and Dekel & Shlosman (1983) suggested that
steady state warps with a straight LONmay be sustained as a result of steady
forcing by a non spherical halo, tilted with respect to the disk. Sparke &
Casertano (1988) studied long-lived warping modes of a disk inside such
a tilted oblate halo potential. These warp modes were able to maintain a
straight line of nodes, thus avoiding the smearing out of the warp pattern.
Hofner & Sparke (1994) went one step further, and simulated the settling of
a flat disk to the steady state warped disk mode. They obtained a warp with
a LON that was straight in the inner parts and formed a leading spiral that
gradually became straight in the outer parts, consistent with the properties
of the observed warps (Briggs, 1990).

The calculations of these modes, though, were done under the assump-
tion of a rigid halo that did not respond to the gravitational effect of the
disk, thus neglecting the backreaction from the halo to the precession of
the massive disk. This effect, analogous to dynamical friction, was inves-
tigated by Dubinski & Kuijken (1995), Nelson & Tremaine (1995), and Bin-
ney et al. (1998) after earlier investigation in terms of WKB density waves
by Bertin and Mark (1980). It turns out that it has a very strong influence on
the evolution of the warp, causing the disk and halo to reorient to a common
plane of symmetry in a few orbital times.

Several othermodels havebeenproposed to explain the ubiquity ofwarps.
We will briefly mention some of them here:
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1.2.2 Misalignment between the disk and the halo

This model has been developed by Ostriker & Binney (1989) and Binney
(1992). Cosmological models predict that secondary infall of matter onto
the galaxies can reorient the direction of the angular momentumof the halo
by a large angle every Hubble time or so. A disk inside this halo will tend
to align its angular momentum with that of the halo. This is caused by the
same effect that caused the warp modes of Sparke & Casertano (1988) to
damp: dynamical friction. But the alignment of the disk with the halo does
not happen at the same time for all radii: the inner (more massive) parts
re-align faster, creating an S-shape warped disk.
Jiang & Binney (1999) simulated the behavior of a disk embedded in a

halo that slowly accreted matter with a different angular momentum than
that of the disk. They accreted as much as 30% of the original mass of the
halo in around a Gyr and calculated the response of the disk. The outcome
was a differentially warped disk, but it lacked a flat part even in the inner-
most parts of the disk.
However, a densitymisalignment is not necessary to create a warp in this

model, a disk with an angular momentum misaligned with that of the halo
works just fine. Debattista & Sellwood (1999) performed N-body simula-
tions of this effect with a nearly spherical halo and obtained warps with
amplitudes and shapes consistent with the observations. They made one
prediction: warps generated by this mechanism have a null precession fre-
quency.

1.2.3 Intergalacticmagnetic field

Battaner et al. (1990) proposed that warps are excited by means of the in-
tergalactic magnetic field. There is some debate of the necessary amplitude
needed to bend a disk (see Binney (1991), Battaner (1995)), but recent data
on intergalactic magnetic fields of around 1-3 �G (see Kronberg (1994) for a
review)makes it now plausible that magnetic forces could play some role in
the warping of galactic disks.
Themost attractive idea of this hypothesis is that it actually makes some

predictions that could be observationally tested. Because themagnetic fields
affect only the gas and not the stars, the gas is expected to be warped with a
larger amplitude than the stars. The stellar disk will also be warped because
stars are born in the gaseous warp, but it will be a milder warp, specially for
old stars. Thus it predicts the HI warp to be larger than the blue star warp,
and this larger than the red star warp. Florido et al. (1991) compared warp
amplitudes in 3 warped galaxies and claim to have detected this effect, but
the evidence is still weak and more work needs to be done in this area.
The intergalacticmagnetic field is not expected to vary its directionmuch

within a galaxy group. Thus the orientation of the warps in groups are ex-
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pected to be similar. This effect was investigated by Zurita & Battaner (1997)
in the Local Group and Battaner et al. (1991) for galaxies within 100 Mpc.
Both studies claim a statistically significant alignment.

1.2.4 Intergalactic accretion

The idea that a flow of intergalactic matter could be responsible for warps is
one of the oldestmodels ever proposed (Kahn&Woltjer, 1959). They derived
the pressure gradient that such a flow would create on the disk by means of
the halo, but it is not clear if this mechanism would generate integral sign
warps (Binney, 1992). Recently López-Corredoira et al. (2001) have consid-
ered the consequences that such an intergalactic flowwould havewhen act-
ing directly on the disk without the need for a halo, although the existence
of it would not substantially modify their results. They find that an inflow
rate of 10�25 kg/m3 of matter with a velocity of 100 km/s would account for
the observed amplitude of the Galactic warp (López-Corredoira et al., 2001).
This model makes very similar predictions to those of the intergalactic

magnetic field. Nearby galaxies will travel at similar relative velocities with
respect to the intergalactic matter and thus an alignment of their respective
warps is to be expected. Besides, as the flow of matter that collides with
the disk is stopped by the gas (and not the stars), this component could be
slightly more warped than the stellar disk (which would be dragged along
due to the gravitational pull from the gas).

1.2.5 Tidal interactions

This model proposes that warps are of tidal origin. The gravitational force
from satellite galaxies or from the passage of a massive companion galaxy
could excite an integral sign warp. Early attempts to producewarpswith this
mechanism always faced the same problem: the predicted warp amplitudes
were too small. The classical example of this is the Galaxy - LMC system
(Burke, 1957; Kerr, 1957; Hunter & Toomre, 1969).
Recently this hypothesis has regained some attention, due to several fac-

tors. The first comes from the calculations by Weinberg (1998) in which a
disk galaxy surrounded by a dark halo is perturbed by a massive satellite,
similar 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.
The second factor has been the recent discovery of a very faint ring of

light around thewarped galaxy NGC 5907, which was believed to be isolated
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(Shang et al., 1998). The ring is believed to be the debris from a disrupted
satellite. If it is typical for galaxies to have faint satellites like this one (and
CDM predicts even too many of them) and the halo is very effective in am-
plifying the tidal field of a perturber, this model could be the answer to the
warp problem.
Another piece of evidence supporting this model comes from a study of

optical warps (Reshetnikov & Combes, 1998). They found that the fraction
of warped galaxies and their warp amplitudes tend to be larger in rich envi-
ronments. However, it is still not clear if optical warps trace the same phe-
nomenon as HI warps.

1.3 Thesis Outline

Awarpingmechanism that has lately regained some attention is that of tidal
interaction with companion galaxies. Weinberg (1998) claims that thewakes
created on the halos of galaxies can carry the tidal perturbation closer to
the disk, which in turn will affect the disk with a greater amplitude than the
direct tidal field of the satellite alone. Optical warps seem to be more fre-
quent and their amplitudes higher in galaxies in rich environments (Reshet-
nikov & Combes, 1998), in agreement with what one would expect from the
tidal-warp scenario. We have performedN-body simulations of a disk-halo-
satellite system in order tomeasure the amplification of the tidal field of the
satellite on the disk by means of the halo. If the tidal field can be amplified
by asmuch as a factor of 2-5, satellite galaxies could provide the long-sought
excitationmechanism for warps. Chapter 2 describes these simulations and
determines the expected amplifications for the Milky Way - LMC system. In
chapter 3 we make use of a simple analytic model to predict the orientation
of a satellite-induced warp, and we test it with some simulations in the case
of a polar satellite (applying it to the Galaxy - LMC system again).
The second part of the thesis is observational. Althoughwarps have been

around us for some time, we still lack a sample of edge-on galaxies with high
spatial resolution HI data to investigate warps. Previous studies determined
the properties of warps by fitting a tilted-ring model (Rogstad et al., 1974) to
the observed velocity field, where in general the inclination, velocity and po-
sition angle of each ring are fitted assuming that the gas ismoving in circular
orbits. The inclination and velocity of each ring are strongly coupled, mak-
ing the determination of the warp curve difficult. There is no better method
to be certain that a galaxy is warped than to observe it directly. For that
purpose, we have analyzed the HI distribution of a sample of 26 edge-on
galaxies from the WHISP database: we have measured their warps, deter-
mined the rotation curves, kinematic and density lopsidedness indices and
other structural parameters. The observations, the data, and the methodol-
ogy for the analysis are presented in chapter 4. In chapter 5 we try to answer
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some of the numerous questions about warps: determine their frequency,
study the warp shapes, explore the connection between warping and envi-
ronment... We also analyze the difference in properties betweenwarped and
non warped galaxies.
In chapter 6 the main conclusions of this work are presented, together

with an outline for future work.
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