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ABSTRACT
We study the dynamics of particles in closed orbits in a galactic disk perturbed by a lopsided halo

potential. The underlying potential in a large fraction of spiral galaxies is now believed to have this
form. The orbits are solved via Ðrst-order epicyclic theory, and the azimuthal variation in the e†ective
surface density is obtained for an exponential disk. The results are obtained Ðrst for a Ñat rotation curve
and then for a general power-law rotation curve. These are shown to be valid for both stars and gas in
the inner (optical) region of a galaxy because both respond to the same lopsided potential and have
comparable disk scale lengths. The results are applied to external lopsided galaxies.

An orbit is shown to be elongated along the minimum in the lopsided potential. The net rotational
velocity is highest at the minimum radial extent of the orbit. The perturbation parameter for the lop-
sided potential is obtained as a function of the observed fractional amplitude of the m\ 1 azimuthalvlop,Fourier component of the surface brightness and the radius. The ellipticity of isophotes is shown to be
higher by at least a factor of 4 compared to This explains why the phenomenon of lopsidedness isvlop.so commonly detected. It also means that even visually strongly lopsided galaxies have a fairly axisym-
metric potential, with a small The e†ective disk surface density is highest along the maximumvlop \ 0.1.
in the lopsided potential, and there is an underdense region in the opposite direction. The maximum
increase in the surface density is high D35%È50%, for strongly lopsided galaxies.

We obtain the local stability parameter in a lopsided galaxy and show that its values for gas areQlopsigniÐcantly lowered compared to the axisymmetric case in the overdense region. This is argued to result
in an enhanced formation of massive stars which then result in H II regions. Thus we can naturally
explain the observed azimuthal asymmetry in the distribution of molecular hydrogen gas and H II

regions in the lopsided galaxies such as M101.
Subject headings : galaxies : individual (M101) È galaxies : ISM È galaxies : kinematics and dynamics È

galaxies : spiral È galaxies : structure È stars : formation

1. INTRODUCTION

1.1. L opsided Galaxies : Background
It has been known for a long time that the light distribu-

tion in disks of spiral galaxies is not strictly axisymmetric,
as for example in M101 (NGC 5457) or in NGC(Arp 1966)
1637 Despite this, however, astronomers(Sandage 1961).
have continued largely to ignore this fact and to assume the
disks to be axisymmetric since this simpliÐes the dynamics
of the system. This issue was Ðrst discussed in detail by

Lynden-Bell, & Sancisi hereafter whoBaldwin, (1980 ; BLS),
studied galaxies which had highly asymmetric spatial extent
of atomic hydrogen gas distributions in the outer regions in
the two halves of a galaxy. They assigned the apt title of
lopsided to such galaxies. This asymmetry may be Ðtted by
azimuthal m\ 1 Fourier component, that is, by a cos /
distribution, where / is the azimuthal angle in the plane of
the disk (e.g., Goss, & Allen Based on aBosma, 1981).
global H I proÐle mapping of a much larger sample of gal-
axies, & Sancisi show that the global H IRichter (1994)
proÐle is well correlated with an asymmetry in the spatial
distribution of H I. They Ðnd that a large fraction of disks
studied show an asymmetric distribution of H I. Recent
near-IR observations have now revealed an m\ 1 small-
amplitude distribution also in the old stars in a large
number of spiral galaxies et al. & Zaritsky(Block 1994 ; Rix

hereafter For example, nearly 30% of the sample1995, RZ).
by shows a 20% or larger fractional amplitude for theRZ
m\ 1 component. This result has been conÐrmed for a
larger sample of 60 Ðeld spiral galaxies by & RixZaritsky

The sample was chosen so that there is no clear(1997). RZ
correlation between the galaxies included and their disk
shapes. Therefore, it appears that the lopsidedness is a
general and hence a long-lived phenomenon. Hence, it is
interesting to look at various dynamical e†ects for a galactic
disk which has a lopsided halo potential as a perturbation
imposed on the underlying axisymmetric potential. This is
the motivation for the present paper.

The origin of the m\ 1 disk distribution is not under-
stood well and, in fact, has not received much theoretical
attention until recently. Tidal interaction was suggested by

& Davies to explain the origin of the observedBeale (1969)
H I asymmetry in M101. However, there are several lop-
sided galaxies, e.g., NGC 2841, that do not have any close
companion, as pointed out by Instead, proposedBLS. BLS
a kinematical model where a slow di†erential shearing of
initially aligned orbits leads to a long-lived m\ 1 distribu-
tion in the disk. & Lynden-Bell have shownEarn (1966)
that the cooperation of orbital streams of stars near reso-
nance can lead to a long-term maintenance of an m\ 1
pattern, but they do not address its origin. Vogel,Phookun,
& Mundy propose that the m\ 1 asymmetry in(1993)
NGC 4254 could be explained as swing ampliÐcation in
gravitationally coupled stars and gas (as in whereJog 1992),
the seed perturbation is provided by an interaction with the
infalling gas. & Merritt explain the originSellwood (1994)
of this distribution as an instability in counterrotating
streams of stars. & Combes explain theJunqueira (1996)
m\ 1 spiral feature in gas as a gravitational instability.

& Rix have proposed an accretion of a smallZaritsky (1997)
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galaxy as the cause of this phenomenon. In this paper, we
do not deal with the issue of the origin of the lopsided
potential, but rather assume that it arises due to a pertur-
bation in the halo and that it is a long-lived phenomenon
lasting for times greater than dynamical timescales, and we
study the disk response to this potential.

1.2. Asymmetric Distribution of Gas and H II Regions
The lopsided galaxies such as M101 show a clear asym-

metry in the optical distribution which is more elongated
along the southwest direction than the northeast (Arp

In the inner parts of the galaxy, the peaks in the1966).
distribution of atomic hydrogen gas coincide quite well with
the optical/spiral features (Rogstad 1971 ; Allen 1975).

We point out that, in addition, the CO observations of
M101 also show more extended molecular hydrogen in the
southwestern region et al. see their Fig. 2 ;(Solomon 1983,

Scoville, & Wilson see their Fig. 1).Kenney, 1991,
& Knapp Ðnd that the distribution inRichmond (1986) H2NGC 4565 is asymmetric and has a higher radial extent

toward the northwest side of the galaxy. This coincides with
the behavior of atomic hydrogen gas in inner regions of this
galaxy IC 342 & Solomon shows(Rupen 1991). (Sage 1991)
a mild asymmetry in the distribution of molecular hydrogen
gas, which is more extended along the northeast arm in the
galaxy. NGC 628 (M74) also exhibits an asymmetric dis-
tribution of which is more extended along theH2 ,
southwest on the major axis & Liszt and also(Adler 1989),
is seen in the two-dimensional map by & Hase-Sakamoto
gawa The galaxy M51, which has one arm (along the(1997).
northeast) longer than the other and is lopsided at all radii
in the old stellar component & Rieke also shows(Rix 1993),
an asymmetric distribution & YoungH2 (Lord 1990).

It is also well known that there are more and brighter H II

regions in the southwestern parts of M101 (Sandage 1961 ;
et al. The K@-band (2.1 km)Allen 1975 ; Bosma 1981).

imaging study by et al. shows that the H IIBlock (1994)
regions in the lopsided galaxies are asymmetrically distrib-
uted, for example a larger number of H II regions in NGC
2997 are along the southern arm.1

One aim of this paper is to explain these puzzles of asym-
metric distribution of gas and H II regions in lopsided gal-
axies. We speciÐcally consider gas in the optical region of
galaxies so that the stars and gas will experience and
respond to the same lopsided potential. Thus we study the
asymmetry in the molecular hydrogen gas and in the atomic
hydrogen gas located in the inner/optical regions of the
disk. We do not consider the extended atomic hydrogen gas
since it will respond to the lopsided potential in external
regions, which may not have any correlation with the asym-
metry in potential in the inner regions ; this point is dis-
cussed in detail in ° 4.2.

1.3. Outline
We Ðrst study the dynamics of closed orbits in a pertur-

bation lopsided potential via Ðrst-order epicyclic theory
and obtain the azimuthal variation in the e†ective surface
density for an exponential disk. These results are shown to
be valid for stars and gas in the inner (optical) regions,

1 It is interesting and indicative of the common occurrence of lopsided-
ness that even NGC 2997 which is often referred to as a typical spiral
galaxyÈfor example, see the jacket illustration of & TremaineBinney

lopsidedness (see et al.(1987)Èexhibits Block 1994).

because both respond to the same lopsided potential and
have comparable disk scale lengths. The azimuthal varia-
tion in gas density is shown to a†ect the local gas stability,
and this leads to an azimuthally asymmetric formation of
massive stars and hence H II regions. These results are
shown to agree with the observations of lopsided galaxies.

In the properties of the closed orbits in a m\ 1 per-° 2,
turbation potential are calculated, and the variation in
density with the azimuthal angle is obtained. In the° 3,
criterion for local stability in a lopsided potential is
obtained, and the e†ect on gas stability and the resulting
asymmetric star formation is studied. A few general points
are discussed in The conclusions of this paper are sum-° 4.
marized in ° 5.

2. DYNAMICS OF ORBITS IN A LOPSIDED POTENTIAL

2.1. Calculation of Closed Orbits
We obtain the closed loop orbits in a galactic disk when

an azimuthally symmetric disk potential is perturbed by a
small lopsided potential. We take the net potential t at a
given radius R to be a sum of the unperturbed potential,

and the Ðrst-order (small) perturbation potential,t0(R),
so thattlop(R),

t(R) \ t0(R)] tlop(R) , (1)

where

tlop(R) \ tpert(R) cos / . (2)

Here is taken to be nonrotating ; this assumption istlop(R)
justiÐed since this potential is assumed to arise due to a
perturbation in the halo (° 1).

A perturbed orbit around the initial circular orbit at R0may be written as and Here /R\R0 ] dR /\ /0] d/.
is the azimuthal angle in the galactic disk plane in the cylin-
drical coordinate system and where is the/0\)0 t, )0circular rotation speed at given byR0

R0)02\ dt0
dR

K
R0

. (3)

Using the Ðrst-order epicyclic theory (Rohlfs 1977 ;
& Vietri the equations of motion for dR andGerhard 1986),

d/ are

d2 dR
dt2 \ [dR

A
3)02] d2t0

dR2
K
R0

B

[
C2tpert(R0)

R0
] dtpert

dR
K
R0

D
cos /0 , (4)

R0
d2 d/
dt2 ] 2)0

d dR
dt

\ tpert(R0)
R0

sin /0 . (5)

The Ðrst term in the parentheses on the right-hand side of
is the square of the standard Ðrst order epi-equation (4)

cyclic frequency, i, at Thus, as expected, equations ofR0.motion for the perturbed motion contain the standard epi-
cyclic term and an extra term due to the lopsided potential.
From the theory of a forced oscillator (e.g., Symon 1960),
the above equations may be solved to yield the following
solution for the closed orbits :

dR\
G
[
C2tpert(R0)

R0
] dtpert

dR
K
R0

DN
(i2[ )02)

H
cos )0 t .

(6)
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So far the calculation is valid for a general andt0 tpert .In this paper we choose the unperturbed potential, to bet0 ,
a logarithmic potential of the form

t0(R) \ V
c
2 ln R . (7)

This is applicable for a region of Ñat rotation, with V
cbeing the constant rotational velocity. This choice simpliÐes

the calculation and yet represents the behavior over a large
fraction of the disk in a typical spiral galaxy (Bosma 1978 ;

Ford, & Thonnard This potential has beenRubin, 1978).
used for studies of perturbed orbits in an elliptical potential
(m\ 2) by & de Zeeuw andFranx (1992), Kuijken (1993).
The choice of as in gives ast0 equation (7) i2 \ 2)02,expected for a region of Ñat rotation curve. We treat the
case of a generalized rotation curve in ° 2.5.

The lopsided potential is chosen to have thetlop (eq. [2])
form

tlop(R)\ tpert(R) cos /\ V
c
2vlop cos / , (8)

where is a small perturbation parameter. Using thisvlopform of the perturbation potential, reduces toequation (6)

dR\ [2R0 vlop cos /0 .

Thus the net radius is given as

R\ R0] dR\ R0(1[ 2vlop cos /0) . (9)

Hence the perturbed velocity along the radial direc-V
R

,
tion, is given as

V
R

\ 2V
c
vlop sin /0 . (10)

On substituting the solution for dR from inequation (9)
for the / component of the equation of motionequation (5)

and integrating it, we obtain the solution for the perturbed
velocity The net velocity along the azimuthal directiondVÕ.
is

VÕ\ V
c
] dVÕ\ V

c
(1] 3vlop cos /0) . (11)

Hence the equations of motion for the perturbed, closed
orbits in the lopsided potential are given by equations

Thus an orbit is elongated along /\ 180¡, that is,(9)È(11).
along the minimum of the lopsided potential, whereas the
orbit is shortened along /\ 0¡. The net rotation velocity is
highest at /\ 0¡, see for observational implications.° 2.3

When the test particle has a nonzero random velocity, the
general solution for dR has an additional term(eq. [9])

cos it, where is the rms one-[(SV
r
2T1@2)/i] SV

r
2T1@2\ c

dimensional velocity dispersion of the particles. The
resulting orbit is not closed in this case. In we show° 2.2
that the e†ect of random motion may be ignored while
studying the isophotal shapes.

2.2. Isophotal Shapes in an Exponential Disk
We next calculate the perturbation parameter for thevlop,lopsided potential as a function of the isophotal(eq. [8])

shapes, and examine the physical consequences of the
results. Consider the unperturbed surface brightness to have
an exponential dependence on radius as observed in a
typical galactic disk & Binney(Freeman 1970 ; Mihalas

Assuming as usual a constant mass to light ratio, this1981).
gives the unperturbed surface density of the stellar disk,kun

to be :

kun(R) \ k0 exp [[(R/Rexp)] , (12)

where is the central extrapolated surface density andk0 Rexpis the exponential disk scale length. For a disk with a lop-
sided (m\ 1) distribution, the fractional amplitude of the
m\ 1 azimuthal Fourier component of the surface bright-
ness is given as where SkT is the azimuthalA1/A0\ *k/SkT
average. For an exponential disk, this can be shown to be
equal to

A1
A0

\
K
[ *R

R
R

Rexp

K
. (13)

This results in a positive deÐnite value for HereA1/A0 .
*R/R is the distortion in the isophote, and is related to viso,the ellipticity of an isophote at R, as follows :

viso \ 1 [ Rmin/Rmax \ 2(*R/R) , (14)

where and are the minimum and maximumRmin Rmaxextents of an isophote respectively. Note that here both Rminand are along the same axis, unlike the standard deÐ-Rmaxnition of ellipticity where they are along directions that are
normal to each other. We adopt this nonstandard notation
for the sake of continuity with that used by in theirRZ
observational determination of viso.From equations and is obtained in terms(13) (14), A1/A0of as follows :viso

A1
A0

\ viso
2

R
Rexp

. (15)

Since the orbital velocity changes along the perturbed
orbit, the associated surface density also changes as a func-
tion of the angle /. The changes for particles on these orbits
are governed by the equation of continuity :

L
LR

[Rk(R, /)V
R
(/)]] L

L/
[k(R, /)VÕ(/)]\ 0 . (16)

Now the e†ective surface density for an exponential disk
with perturbed orbits in a lopsided disk potential (as given
by eqs. may be written as[9]È[11])

k(R, /)\ k0 exp
C
[ R

Rexp

A
1 [ viso

2
cos /

BD
. (17)

On solving together the equations of the perturbed
motion (eqs. the continuity equation[9]È[11]), (eq. [16]),
and the equation for the e†ective surface density (eq. [17]),
we obtain the relation between and at a given radiusviso vlopR,

viso
vlop

\ 4
A
1 ] Rexp

2R
B

, (18)

where since the calculation of loop orbits isRºRexp (° 2.1)
valid for this range (see Note that the ellipticity ofRZ).
isophotal contours is higher by a least a factor of 4 com-
pared to The large value of the ratiovlop (eq. [18]). viso/vlopmakes the detection of lopsidedness easier, and this explains
why a large fraction of spiral galaxies are observed to be
lopsided.

The maximum and minimum lopsided potentials occur
along /\ 0¡ and /\ 180¡, respectively (see that is,eq. [8]),
along the same axis but in opposite directions. Despite this,
if one were to deÐne the ellipticity of equipotentials for the
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lopsided case, say (in analogy with the nonstandardvlop@
deÐnition of as discussed above), then it can be shownvisothat is equal to From we can thusvlop@ 2vlop. equation (18)
see that the ellipticity of the isophotes is higher by at least a
factor of 2 compared to the ellipticity of the lopsided poten-
tial. Thus, the isophotal contours are more elongated by at
least a factor of 2 compared to the equipotential contours.

From equations and is obtained in terms of(15) (18), vlopto beA1/A0

vlop \ A1/A0
2[(1/2)] (R/Rexp)]

. (19)

While obtaining from the isophotal shapes, we havevlopignored the e†ect of the random motion of the stars. This is
justiÐed because inclusion of random motion in the
problem would lead to an addition of a term in the resulting
perturbed radius as discussed at the end of This would° 2.1.
only change the resulting values of the isophotal ellipticity

by a factor (e.g., and the secondviso D[1[ (SV
r
2T/V

c
2)] RZ),

term in this expression can be ignored in the limit of small
velocity dispersion This is true in aSV

r
2T1@2 \ c> V

c
.

typical galactic disk since c is observed to be much less than
& BinneyV

c
(Mihalas 1981).
Using equations and we next obtain the(18) (19),

resulting values of and as functions of for thevlop viso R/Rexpobserved values of The mean observed value ofA1/A0.for the galaxies in the sample isA1/A0 RZ A1/A0\ 0.14,
while 30% of their sample shows larger values of A1/A0º

0.19È0.2, as measured at Below this radius,R/Rexp\ 2.5.
the values are observed to be much smaller, and theyA1/A0increase beyond this radius. For the typical value of

we get the resulting andA1/A0\ 0.14, vlop \ 0.02, viso \
0.11. The higher value of gives andA1/A0\ 0.2 vlop \ 0.03,

The observed increase in with radiusviso\ 0.16. A1/A0results in a higher perturbation potential at larger radiivlopin a galactic disk.
We would like to apply the above results to visually

extremely lopsided galaxies such as M101 and NGC 1637
Unfortunately, these have not been(Sandage 1961).

included in the samples of or & Rix ForRZ Zaritsky (1997).
such highly lopsided galaxies, a higher value of say,A1/A0,
D0.3È0.4, may be a reasonable choice. Note that even these
can still be represented by a small value of vlop¹ 0.07
because of the large value of the ratio of viso/vlop (eq. [18]).
Thus, the net gravitational potential in the disk is not very
far from axisymmetry ; hence, the Ðrst-order epicyclic theory
used in to derive the orbits would be applicable for° 2.1
such cases. This is also the physical reason why despite the
visual asymmetry such galaxies are dynamically robust.

For the typical value of (at asviso\ 0.11 A1/A0\ 0.14)
calculated above the axis ratio of an isophote,(eq. [15]),

(see is 0.89, which is substantially di†er-Rmin/Rmax eq. [14])
ent from a circular shape. For a much stronger lopsided
case with say or 0.4, the axis ratio would beA1/A0\ 0.3
even smaller\ 0.76 and 0.68 respectively, giving the iso-
photes a distinctly egg-shaped oval appearance.

For a particular isophote, the term in brackets in
is a constant. This formally deÐnes the para-equation (17)

metric form of an isophote. Hence it can be seen that ofRminan isophote occurs along /\ 180¡, while occurs alongRmax/\ 0¡. This is opposite to the behavior of an individual
orbit (see and the discussion in Thus, in aneq. [9] ° 2.1).
exponential disk, the isophotes are elongated in a direction

opposite to the elongation in the orbits. The isophotes are
elongated along the same direction where the maximum
e†ective surface density occurs (see for details). This is° 2.7
true for any centrally concentrated galactic disk.

2.3. Velocity Components
The net rotation velocity is given by and isequation 11

highest at /\ 0¡, along the maximum in the lopsided
potential, that is, at the minimum radial extent of an orbit.
This could be important in explaining the observed asym-
metry of rotation curves in lopsided galaxies (e.g., Mihalas
& Binney and will be studied in a future paper.1981)

denotes the coherent radial velocity forEquation (10)
orbits in a lopsided potential ; this is dependent on the angle
/ in a disk and has a maximum magnitude at /\ 90¡ and
270¡. The typical rms value of this streaming velocity is
obtained by averaging equation (10) over the azimuthal
angles and using it is written as follows :equation (19),

SV
R
2T1@2\ 21@2V

c
vlop \ (A1/A0)Vc

21@2[(1/2)] (R/Rexp)]
. (20)

This is the quantity determined from observations of a
sample of galaxies of arbitrary orientations. For a typical
value of km s~1 and atV

c
\ 220 A1/A0\ 0.14 R\ 2.5Rexp(see this gives km s~1. For stronger° 2.2), SV

R
2T1@2 \ 7.3

lopsided cases, with, say, the resultingA1/A0\ 0.2È0.3,
streaming motion is 10È16 km s~1. This is D50% of the
radial stellar random velocity dispersion, which we have
ignored here for simplicity (° 2.2).

2.4. Comparison with Earlier Work
The equations of motion for closed orbits in a lopsided

potential were obtained by However, their results areRZ.
not correct and are also not internally consistent. They give
(see eqs. from[20]È[22] RZ) :

R\ R0[1 [ (vlop/2) cos /] , V
R

\ [V
c
(vlop/2) sin / ,

VÕ\ V
c
[1] (vlop/2) cos /] . (21)

The above expression for R is correct only if the pertur-
bation potential is taken to be cos / and notV

c
2(vlop/4)

cos / as they state at the end of their ° 4. Further,V
c
2(vlop/2)

for the above result of R, the corresponding should haveV
Ra plus sign (]) ahead and not a minus sign ([), and the

term in the parentheses containing in the expression forvlopshould have a factor of 3/2 before it. Thus their resultingVÕexpressions for and the rms radial streaming velocity,vlopare not correct. For their choice of kmSV
R
2T1@2, V

c
\ 200

s~1, and at the correct value ofA1/A0\ 0.11, R\ 2.5Rexp,the rms streaming velocity from our equation (20) is 5.2 km
s~1, which is smaller than the value of 7.4 km s~1. WeRZ
wish to point out and correct these errors in the pioneering
work by on the nonaxisymmetric amplitudes in stars.RZ
We use the observed values of from RZ to obtainA1/A0results for a typical galaxy (see 2.6, and 2.7).°° 2.2,

2.5. Results for a General Rotation Curve
Here we extend the results for closed orbits in a lopsided

potential for an exponential disk to the case of a(°° 2.1, 2.2)
general rotation curve given by

V \ V
c
(R/R0)a , (22)

where is the circular velocity at and a is a non-zeroV
c

R0,small number (\1) and is the logarithmic slope of the rota-
tion curve. This form represents the general rotation curve
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in the disk of a typical spiral galaxy Caser-(Schechter 1996,
tano & Van Gorkom 1991). This case is worth studying
since the values are observed to increase at largeA1/A0radial distances (see where the rotation curve may not° 2.2),
be Ñat. The corresponding unperturbed potential, ist0,given by (see, e.g., & TremaineKuijken 1994) :

t0\ (V
c
2/2a)(R/R0)2a . (23)

We assume the perturbation potential in this case to be

tlop(R)\ V 2vlop cos / , (24)

where V is deÐned by This is analogous to theequation (22).
choice for the Ñat rotation curve. Following an(eq. [8])
analysis similar to that in it can be shown that a° 2.1,
closed orbit in this case is given by

R\ R0[1[ 2vlop(1 [ a) cos /0] ,

V
R

\ ]2V
c
vlop(1 [ a) sin /0 ,

VÕ \ V
c
M1 ] 3vlop[1[ (4/3)a] cos /0N . (25)

Next, following the analysis similar to that in it can° 2.2,
be shown that for this general case, is related to asviso vlopfollows :

viso
vlop

\ 4
C
(1[ a) ] Rexp

2R
(1 [ 2a)

D
. (26)

The e†ective surface density is again given by equation
as before, except that the relation between and is(17) viso vlopnow speciÐed by Combining this withequation (26).

for we getequation 15 A1/A0,
vlop \ (A1/A0)/2[(12 [ a) ] (R/Rexp)(1[ a)] . (27)

Consider a region of slowly increasing rotation curve in a
galactic disk so that a is greater than 0. This is observed to
be the case in the outer regions of late-type spiral galaxies

and particularly for the Magellanic-type(Bosma 1978),
dwarf irregular galaxies & Van Gorkom(Casertano 1991).
Comparing equations and and equations and(9) (25), (18)

it can be seen that for a given value, the maximum(26), vlopradial extent of an orbit along /\ 180¡, and also the ratio
of are slightly smaller in this case than for a Ñatviso/vlop,rotation curve. However, this e†ect is somewhat compen-
sated by the increase in the value of with radius asvlopshown in ° 2.2.

In contrast, the rotation curve is observed to decrease at
large radii in some cases, as for example in a few interacting
galaxies and especially in galaxies in denser environments
as in clusters of galaxies Whitmore, & Ford(Rubin, 1988)
and in the case of large, early-type galaxies &(Casertano
Van Gorkom In this case, a \ 0 ; hence, the1991).
maximum radial extent and the ratio of are higherviso/vlopthan for a Ñat rotation curve.

2.6. Dependence on Phase, of the L opsided Potential/lop(R),
We deÐne the phase of the lopsided potential at a given

radius R to be In we have set this equal/lop(R). equation (8)
to 0¡. This is always valid for a given radius since by a
suitable transformation of coordinates one can e†ectively
set this phase to be 0¡. The same is true if is constant/lop(R)
with radius. In this case, the results in and°° 2.1È2.3, ° 2.5
are valid. The observations seem to support this assump-
tion for strongly lopsided galaxies, as we discuss later in this
subsection.

If, on the other hand, shows a signiÐcant variation/lop(R)
with radius, then the deÐnition of lopsided potential (eq.

has to be modiÐed as follows :[8])

tlop(R) \ V
c
2vlop cos [/[ /lop(R)] . (28)

The resulting expressions for the equations of motion
(eqs. and and the e†ective surface density[9]È[11], [25]),

will then be modiÐed in a straightforward way so(eq. [17]),
that the angle in the trigonometric terms will now be /

instead of being / as before. On comparing the[ [/lop(R)]
modiÐed with the standard Fourier expansionequation (17)
(see, e.g., it can be seen that the phase of the ÐrstRZ),
azimuthal Fourier component, is equal to/1(R), /lop(R),

/1(R) \ /lop(R) . (29)

Observations of lopsided galaxies show that is/1(R)
remarkably constant in the outer optical regions where the
galaxy is lopsided [see the plot of vs. radius ; Fig. 2 of/1(R)

for the six out of 18 galaxies with a high measuredRZ]
lopsidedness for such as NGC(A1/A0º 0.19 Rº 2.5Rexp),1325A, NGC 2485, and NGC 6814. The one exception is
NGC 7309, which has an abrupt change in between 2/1(R)
and 3 times this could be related to its being a three-Rexp ;armed galaxy. In contrast, the galaxies in the sampleRZ
with lower values (¹0.05) ; such as NGC 1642 andA1/A0NGC 7742, show more variation in with radius. NGC/11703, despite being fairly strongly lopsided (with A1/A0\
0.17), shows an abrupt change in in this radial region./1(R)

The constancy of the phase means that is/1(R) /lop(R)
also constant with radius (see Therefore, theeq. [29]).
results in are valid as they are for strongly lop-°° 2.1È2.5
sided galaxies. We have assumed that the lopsided potential
originates in the halo (see and and physically it°° 1.1 ° 4.1),
is reasonable that the distortion in the spheroidal dark
matter halo would be a global one, and hence the phase of
the potential would not vary with radius. In any case, for
the sake of completeness, we discuss next the resulting
changes in the isophotes, and the changes in star formation
(see that arise if the phase were to vary with° 3.3), /lop(R)
the radius. Note that denotes the position angle of the/1(R)
major axis of an isophote (e.g., & Binney IfMihalas 1981).
the observed phase is constant with radius as is typi-/1(R),
cally observed, then the isophotes are seen to be aligned
with their major axes all lying along the same direction.
Thus, the isophotal shapes will have aligned egg-shaped
contours with the shapes as discussed at the end of ° 2.2.
This seems to describe the overall optical appearance of
lopsided galaxies such as M101 and NGC 1637 (Sandage

If, on the other hand, and hence in a1961). /1(R), /lop(R),
galaxy shows a variation with radius, then the of anRmaxisophote will occur at di†erent angles at di†erent radii, as
can be seen from a modiÐed with / replacedequation (17)
by Hence, the isophotes will then show a/[ /lop(R).
prominent one-armed spiral structure in the galaxy. This is
applicable for galaxies such as M51 or NGC 2997 et(Block
al. which show one prominent spiral arm.1994)

2.7. Fractional Change in Surface Density
The ratio of the e†ective surface density for the perturbed

orbits in a lopsided potential and the unperturbed(eq. [17])
surface density is taken to deÐne the fractional(eq. [12]), fk ,
change in the surface density, at a given point (R, /) in the
disk, and is given by the following simple analytical func-
tion :

fk 4 exp [(A1/A0) cos /] , (30)



No. 2, 1997 DYNAMICS IN A LOPSIDED GALAXY 647

where is related to via for a ÑatA1/A0 vlop equation (19)
rotation curve and via for a general case. Theequation (27)
above assumes a constant phase as is observed for/lop(R)
strongly lopsided galaxies If varies with(° 2.6). /lop(R)
radius as observed for weakly lopsided galaxies, then / in

would be replaced byequation (30) /[ /lop(R).
In the fractional change in the surfaceFigure 1, fk ,

density is plotted as a function of the azimuthal angle /, for
the values of 0.2, 0.3, and 0.4. First, we noteA1/A0\ 0.1,
that there is an overdensity for /\ 0¡È90¡, and( fk [ 1)
/\ 270¡È360¡, while there is an underdensity for( fk\ 1)
the other half of the disk, namely from /\ 90¡ to 270¡.
Thus the most underdense and the overdense regions are
located at 180¡ with respect to each other. Second, the
resulting maximum increase in surface density at /\ 0¡ is
high for strongly lopsided galaxies, equal to 35% and 50%
for and 0.4, respectively.A1/A0\ 0.3

The maximum of the e†ective disk density occurs at
/\ 0¡, which is along the maximum of the lopsided poten-
tial (see We note that the potential correspondingeq. [8]).
to this disk response would be a minimum along /\ 0¡, at
the region of maximum surface density & Tremaine(Binney

Thus the potential corresponding to the disk1987).
response is anticorrelated with the imposed lopsided halo
potential. This means that the orbits in a lopsided galaxy do
not self-support the potential that they arise from. This
result has been shown for a general even-m Fourier com-
ponent for a disk of logarithmic potential by Kuijken

also see for the m\ 2 case). This anti-(1993) ; Rix (1996)
correlation was stated by for the m\ 1 case, but they doRZ
not give an explicit azimuthal variation in surface density.
This e†ect has been shown to hold for m\ 1 for the particu-
lar case of the Milky Way by (seeWeinberg (1995) ° 4.1).

An interesting result obtained next is the fraction of the
integrated surface density (or mass) in the two halves of the

FIG. 1.ÈVariation in the fractional change in the surface density,fk,versus the azimuthal angle / (degree), for the fractional amplitude of the
m\ 1 azimuthal Fourier component of surface brightness A1/A0\ 0.1,
0.2, 0.3, and 0.4. The maximum overdensity occurs at /\ 0¡, along the
maximum in the lopsided potential.

disk. This ratio gives a quantitative measure of the net
asymmetry of mass in lopsided galaxies. Assume a constant

for a certain radial range. For this range of radii, theA1/A0fraction of total surface density in the overdense regions is
obtained by taking a ratio of the integral over the annular
region of between /\ 0¡È90¡ and /\ 270¡Èequation (17)
360¡ to the total integral between /\ 0¡È360¡. This is equal
to The integral over the underdense0.5] [2(A1/A0)/n].
region gives Thus for the typical0.5 [ [2(A1/A0)/n].
observed value of the fraction of net surfaceA1/A0\ 0.14,
density in the overdense regions is 0.59 versus 0.5 for an
axisymmetric disk. This increases with and is equalA1/A0to 0.69 or 0.75 for a strongly lopsided galaxy with A1/A0\
0.3 or 0.4, respectively. If there is a strong radial variation in
the phase the hemispheric averages as given above/lop(R),
are not applicable.

2.8. Validity of Results for Gas
The results obtained for orbits in and in°° 2.1, 2.5, 2.6,

are valid for both stars and gas located in the same region of
a galaxy because they respond to the same lopsided poten-
tial. Further, the result for the azimuthal variation in
density and hence the fractional variation ineq. [17], (° 2.2),
density and the isophote shapes are(eq. [30], ° 2.7) (° 2.6),
valid identically for stars and molecular hydrogen gas since
they both have an exponential distribution in the disk with
the same disk scale lengths, as shown next. Observations
show that on subtracting out the spiral arm contributions,
the disk scale length for stars and for molecular gas is mea-
sured to have the same value within the errors of measure-
ment as shown for M101 et al. et(Solomon 1983 ; Kenney
al. for IC 342 & Scoville and for NGC1991), (Young 1982a),
4565 & Knapp The atomic hydrogen gas(Richmond 1986).
has a larger scale length van der Kruit, & Allen(Wevers,

hence, for a given the resulting for H I is1986) ; vlop , A1/A0smaller (eqs. or Hence, the H I in the inner/[19] [27]).
optical regions would show smaller overdensity values (eq.

while its variation with the angle / will be the same as[30]),
for the other components. The gas would survive along the
closed orbits since there would be no shocks.

The overdensity in the azimuthal range /\ 0¡È90¡ and
/\ 270¡È360¡ is shown to signiÐcantly decrease the(Fig. 1)
local stability of gas in this region (see resulting in a° 3.2),
higher star formation rate (see ° 3.3).

Note that, the maximum radial extent of an isophote,
occurs along /\ 0¡ (see which is where the e†ective° 2.2),
surface density is also the highest (° 2.7). There is obser-
vational evidence for this from the distribution of gas,H2and H I gas (in the optical region), in M101 This(° 1.2).
pediction can be checked with future detailed observations
of CO and H I in the inner regions in other lopsided gal-
axies, which would yield the azimuthal variation in density.

3. LOCAL GAS STABILITY IN A LOPSIDED GALAXY

Here we study the asymmetric distribution of molecular
hydrogen gas which is known to be the site of star(° 3.1),
formation in galaxies. We next obtain the local stability
criterion for a lopsided galaxy and study the(° 3.2),
resulting asymmetry in star formation (° 3.3).

3.1. T he Asymmetry in the Distribution of Molecular
Hydrogen Gas

The distribution of the molecular hydrogen gas in the
lopsided galaxies such as M101 and NGC 4565 is clearly
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observed to be asymmetric, with a larger radial extent in
one-half of a galaxy This can be explained naturally(° 1.2).
on the basis of the closed orbits in a lopsided potential (° 2)
for the molecular clouds. The gas surface density in M101
shows an azimuthal variation in density as predicted (° 2.8),
with the isophotal elongation and the high surface density
occurring along the same (southwestern) direction.

In addition, as we argue next, due to gas dynamical
e†ects the fraction of molecular hydrogen gas could
increase in regions of overdensity, thus increasing the asym-
metry in its distribution. A fraction of the gas which was
initially in an atomic hydrogen form would, on getting com-
pressed to a high surface density in the overdense regions

get converted into a molecular hydrogen form. This(° 2.7),
follows from the additional self-shielding against UV disso-
ciation provided by the higher surface density region. The
minimum atomic hydrogen surface density for which this
conversion can occur is D5 pc~2 or 6 ] 1020 H cm~2,M

_as shown theoretically by & Federman ThisShaya (1987).
agrees with the observations of gas in galaxies including the
Milky Way since any surface density in excess of the above
value seems to be seen in a molecular hydrogen form

et al. & Sanders This thresh-(Solomon 1983 ; Scoville 1987).
old is somewhat smaller for the early-type galaxies (Young
& Scoville Thus we predict that the percent asym-1991).
metry in the distribution of molecular hydrogen gas would
be more than that in the atomic gas in the interior region of
a lopsided galaxy (also see The conversion to a° 2.8).
molecular hydrogen occurs on timescales (e.g., &Duley
Williams that are shorter than the dynamical or1984)
crossing timescale (D108 yr) in the disk, and hence the
above idea of in situ conversion from H I to for gasH2above the threshold density is valid.

This e†ect would be especially signiÐcant in large, late-
type galaxies, such as for example M101 and NGC 628,
which have extended H I distributions going up to a few
times the Holmberg radii hence, the atomic(Sancisi 1981) ;
hydrogen density is close to this threshold value over a
large radial extent. This conversion would be further helped
by the fact that the values and hence the values ofA1/A0overdensity increase with the radius(eq. [30]) (° 2.2).

Most observational results for CO in the literature are
presented as azimuthally averaged radial proÐles. The
results on the asymmetry of gas distribution in the present
paper underline the important point that the observational
papers should give a full azimuthal distribution or at least
values along both sides of the major axis for the den-H2sities. The presence of a bar is an additional source of asym-
metry in the distribution of CO as in IC 342, which makes it
harder to visually detect the lopsidedness from the CO
plots.

Note that the molecular hydrogen is typically contained
within half the Holmberg radius et al.(Young 1995),
whereas the values for are observed to be importantA1/A0beyond The Holmberg radius is about 42.5Rexp (° 2.2).
times the disk scale length Hence, weRexp (Freeman 1970).
can conclude that is typically contained withinH2 2Rexp,and therefore it would not experience the strongest lopsided
potential unless the galaxy is large and has an extended CO
distribution. This is certainly true in large, late-type galaxies
such as M101 and could be one reason why a clear gasH2asymmetry is seen in these galaxies. However, in some gal-
axies such as NGC 4565 & Knapp CO is(Richmond 1986),
contained inside of and yet shows a lopsided dis-2.5Rexp

tribution. This could mean that the values are fairlyA1/A0large even at in these galaxies. Alternatively,R\ 2.5Rexpsome of this asymmetry could be due to an increased frac-
tion of molecular gas in regions of high surface density as
we have argued above.

3.2. L ocal Stability Criterion in a L opsided Galaxy
We next obtain the e†ective Q criterion for the localQlop,stability against axisymmetric gravitational perturbations

in a disk perturbed by a lopsided potential. When studying
the local stability at a point (R, /), one can consider the
standard local, linear perturbation analysis except that now
the unperturbed motion is given by equations and(10) (11)
for a Ñat rotation curve, and for a generalequation (25)
rotation curve. These specify the velocity components along
closed orbits at this point. The e†ective Ðrst-order epicyclic
frequency in this case, can be deÐned as usual in termsilop,of the Oort constants A@ and B@ to be

ilop4 [[4B@(A@[ B@)]1@2 , (31)

where A@ and B@ are modiÐed Oort constants as valid for the
velocity Ðeld in a lopsided case. Using the expressions for
these for a general velocity Ðeld from & TremaineKuijken

we calculate A@ and B@ for the velocity Ðeld in(1994, eq. [8]),
the lopsided case for a general rotation curve (eq. [25]).
Keeping the Ðrst-order terms in and a, the resultingvlopexpression for isilop

ilop \ i \
C
21@2)0

A
1 ] a

2
BD

, (32)

where i is the standard epicyclic frequency for the axisym-
metric case. Thus, is identical to i since the changes inilopthe velocity Ðeld arising in a lopsided case are Ðrst order,
and since a is small (\1) (see ° 2.5).

On considering axisymmetric perturbations to this region
we get the dispersion relation and from that obtain the
following expression for the local stability parameterQlop,for a one-component lopsided disk to be

Qlop\ ic/nGk(R, /) , (33)

where c is the one-dimensional rms random velocity in the
disk. Note that \1, and \1 denotes a stable, mar-Qlop[1,
ginally stable, and an unstable disk respectively. Writing
k(R, /), the surface density in terms of the(eq. [17]) kun,unperturbed density and the fractional change(eq. [12]), fk,in density we get(eq. [30]),

Qlop \ (ic/nGkun) exp [[(A1/A0) cos /]

\ Q exp [[(A1/A0) cos /] . (34)

Thus, is equal to the standard Q parameter \Qlop & Solomon for theic/nGkun (Toomre 1964 ; Jog 1984a)
axisymmetric case ; divided by fk.From the variation in with / it can be seen thatfk (° 2.7),
the region /\ 0¡È90¡ and /\ 270¡È360¡ would show
lower values of than the axisymmetric case, indicating aQlopmore unstable disk, whereas the reverse is true for the
region /\ 90¡ to 270¡. The value is lowest in a regionQlopof maximum overdensity, that is at /\ 0¡, indicating the
most unstable region at a given radius.

Since the gas density would also be a†ected in the same
fashion, the values for gas also would have a similarQlopdependence on /. Hence the gravitationally coupled two-
Ñuid stars plus gas system & Solomon(Jog 1984a, 1984b ;

would also be more unstable in regions of highJog 1996)
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surface densities. This can further decrease the stability of
the gas. The azimuthal variation in results in asym-Qlopmetric star formation (see ° 3.3).

Values for Gas in L opsided Galaxies3.2.1. Qlop
Here we apply the criterion for the local stability in aQloplopsided disk to gas in some galaxies showing an(eq. [34])

asymmetric gas distribution in the inner regions, namely
M101 and NGC 4565. Since the observed values of A1/A0are important at we obtain theRº 2.5Rexp (° 2.2), Qlopvalues at this radius. The aim is to show that since the gas in
a typical galactic disk is close to Q\ 1, corresponding to
the threshold for star formation even a(Kennicutt 1989),
small increase in the gas surface density in the overdense
region in a lopsided galaxy can lead to the formation of
stars.

For M101, et al. obtain kpc andKenney (1991) Rexp\ 3.1
detect up to 7 kpc, which is only slightly smaller thanH2 kpc. At this radius, the observed rotation2.5Rexp\ 7.5
velocity is D220 km s~1 with a nearly Ñat rotation curve,
and the observed values of the H I and surface densitiesH2are 6 and 4 pc~2, respectively, giving the total gasM

_density of 10 pc~2. The random velocity for gas, c, inM
_galaxies is observed to be a robust quantity, and we take its

value to be 5 km s~1 & Ostriker Hence the value(Jog 1988).
of the standard (axisymmetric) Q for gas is calculated to be
1.4. The values of for M101 have not been measuredA1/A0yet but are probably high D0.3È0.4 (see For these° 2.2).
values the minimum (at /\ 0¡ ; see for gas isQlop eq. [34])
obtained to be 1.1 and 0.9, respectively. Thus, on taking
account of the e†ective increase in the surface density in the
overdense region in a lopsided potential, the gas becomes
unstable, whereas it was stable in the axisymmetric case.
This can lead to an enhanced star formation (° 3.3).

For NGC 4565, the total (H column density atI ] 2H2)is D17 pc~2 & Knapp2.5Rexp\ 5@ M
_

(Richmond 1986),
and the rotation curve is Ñat with a velocity of 255 km s~1

The axisymmetric Q-value for gas is calcu-(Rupen 1991).
lated to be 0.6, which is already less than 1 ; hence, any
enhancement of surface density in the overdense regions
would make the gas more unstable.

It is interesting that the other galaxies in the sampleBLS
showing a substantial asymmetry in H I at large radii do not
show a signiÐcant asymmetry in the gas at low radii, see for
example NGC 2841 & Scoville NGC 891(Young 1982b),

et al. and IC 342 & Solomon(Scoville 1993), (Sage 1991).
We would also like to estimate values for galaxies withQlophigh values in the sample, but unfortunatelyA1/A0 RZ
there are no CO data in the literature for these galaxies.

3.3. T he Asymmetry in the Distribution of H II Regions
The observed azimuthally asymmetric distribution of H II

regions in say, M101 (see can be explained naturally° 1.2)
from the results for an azimuthal variation in gas densityH2and the local stability (° 3.2) in a lopsided poten-(°° 2.7, 3.1)
tial. The molecular hydrogen gas is known to be the site of
star formation, and it is shown to be distributed asym-
metrically with an enhanced fraction in the azimuthal(° 3.1)
range of /\ 0¡È90¡ and /\ 270¡È360¡. As a result of the
increase in the e†ective surface density, the corresponding

value for gas would be lowered in this region and couldQlopbecome ¹1 even if it was greater than one in an azi-
muthally symmetric galaxy (see A necessary and suffi-° 3.2).
cient condition for the onset of star formation (Quirk 1972 ;

has often been proposed to be Q for gas beKennicutt 1989)
less than 1. The mechanism for cloud-cloud collisions
leading to a higher rate of massive star formation (Scoville,
Sanders, & Clemens would also give a higher star1986)
formation rate in a region of higher surface density. Hence
we predict a higher star formation rate to occur in the
overdense regions in lopsided galaxies.

Further, we argue that the star formation in a region of
high surface density would result in a higher fraction of
massive star formation since there is a good coupling
between the dust and the gas ; thus, the gas temperature is
higher, which results in a higher critical/minimum value for
the mass of the stars formed & Solomon(Larson 1986 ; Jog

The massive stars would evolve into H II regions, and1992).
thus we predict the number of H II regions to be asym-
metrically distributed in lopsided galaxies with a higher
fraction seen in regions of higher surface densities. In con-
trast, the gas is more stable in the underdense region than in
the axisymmetric case. This would lead to a lower star for-
mation rate and thus further contribute to the overall asym-
metry seen in the H II regions across the disk. Since the
isophotes are elongated in the direction where the e†ective
surface density is highest we predict more H II(° 2.7),
regions in the elongated regions of isophotes, which agrees
with observations for M101. The asymmetry in distribu-H2tion is shown to be even higher in large, late-type galaxies

which will then contribute to a more asymmetric(° 3.1),
distribution of H II regions in such galaxies.

If the phase of the lopsided potential, is constantQlop(R),
with radius as is typically observed the density would(° 2.6),
be higher in one-half of the lopsided galaxy while the other
half would be underdense Hence the resulting H II(° 2.7).
region formation would be higher in one-half of the galaxy,
as discussed above. If, on the other hand, shows a/lop(R)
variation with radius, then the intensity contours will
appear to be a one-armed spiral and the resulting(° 2.6),
H II region distribution will also show a similar trend. This
explains why the observed number of H II regions is higher
near the m\ 1 old stellar southern arm of NGC 2997

et al. In the literature, there are good studies of(Block 1994).
observed radial variation in the number density and other
properties of H II regions in galaxies & Kennicutt(Hodge

Garcia-Gomez, & Bosma1983 ; Athanassoula, 1993).
Similar high-quality systematic studies of azimuthal varia-
tion of H II regions in galaxies are needed. This will allow a
better comparison of our results with observations.

The luminosities of H II regions in M101 and NGC 628
are much higher than in the Galaxy Edgar, &(Kennicutt,
Hodge The large gas densities increase the probabil-1989).
ity of having self-propagating star formation (Seiden 1983),
and this could lead to the formation of giant, combined H II

regions. This may be the reason why the net luminosities of
H II regions in lopsided galaxies are higher.

4. DISCUSSION

4.1. T he Nondisk (Halo) Origin of the L opsided Potential
The logarithmic potential used for the unperturbedt0disk and the exponential form used for the unper-(eq. [7]),

turbed surface density are not internally self-(eq. [12])
consistent in that they do not obey the Poisson equation
(e.g., The treatment in is, however, stillFreeman 1970). ° 2
valid if the net potential in the disk is contributed by thet0disk, halo, and the bulge components.
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Further, the lopsided potential and the disk response are
shown to be anticorrelated Thus, the treatment in(° 2.7).
this paper and in to calculate the values byRZ A1/A0matching the perturbed exponential surface density by a
m\ 1 distribution is valid if the lopsided disk potential is
assumed to be caused by a perturbation in the halo rather
than in the disk. If the halo is responsible for then onetlop,can have only the density response in the disk, and this
would correspond to the observed m\ 1 disk amplitude.
An indirect proof for the halo being the source of the lop-
sided potential comes from the fact that is observed tovlopincrease with radius, and it is known that the halo has an
increasing dominance in the galaxy dynamics at large radii.
For the particular case of the Milky Way, Weinberg (1995)
has shown that its halo is distorted due to the tidal inter-
action with the Magellanic Clouds, and galactic disk then
responds to this halo lopsided potential.

4.2. Asymmetry of Atomic Hydrogen Gas at L arge Radii
In this paper, we only study the asymmetry in the stars

and gas in the inner/optical regions of a galaxy. We do not
study the asymmetry of H I at large radii. In some galaxies,
the asymmetry in the H I gas at large radii is along the same
direction as the asymmetry in H I and in the inner/H2optical disk as observed, for example, in NGC 4565

& Knapp and in NGC 628 :(Richmond 1986 ; Rupen 1991)
compare the observations & Liszt with theH2 (Adler 1989)
H I observations & Briggs Or, in contrast,(Kamphuis 1992).
in some galaxies the isodensity contours for H I in the outer
regions are more elongated in a direction opposite to the
extent of H I and in the inner regions, as seen, forH2example, in M101 et al. et al.(Bosma 1981, Kenney 1991)
and in IC 342 & Solomon This(Newton 1980 ; Sage 1991).
can be understood in terms of the non-disk (halo) origin of
the lopsided potential Galaxy interaction(° 4.1). (Weinberg

has been proposed as the cause of the halo lopsided1995)
potential. If a galaxy were to undergo two or more sub-
sequent encounters of di†erent orientations and strengths, it
can generate global perturbations in the halo mass distribu-
tion which may be along di†erent directions in di†erent
radial regions. Thus the gas asymmetry in the outer regions
of a particular galaxy may or may not be correlated with
that in the inner regions.

Further, the H I gas lying in outer regions is more suscep-
tible to perturbation due to a tidal interaction with galaxies,
or accretion of high-velocity clouds as seen for M101 (Van
der Hulst & Sancisi or even an interaction with an1989)
intergalactic medium as seen in the Virgo cluster galaxy
NGC 4654 & Mundy Hence we do not(Phookun 1995).
discuss the extended H I distribution.

4.3. Extremely L arge Values of and Starbursts inA1/A0Mergers
Extremely lopsided mass distribution seems to occur in

strongly disturbed galaxies with ongoing mergers or that
have undergone a recent merger such as NGC 3921. These
are also characterized by ““ E] A spectra ÏÏ (Schweizer 1996)
where both the starburst and the lopsided phenomena are
presumably triggered by the strong galaxy interactions. It is
not clear if the assumption of an average exponential
surface density is valid for such strongly perturbed galaxies.
But if it is, and if the values are observed, then we canA1/A0explain the resulting starbursts in the overdense regions of
these galaxies. This would be an extreme case of the

enhanced H II region formation discussed in An addi-° 3.3.
tional mechanism for star formation in this case could be a
starburst due to the shock compression of the pre-existing
molecular clouds via the overpressure of remnants of collid-
ing H I clouds from the two colliding galaxies as was pro-
posed by & SolomonJog (1992).

5. CONCLUSIONS

We study the dynamics of particles on closed orbits in a
galactic disk perturbed by a lopsided halo potential and
obtain the azimuthal variation in the e†ective surface
density for an exponential disk. The results are obtained
Ðrst for a disk with a Ñat rotation curve and then also for a
general power-law rotation curve. These results are shown
to be valid for both stars and gas in the inner (optical)
regions because both respond to the same lopsided poten-
tial and have comparable disk scale lengths. The azimuthal
variation in gas density is shown to a†ect the local gas
stability, and this leads to an azimuthally asymmetric star
formation. The main conclusions from this paper are sum-
marized below:

1. An orbit is shown to be elongated along the minimum
in the lopsided potential, and shortened along the opposite
direction. The net rotational velocity is shown to be highest
at the minimum radial extent of the orbit.

2. The parameter denoting the small perturbation invlopthe potential is obtained as a function of theA1/A0,observed fractional amplitude of the m\ 1 azimuthal
Fourier component of the surface brightness and the radius.
The typical value of is obtained to be a few percent, andvlopthe values increase with radius.

3. The value of the ellipticity of an isophote is shownviso,to be higher than by at least a factor of 4. This explainsvlopwhy the phenomenon of lopsidedness is so commonly
detected. Second, the high value of this ratio means that
even for the strongly visually lopsided galaxies which may
have the potential is still fairly axisymmetricA1/A0D 0.4 ;
with a small Thus such galaxies are still dynami-vlop D 0.07.
cally robust.

4. The e†ective surface density is highest along the
maximum in the lopsided potential and there is an under-
dense region along the opposite direction.

5. If the phase of the lopsided potential is constant with
radius as is typically observed for strongly lopsided gal-
axies, then the isophotes for an m\ 1 distribution will be
aligned egg-shaped ovals, as seen in M101 and NGC 1637.
If the phase varies with radius, the isophotes will show a
prominent one-armed spiral structure as seen in M51 and
NGC 2997.

6. The isophotes are elongated along the direction where
the e†ective surface density is highest. This agrees with the
observations of M101. Future two-dimensional maps of CO
and H I (in inner regions) of other galaxies can further check
this result.

7. We obtain the local stability parameter in a lop-Qlopsided galaxy and calculate its values for gas in lopsided
galaxies for which the data for the total gas density are
available. The values are shown to be signiÐcantlyQloplowered compared to the axisymmetric case in the over-
dense regions.
8. The lowering of values to ¹1 in regions of highQlopsurface densities is argued to result in an enhanced rate of
formation of massive stars and hence H II regions. Thus we
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can naturally explain the observed azimuthal asymmetry in
the distribution of the H II regions in the lopsided galaxies
such as M101 (° 3.3).

Due to the higher self-shielding of gas in regions of high
density, the asymmetry in the distribution of the molecular
hydrogen gas and the resulting H II regions is argued to be
higher in the large, late-type galaxies.

9. We suggest that future observational studies should
present the full azimuthal distribution of the and H I gasH2surface densities, and also the H II regions, especially for

clearly lopsided galaxies. This would allow a better com-
parison of predictions from our model and would lead to a
better understanding of gas dynamics and star formation in
lopsided galaxies.

I thank the referee, Albert Bosma, for many thoughtful
and constructive comments, and particularly for raising the
issues of the phase of the m\ 1 isophotes and the distinc-
tion in the gas asymmetry between the inner versus outer
regions.
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