University of Massachusetts Amherst
ScholarWorks@UMass Amherst

Astronomy Department Faculty Publication Series Astronomy

2001

The Milky Way as a key to structural evolution in
galaxies

MD Weinberg

Follow this and additional works at: https://scholarworks.umass.edu/astro_faculty pubs

b Part of the Astrophysics and Astronomy Commons

Recommended Citation

Weinberg, MD, "The Milky Way as a key to structural evolution in galaxies” (2001). TETONS 4: GALACTIC STRUCTURE, STARS,
AND THE INTERSTELLAR MEDIUM. 58.

Retrieved from https://scholarworks.umass.edu/astro_faculty pubs/S8

This Article is brought to you for free and open access by the Astronomy at ScholarWorks@UMass Amherst. It has been accepted for inclusion in
Astronomy Department Faculty Publication Series by an authorized administrator of ScholarWorks@UMass Amherst. For more information, please

contact scholarworks@library.umass.edu.


https://scholarworks.umass.edu?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/astro_faculty_pubs?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/astro?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/astro_faculty_pubs?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/123?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
https://scholarworks.umass.edu/astro_faculty_pubs/58?utm_source=scholarworks.umass.edu%2Fastro_faculty_pubs%2F58&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:scholarworks@library.umass.edu

arXiv:astro-ph/0101255v1 16 Jan 2001

**T|TLE**
ASP Conference Series, Vol. *VOLUME**, *PUBLICATION YBA
*EDITORS**

The Milky Way as a Key to Structural Evolution in Galaxies

Martin D. Weinberg

Department of Physics & Astronomy, University of MassaetiassAmherst,
MA 01003-4525, USA

Abstract. Much of our effort in understanding the long-term evolutiamd
morphology of the Milky Way and other galaxies has focusetherequilibrium
of its luminous disk. However, the interplay between all poments, seen and
unseen, is a major cause of observed features and drivegiewoll will review
the key underlying dynamics, and in a number of examplesy $toov this leads
to lopsidedness and offset nuclei, may trigger bars andecewasps. Indeed,
the Milky Way like most spiral galaxies show exhibit many bése features.
In addition, the mechanisms suggest that observed mongphalepends on the
properties of the galaxy and only weakly on any particulatutbance. Because
of this convergence, understanding a galaxy’s history lvélsubtle and require
the level of detail that study of the Milky Way can provide.

1. Introduction

In introductory and graduate astronomy textbooks alike,Ntilky Way is used as an
introduction to galaxies in general; clearly Galactic @astrmy and the astronomy of
galaxies has evolved together. Most recently, the studyaliiéon and morphology
at high redshift, e.g. motivated by studies of the HubblefEeld and the Medium
Deep Survey are leading to revisions of the standard paredigr galaxy morphology
and evolution. lronically, it appears that one legacy of H&T may be abandonment
(at least in part) of the Hubble galaxy classifications (€gnselice et al. 2000).

At the same time, computational technology is nearly kegpip with observa-
tional technology. Computation allows complex non-linpaediction through sim-
ulations and statistical inference on large data sets. Tlamtific questions remain
familiar:

e Where does structure in galaxies come from?

e What excites star formation?

e Where is the mass in a galaxy?

e What is its role in causing the observed structure?

What is increasingly clear is that any individual galaxy isrphologically variable.
For example, lopsidedr{= 1) asymmetries are transient (with gigayear timescales),
bars may grow slowly or suddenly and, under some circumstanay decay as well.
Recent work shows that stellar populations, star formatides and color depend on
asymmetry (e.g. Rudnick, Rix & Kennicut 2000). Because tluperties of a galaxy
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depend on its history, an understanding of galaxy evolutemuires that we explore
the possible scenarios and underlying mechanisms. Thie gaal motivated the dy-
namicists of the past several decades and led to our cumgerstanding of density
waves, instability and stability criteria. Unfortunatefyravitational dynamics is also
conspiring against our investigation of long-term evalatas | will describe. In short,
a galaxy responds to a wide variety of stimuli and over maggaygars the historical
record of specific events fades away. Because state-afrttamd planned surveys will
allow us to study the global structure Milky Way in detail,raBalaxy will be key to
this understanding.

The overall plan of this talk is a follows. | will begin with aaoon review of
galaxy dynamics, emphasizing asymmetries, since it isutfiroasymmetries that a
galaxy evolves. | will illustrate this with a review of asynatnies in the Milky Way. We
will see that the role of satellites and dwarfs may be sigaific Finally, | will briefly
list the role of upcoming missions and surveys.

2. A cartoon review of galactic dynamics

Fundamentally, all asymmetric structure in stellar systértransient. Although early
work in galactic structure emphasized modes, this same slmwed that these modes
were different than the familiar discrete modes of plucketigs and drumheads. Sys-
tems with very large numbers of degrees of freedom haveraaunth modes, in addition
the more familiar discrete modes, which allow for both glafeaistribution and dissi-
pation. A physicist might say: “Spiral arms and bars are axgés way of attempting
to reach its minimum energy state.” The dynamicist might $agy feature with non-
zero pattern speed must damp through resonance with thar siddits.” Either way,
the end result is transient features which change the mmghof a galaxy. Let me
give you three familiar examples and one similar but lesslfantase.

2.1. Swing amplification

Swing amplification, a widely used dynamical model for ustkending the structure
and ubiquity of arms, contains all of these elements. Thieviahg cartoon (based
on Toomre 1980 and Binney & Tremaine 1987) of this mechanissh diescribed by
Goldreich & Lynden-Bell (1965) illustrates the basic meatkens.

If one takes a small patch out of a galactic disk, it will lodkelthe situation in the
first frame in Figurd]1l. The LSRs of orbits appear to leadjtes one looks inward
(outward) from the center of the galaxy. The epicyclic motabout the LSR of an
individual orbit is shown. Now assume that a leading matteria appears (2nd frame).
We follow an individual star (filled dot) as this distributievolves. The material arm
shears out (successive frames) but the star feels the exesdmtional attraction of the
arm as it shears, amplifying the arm.

A nice simulation of this has recently been reported by (C=mér 1998) for both
stars and gas together. The imposed leading distortiomigaViquickly and amplitude
of the trailing arm increases and then damps away.

Swing amplification is a simple example of transient behawiduced by a gravi-
tational perturbation. In the end, a quiet isolated galaay mittain a new local axisym-
metric state but with a slightly different equilibrium satince the arm has transferred
angular momentum from some stars to others. The shape oéshiing arm depends
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Figure 1.  Cartoon illustrating swing amplification in a stieg@ sheet (fol-
lowing Binney & Tremaine 1987). The vertical arrows indedle relative
velocity of the local LSR. The epicyclic orbit in the LSR ofetltentral tra-
jectory is an ellipse and the position of the star is the filled (first panel).
Successive panels show the time evolution of a leading|lgp@&rdurbation.
The trajectory of the star tracks and reinforces the peatigh.

more on the underlying dynamics of the disk (e.g. Oort cansjahan the details of
the triggering distortion.

2.2. Bar formation

Dynamicists argue whether bars form suddenly, as in thedfdristability that led
Ostriker & Peebles (1972) to advocate a dark halo, or slowsr enany rotation times
(Pasha & Polyachenko 1993). Either way, the mechanism hiasilarsexplanation.

A general orbit in an axisymmetric disk is a rosette. Howghgraccelerating an
observer around the disk at a particular angular velotityorbit can be made to nearly
close (Fig.[R). Averaged over time, the orbit appears to harngat its outer turning
points. You might imagine, therefore, replacing the oshitverage mass density by a
dumbbell (final panel).

Now imagine two such orbits. If this was a Cavendish expeniiihe ends of the
dumbbells would attract. However, recall that these@atorbits and we are observing
them in a rotating frame. Depending on the background pialetite material torque
can cause the two orbits to precess toward either each atlavay from each other.
Lynden-Bell & Kalnajs (1972) give a precise criteria fordfnut the general rule is that
orbits precess toward (away from) each if the rotation cisvesing (flat).
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Flat rotation curve Rising rotation curve

Oppose bar formation Promote bar formation

Figure 2.  Cartoon illustrating bar instability and growfhop row: orbit

approaching resonance in first three panels; fourth panelsthe location of
a star at fixed time intervals showing that the orbit has higinee-averaged
space density at apocenter and can be represented by a dufiftveanel).

Bottom row: excess density repels apocenters for a flatiootaturve but
attracts for rising rotation curve, causing bar to grow.

As the process continues, the gravitational potential ftbenpile of apoapses
increases the influence mrachof the torque and more orbits can be influenced to join
the crowd. This is clearly the description of an instabibiyd it leads to the formation
of anm = 2 bar. Thinking like a physicist again, it is favorable foetbhar to exist
because the particles that take part lower the energy afdbafiguration. In this way,
bar formation may be understood by analogy with self-gativigy fluid bodies (e.g.
Chandrasekhar 1969). In the presence of a bit of dissipaicapidly rotating spheroid
will adopt a prolate shape because it can do so by lowerirenisgy. Similarly, energy
(and angular momentum) is redistributed by the formatioa bér. Again, the location
and structure of the bar has more to do with the galactic piateand disk distribution
than the perturbation which started off the instability. c®rthe bar has formed, it
may continue to influence the evolution of a galaxy; the exis¢é of a strong non-
axisymmetric structure can continue advect angular momnertoth to the disk and
halo, acting as an angular momentum antenna (see Debdé:tS&wood 1998 for a
recent discussion). In summary, the existence of a bar @mpliprocess of continuing
evolution.

2.3. Halo modes and noise

Now, a gravitational halo itself can sustain modes, and nbkeithose of a disk, these
modes damp. These are less well-known because they areagtitplto observe (how-
ever, see the end of this talk) but can be worked out and @etétin-body simulations.
A halo dominates the outer galaxy and is significant in theirgalaxy and therefore
persistent halo distortions can be quite important evenghahese can not be observed
directly.
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Figure 3. Weakly damped modeVWi = 5 King model. Left: the density
eigenfunction in the symmetry plane. Overdensity (undesi) is indicated
by the solid (dashed) contours. Right: density profile ofrtitale in the halo
(solid line) compared with the profile without the mode (ddtturve).

The strongest of these halo modes isnas 1 or sloshing mode and damps sur-
prisingly slowly. An example is shown in Figufg 3 for a King d® for clarity. These
modes exist for all typical halo models (e.g. Hernquist ni@fldernquist 1990], NFW
profiles [Navarro, Frenk & White 1997]) and do not depend anekistence of a core.
A qualitative explanation for the slowing damping is asdals. A coherent mode
damps through resonances between its pattern sggeednd the orbital frequencies,
Q; andQ, of individual stars. Al = m= 1 order, the damping is a resonance be-
tween these frequencies of the for@p — Q¢ — 1, Qr = 0, wherely, € {—1,0,1} and
Iy € {—00,...,00}. For vanishingly small, the only orbits near resonance are Ke-
plerian and therefore at outer edge of the galaxy. If theesystan have a discrete
| = m=1 mode at small pattern speed, the resonant orbits that cae camping will
be at large radii and the damping will be small. This is exasthat happens.

In the inner galaxy, many studies suggest or assume thatiskeldminates the
gravitational potential. Perhaps this reduces or elingimaihem = 1 halo mode? Not
so! The disk and halo can have a mutual weakly dampedl mode. The quadrupole
mode is a weakly amplified by self-gravity but most othersagppo damp quickly. The
m= 1 mode is very easy to excite. Because the halo may contaihaghti®e mass of
the entire galaxy, a relatively small halo disturbance esult in a large perturbation of
the disk. For example, the Poisson noise from a halo ®MLOblack holes can produce
a mode with potentially observable consequences. An ngoiatellite or shot noise
caused by accreting massive HVCs and dwarfs can all polignéiecite them =1
mode. Finally, we tend to think of a galaxy as in equilibriunowever the orbits in
the outer halo have very long periods (several Gyr); theegihase mixing is another
source of noise (Tremaine 1993).

Although | have emphasized the- m= 1 sloshing modes, there are alsem= 2
bar-like modes. These quadrupole responses have a shartgirdy time then the
sloshing mode and this can be understood by the same sogwhant: for a non-zero
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disk plane: m=1 noise disk plane: m=2 noise

Figure 4.  Density fluctuations due to halo particle noide<(10°). Am-
plitude of them = 1 response (left) is roughly ten times the amplitude of
m = 2 response (right).

Q, there are more and closer stellar orbits with resonancesedform 22, — 2Q, —
I;Q; = 0. Higher order halo modes damp more quickly.

Why haven't these modes been seen in n-body simulationsfe ahetwo answers
to this question. First, they have been or at least theictffgave been. Weakly damped
modes will be excited by Poisson fluctuations and providesspower at their natural
scales. Analyses of n-body simulations show that this expewer is there exactly at
the location and amplitude predicted by the dynamical theBecondly, detecting the
pattern itself is much harder because the pattern speedvisasid the noise in most
n-body simulations is sufficient to wipe out the mode in a feassing times. This is
too short a time for the mode to set itself. A sufficiently dqu@ienulation requires many
millions of particles.

As an example of the excess power, Figljre 4 shows the effetieofnodes on
the response to particle (Poisson) noise. The left-hamght(iand) panel shows the
overdensity fol = m=1 (| = m= 2). The overdensity pattern is dominated by the
mode. The = m= 2 profile is an order of magnitude smaller thiaa m= 1, and
both exceed that expected by Poisson fluctuations aloneherigrder harmonics are
consistent with the expected Poisson amplitudes (see \&grt998a for additional
details). This illustrates a general feature of halo dymamihe response to a transient
disturbance will be dominated by the weakly damped modeggandent of the details
of the disturbance.

2.4. Bending and warps

Warps in the outer galaxy reveal some combination of the hatb disk properties,
the galactic environment and history. This promise of digkping as a probe of the
gravitational potential has lead to numerous theoretigdlaservation campaigns (see
Binney 1992 for a review). Whether forced by an externalybegtion such as a dwarf
galaxy, accreted material or a rotating triaxial halo, virgpand bending of the disk
may be considered as a response. Just as in the case of the¢hleal features will
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Figure 5. Bending modes in a stellar slab. Careful solutioows that
there are two sorts of modes, an oddoendingmode (left) and an even or
breathingmode. The bending mode is purely oscillatory in the limitt titne
vertical velocity dispersion vanishes relative to the iaAg velocity disper-
sion. The breathing mode is the damped analog to the Jeastability and
approaches the unstable Jeans’ mode as the velocity d@petscreases.
The arrows indicate the instantaneous direction of the felakbach type of
mode.

be generic. A good toy model is a slab of stars of infinite lwrial extent but finite
vertical extent. The limiting case, an infinitesimally ttstellar slab can sustain bend-
ing modes. In general, both bending and breathing modes(egis cartoon in Fig] 5).
As one thickens the slab, these bending modes begin to damiplfédg 1994). The
damping results from a coupling between the bending andeheal degrees of free-
dom in orbits making up the disk. If you perturb an slab witbjectile, it will begin
bend. However, the thicker the slab (ratio of vertical tgplane velocity dispersion),
the faster the damping.

The generalization of this simple slab to an thin axisymioelisk is due to Hunter
& Toomre (1969) and since has been invoked to explain diskpsvée.g Sparke &
Casertano 1988, Hofner & Sparke 1994). More generally, @ wzay be a player in
a much larger nested set of distortions. For example, Wegn{d®98b) suggests the
possibility of a warp created by a distortion from the ormtiLMC. The LMC first
excites a wake in the halo. The halo distortion will be simiteshape to those depicted
in Figures[B and]4. But because the LMC orbital plane is higidjined this wake
can differentially distort the disk plane and the disk resmois a warp (more on this
in §@.1]). This final topic points out that all of these distansomay be simultaneous
and connected, and at the very least, a disturbance in toeohalisk should not be
considered independently.
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3. Milky Way asymmetries

Threaded through the dynamical overview is the importaridkeounderlying galactic
structure in forming a response, independent of the eiaitaBefore we put the whole
picture together, let us take stock of the Milky Way asymmastrThe Milky Way shows
evidence for every type of asymmetry described above:

1. The Milky Way has a bar. This has been demonstrated in nraers: sur-
face brightness (COBE), star counts, gas and stellar kitiesrend, as originally
postulated by de Vaucouleurs, based on morphology (de \ews & Pence
1978). Recent work by Englmaier, Gerhard and collaboratbmvs this quite
convincingly (e.g. Englmaier & Gerhard 1999).

2. The Milky Way is lopsided. In fact, it is lopsided both iretinner kpc and the
outer 30 kpc! The former asymmetry is clearly seen the midegas (e.g. Blitz
et al. 1993) and the latter is evident in the HI analysis preskby Henderson et
al. 1984.

3. The Milky Way is most certainly warped. This is also clgasken in the HI
layer (Henderson et al. 1984). The line of nodes is rougki0°. The HI layer
reaches nearly 3 kpc above the plane at edge of the stella¢Rlis 16 kpc) and
this is echoed in the molecular gas layer (Heyer et al. 19D@re is a evidence
for a stellar warp as well (Djorgovky & Sosin 1989, Carney &itder 1993) but
recent analysis based on Hipparcos data (Smart et al. 19882l et al. 1999)
show that some mysteries remain.

4. The shape of the halo is less certain. Recent results daim flattened and
round. Two arguments for a flattened halo have been recamtbepted by Olling
& Merrifield 2000. The first is based on the Milky Way rotationree and the
local stellar kinematics. The second assumes that the Hil igdrostatic equi-
librium and uses the magnitude of gas-layer flare to estintatevertical force
and therefore the halo shape. Both methods yield a ratioltbg ® long axis
of g~ 0.8. A recent preprint by Ibata et al. 2000 argue that 1.0 based on
the nearly great-circle appearance of carbon stars atdbio the Sgr A dwarf
debris trail. Any significant deviation from spherical wdudause the stream to
precess and produce smearing which is not seen.

Is this amount of asymmetries unusual? Or is it the case thgataxy is normal
when you look closely? First, anecdotally or based on cagmtinorphological types
in the RC3, a significant fraction (roughly 40%) of galaxies barred! This turns out
to be a stronger result in near-infrared; Eskridge et al0@2@how that 72% of spirals
are barred (strongly or weakly). This is expected theca#iji@s the discussion i§2.2}
illustrates. The trapped orbits that make up bars must bardigally old and therefore
relatively red compared to colors of populations with recgtar formation. Second, all
galaxies have dwarf companions that may trigger asymnsetimiean ambitious project
designed to measure the mass of dark halos, Zaritsky arabooditors observed dwarfs
around isolated field galaxies. Their census shows that#trage number of compan-
ions of the LMC sort are 1.4 (Zaritsky et al. 1997). The LMC Inpsity is a “one
sigma” on the bright side of the mode. Similarly there arénlmdser and more distant
dwarfs. In short, we can expect most spirals to have a neavbyfdompanion. Third,
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Table 1. Is the Milky Way typical?

All galaxies Milky Way

72% barredweak and strong in H-band) | Barred (SAB), 4-arm spiral
1.4 major satellites/spiral galaxy Magellanic Clouds, +

~ 50% warped Warped

~ 5% optical,~ 50% HI lop-sided Lopsided center, outer HI
Nearly all galaxies have halos (inferref)10:1

References:

Eskridge et al. 2000 (bar fractiagrindependent)
Zaritsky et al. 1997

Reshetnikov & Combes 1998

Rudnick, Rix, Kennicut 2000

what about warps? Statistics on warps are more difficult tainlbut roughly half of
spirals have outer warps (Binney 1992, Burton 1998) withrl#§¢pes predominating
(Bosma 1991). Anecdotally, people who look hard at morpiloaim that all spi-
ral galaxies are warped. Fourth, more than half of spirateeapto be lopsided in HI
(Swaters et al. 1999) and 20% of all disk galaxies (Rudnicki®F98) and a recent
paper by Rudnick, Rix & Kennicut (2000) estimate that 5% apsided in the optical.

Table[l shows summarizes these facts. In short, all galaees to show very
similar sorts of asymmetries. Because the halo dominatesnidiss of a galaxy we
expect that any non-axisymmetric structure in a halo wili@mnifest in the lower-mass
luminous component. The strongest easy-to-excite featueen = 1 mode, can cause
both lopsidedness and warps as | am about to describe.

4. Satellites and dwarfs

4.1. TheLMC

Hunter & Toomre (1969) explored the possibility of the LMGrmpthe source of the
Galactic warp and found that a direct tidal perturbatiory@akulted in a warp with an
amplitude of 50 pc! Of course, this predated the dark matesgigm and the halo was
not included. A major part of the same wake that causes LMG@tay by dynamical
friction is the dipole and quadrupole distortions, amptifiey the self-gravitating mode
discussed earliﬁr Because the LMC is on a polar orbit the response is not inigle d
plane and the wake will exert a differential vertical foraetbe disk. In particular, the
quadrupole distortion can cause an integral-sign shapegl (see cartoon in Fig] 6 for
an explanation). The dominant effect of the dipole will besater of mass shift. The
warp is strongest if the pattern speed of the warp is closbdagattern speed of the
halo wake. It turns out that the LMC is nearly in an ideal gosifor this to happen. In
addition, the dipole partnf = 1) causes a significant in-plane asymmetry in the outer
part of the halo quite similar to the Henderson et al. (198)ré discussed earlier.

1in fact, one can show rigorously that the response of the bisdovake, attracts the satellite that excited it
with exactly the force predicted by dynamical friction tgwhich then causes the satellite orbit to decay.
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Wake pattern rotation

Disk plane

>

Figure 6.  Sketch showing the differential force on a diskrfra dipole
wake (left) and quadrupole (wake) right. The dark and ligtgygovals in-
dicate overdensity and underdensity, respectively. Irdipele ( = m=1)
case, the force is one sided, giving rise to a dish-shapedrtiis. In the
guadrupole I(= m = 2) case, the force is bisymmetric giving rise to an
integral-sign shaped distortion. The dashed lines inditia expected shape
of the warp in each case.

Some recent work (Garcia-Ruiz, Kuijken & Dubinski 2000) tsagjgested that
the LMC can not be the source of warp because the responskenill phase with the
satellite. A detailed study of the response reveals thattban position angle of the
outer wake is roughly aligned but, the inner wake trails agrsbly (greater than 45
at various points in the orbit). Physically, this phase lagtoccur in order for there to
be any dynamical friction; it is the attraction by the wake tauses the drag. The halo
wake is not just an added enhancement to the satellite tdngudominates the direct
satellite perturbation by nearly an order of magnitudedasif half the LMC orbital
radius. This inner wake is dominated by a higher-order rasces (the 2:1 resonance
is often strong). It is likely that the parent orbits for suechesonance could exchange
stability and appear aligned rather than perpendicularsuromarize, the amplitude
and morphology of the wake will depend on details galactiepial and the satellite
orbit, but conversely is not strongly constrained by othptsitional angle. Although a
strong warp requires a nearby resonance, this obtains faraallbange of conditions.

Scalo (1987) argued the possibility that the Milky Way anel EHMC have time-
synchronous bursts and this is consistent with the chrohesgpage work by Barry
(1988). Although it is easy for the LMC to be strongly affattey the tidal field of
the Milky Way (Weinberg 2000), it is more difficult for the LM affect the Milky
Way. This is only a suggestion, but note that resonant diaitaf the halo modes is a
plausible mechanism.

Just as interesting is the effect of the Milky Way on the |lag@up dwarfs. After
working hard to understand the LMC-induced Galactic stmgtl have recently been
impressed with the damage that may be done to a dwarf by tHey Mitay. Dwarfs
within roughly 100 kpc are likely to be tidally limited. By fieition, the gravitational



The Milky Way as a Key to Structural Evolution in Galaxies 11

Figure 7.  Left: shape ah= 1 in-plane distortion for a 2 10'*°M ., LMC
mass. Right: the isodensity profiles for this distortion é&lttat the inner
galaxy is shifted in the opposite sense as the outer galaxyever, unless
there is a way of inferring the unperturbed center, this Wadt be measur-
able.

force of the Milky Way on mass at the tidal radius is of the sawder as the gravi-
tational force exerted by the dwarf. At half the tidal radlitree tidal force is roughly
an order of magnitude smaller but a 10% perturbation issighificant and leads to a
number of interesting responses:

1. Disk heating: the dependent forcing as the dwarf movessoorbit can heat the
disk noticibly in several gigayears.

2. Precession: the disk plane is unlikely to be coplanar thi¢horbital plane, the
resulting torque will cause the disk to precess. The leadstimplex interaction
between the global torque, halo + disk back reaction ancheggdeating.

This complex interaction should lead to disk warping ancakotlifferential distortions.
This motivates a increasingly detailed study of the LMCH#yiWay interaction which
may help us appreciate a suite of more general problems.xaonme, will this com-
plex of dynamical mechanisms destroy a disk to make sphafidVill the heating
exacerbate loss of equilibrium in the Galactic tidal fieldding to stellar and gaseous
streams? More quantitatively, can we predict the disraptide?

4.2. Dwarf fly-by events

Another way of getting the same sort of excitation, perhapsenimportant for group
galaxies than the Milky Way, is a passing fly by. A perturberaoparabolic or hy-
perbolic trajectory can excite similar sorts of halo asyrtriee and persist until long
after the perturber’s existence is unremarkable. Preslymalr Galaxy has suffered
such events in the past but because the satellite excitiaticnsely related to the fly-
by excitation, the study of one will provide insight into thther. The upper left and
right panels of Figurg] 8 show the non-axisymmetrie= 1 part of the disk and halo
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m=1 disk

Figure 8. m= 1 halo (upper left) and disk (upper right) response to a per-
turber flying by on the disk plane. Lower panels show the tad (left) and
disk (right) density on th&—y plane (from Vesperini & Weinberg 2000b).
Notice that the disk and halo responses are anti-correlated
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Figure 9.  Top left: Variation of asymmetry paramefemwith pericenter
p/Ry for perturbers with 10% of the galactic halo mass (scalingwst).
The three curves correspond (from the upper to the lowereduwV =
200, 500 1000 km/s. Bottom left: Center-of-mass offset in parsecdHe
same events. The three curves correspond (from the upgder kavter curve)
toV =200, 500, 1000 km/s. Top right: Radial profile & normalized to its
maximum value for fly-bys wittp/R, = 1.0 andV = 200 km/s (solid line),
V =500 km/s (dotted line)y = 1000 km/s (dashed line); each curve corre-
spond to the radial profile &k when the totalA is maximum. Bottom right:
Same as top right but for fly-by witd = 500 km/s andp/R, = 0.5 (solid
line), p/R, = 1.0 (dotted line),p/R, = 3.0 (dashed line)p/R, = 7.0 (long
dashed line).

perturbation from an n-body simulation (Vesperini & Weirdp@000b). The perturber
trajectory is on the—y plane with pericenter at 70 kpc and mass twice that of the LMC.
The lower left and right panels of Figufe 8 show the resultingp and disk distortion.
The distortion in the disk plane closely follows that in treddh This is example has a
dramatic distortion but smaller effects would be easilyedtble.

The n-body simulations agree in magnitude and morphology the perturbation
theory. The perturbation theory allows us to scale the emeoly velocity and impact
parameter (or their ratio if the perturber is completelysalé of the halo). From the an-
alytic calculations, we can compute the standard asymmetameters (e.g. Abraham
19964, Conselice et al. 2000) obtained by summing over ttareguare difference of
the galaxy and its 180rotated image:

_ }ZH(XaY)— lrot (X, Y)|
2. 3%y

The results are shown in Figuie 9 (upper left) which showsrtagimum value ofA for

an impact parametgr in units of the half-mass radiug, for three different encounter
velocities: V = 200 km/s,V = 500 km/s and 1000 km/s. The amplitude, of course,
depends on the perturber mass and is shown here for 10% ddlihenlass but this can

(1)
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Figure 10.  Probability oA > 0.1 in the last 1@yn(R,). The vertical and
horizontal axes describe the number density of the enviemrand relative
velocity of encounters.

be scaled to any desired value. For this figure the model addpt the halo is 8 =7
King model. For example, a perturber with 10% of the halo nfapproximately 3 of
an LMC) with pericenter at the halo half-mass radius and ent velocity of 200
km/s will produceA = 0.2. The lower left panel predicts the displacement between th
position of the peak of the density and the position of theereof massS. For the
same example, we haBx 2kpc. Of course, this is relative to the unperturbed pasitio
and “observed” figure will be a lopsided halo as in Figdre @Htj. Because the halo
response is dominated by the modes of the halo rather thaenies of the perturber,
we expect that the asymmetry should be dominated by cotitiitsiat well-defined
radii, independent of the perturber parameters. We proaasmple generalization of
equation [(]L) to test this prediction: defiA¢r) to be the sums over pixels restricted to
those within projected radius The results for wake excited asymmetries are shown in
the right-hand-side panels. For a variety of encountercitds and impact parameters,
the profiles ofA(r) are quite similar in shape. n-body simulations of flyby emtets
(Vesperini & Weinberg 2000b) have revealed that the radiafile of A for a disk has a
similar shape.

Overall, the values of\ caused by fly-bys range from near zerote- 0.2. This
coincides with range oA for galaxies in the Medium Deep Survey and in the Hubble
Deep Field (Abraham et al. 1996a, 1996b). For a fly-by evletAtparameter reaches
its maximum values when the perturber is close to the pagcead its orbit but these
distortions are sufficiently long-lived that large valudsfomay be observed without
any close companion in the vicinity of the primary.
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Figure 11. Relative mass (in halo mass units) for the giverceeter to
halo half-mass radiup(Ry) to to produce ma& for the encounter velocity
V.

Figures[Ip an( 11 quantifies the amplitudeAdir in various scenarios. Figure
[0 shows curves constant probability for an encounter inpte 18yn(Ry) (Where
tayn(Rn) is the dynamical time at the half-mass radius) such that maxi value ofA
is greater than 0.1. Since these results are for spherisgrag, they apply to either
the dark halos of spiral galaxies or elliptical galaxiegufe[1]L provides different look
at the same problem. It shows curves constant relative rbertunass necessary to
have a maximum value of the asymmetry parameter equAldaring an encounter
with relative velocityV for a variety of different impact parameters (in units ofdial
half mass radiip/Ry). Predictions for spiral disks are in progress. In shortya fl
by encounter can result in the observed values®and persist for several Gyr (see
Vesperini & Weinberg 2000a).
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5. Summary

In summary, | have attempted to explain how and why both I#atéhteractions and
fly-by encounters can produce large-scale distortions lexgss of the type commonly
observed. Key is the understanding that the shape of lage-falo and disk modes
will be similar regardless of the perturbation source. Thistuitively familiar, | think,
from work on spiral density waves from the 1970s. The newtteisphasized here
an analogous dynamical mechanism also leads to global hadtesn Since the halo
dominates the mass of the galaxy, it is intimately coupletht&omorphology of the
luminous disk and spheroid. For example, distortions in @inthe components can
not be considered independently because all componengsn@go each other. In
particular, satellites, fly-by encounters, and other grimtigractions can effect a disk
by transmission via the halo.

Because the response of a galaxy to a disturbance dependsomadine proper-
ties of a galaxy than the details of the disturbance, the mhjcel mechanisms dis-
cussed here predict that galaxy morphology tends to be cgene In other words
there are most likely many paths to similar dynamical respomhese considerations
lead back to the title: the Milky Way appears to be a typicahgy showing all man-
ner of asymmetries—Ilopsidedness, bars, arms, warps—alygicpirals and discussed
here as expected from the halo—disk interaction. A detdiledretical understanding
of these interactions will therefore required detailedertiations that can only be ex-
plored in the Milky Way.

These ideas lead to the possibility that global modes arénemusly excited by
a wide variety of events such as disrupting dwarfs on degagibits, infall of mas-
sive high velocity clouds, disk instability and swing anfigktion and the continuing
equilibration of the outer galaxy. The dominant halo modedaw frequency and low
harmonic order and therefore can be driven by a wide varigtaosient noise sources.
Some recent work (Weinberg 2000ab) provides a theory eiaitdoy noise and ap-
plies this to the evolution of halos. Preliminary resultggest that noise may drive
halos toward approximately self-similar profiles. Addité work will be required to
make precise predictions for these trends and explore theegoiences for long-term
evolution of disks in spiral systems.

Of course, this whole scenario of halo-mediated and haledrstructure is pred-
icated on the existence of a gravitationally interactingkdaalo as opposed to some
type of modified gravity. Despite recent papers advancingNd®Gas a solution as a
solution to several theoretical conundrums (e.g. Brada &idim 1999ab, 2000ab),
| have not seen a satisfactory description of an evolvingvéhse without dynamical
friction. Dynamical friction an essential ingredient faerarchical formation through
galaxy merging, and in producing remnant morphology, sididal tails. This is quite
naturally and consistently explained by dynamical frictiwhich requires gravitational
dark matter.

6. Future prospects

How does one test this idea that a lively halo is major plageyaiaxy structure?
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Figure 12.  Photometric error estimates for 2MASS pointscEsiin a typ-
ical calibration observation. Data for individual sourgastted along with
mean and standard error in half-magnitude bins. The crassedetections
in most of the observed frames (reliable) and the dots aextiens in only
a small number of frames (unreliable). The survey specifindas S/N=10
(horizontal lines) at the limits given in the second colunfifable[2 (vertical
lines). Note that the crossing point varies with seeing argiicav. In general,
the survey has exceeded its target. For t#gN, the standard relative error
in each band less than 0.03 mag.

6.1. Photometry

2MASS htt p: // pegasus. astr 0. unass. edu)will catalog approximately 400
million stars §/N = 10, cf. Fig.[1P) with over 1 billion detections (see Taljle &3.of
this writing (September 2000) 2MASS has achieved compldtesky coverage. The
intrinsic low-extinction in the near infrared will allow ue probe the Milky Way struc-
ture using star counts. Giants, carbon stars and other AGBglaal candidates for
kinematic follow-up and can be selected based on nearédreolors. The underlying
stellar structure is better represented in the near-iedr#inan optical bands as discussed
in §B] for barred galaxies. In addition to direct photometritedéon of asymmetries
in both stars and gas, microlensing is already confrontingumderstanding of inner
Galaxy morphology and the dynamics of the LMC. Finally, wa campare with ex-
ternal galaxies. 2MASS galaxy photometry should permitaadhgh exploration of
asymmetry in the near infrared using diagnostics describéf.2] as well as more
standard Fourier diagnostics.
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Table 2. 2MASS point source sensitivity (mag)
Band | Completene$g Detection

J 15.8 17.3
H 151 16.6
Ks 14.3 15.8

aat the levelP = 0.9995

6.2. Kinematics

Most important, | believe, will be prediction of detailed gitbmetric and kinematic
signatures. Such a joint inference has been quite impoinatite last 5-10 years in
establishing the existence of the Milky Way bar. In addittordirect radial velocity
campaigns, astrometry promises to revolutionize the stidyalactic kinematics. A
number of major astrometric missions are in progress omgbgiEnned.

The wakes described in the sections above must induce mees died we can
use n-body simulations of satellite—halo interaction teestigate globally correlated
kinematic signatures. For example, Fig{ire 13 shows theatiems from the average
tangential velocity for a disk perturbed by a perturber véitmass equal to twice the
LMC mass during a fly-by with pericenter at 70 kpc (Vesperini&inberg 2000b). We
used twice the LMC mass to increase the signal to noise butotXipear scaling with
perturber mass. The plot shows the kinematic distortioter &fie pericenter passage
when the perturber is about 200 kpc away from the center optimeary galaxy. The
interaction produces mean velocity peaks of 30 km/s in a dipale pattern. Similarly,
because stars do populate the halo regardless of theinovigi can use halo stars to
trace wakes directly. We expect the LMC to produce flows aofaot two smaller. It
should be possible to see such a signature at galactracesdii of 16 kpc with 2@as
precision astrometry (one year baseline). This would regua directed l.o0.s. attack
with SIM or the full-survey capabilities of GAIA.
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