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Muclens of Galxy NGC 7151

MASA Hubble Space Telescope image ot the core ot the peculiar galaxy NGC 7252 reveals a
striking "mini-spital” disk ot gas and stats, and about 40 :"-c:ptln.'_'-n.ll | |:-1|"rht and young
"rI-.'_'-I:-ul.:u 5t.11 clustets. The visible ||rrht lma g= was taken with the Wid= F:Id and E'|.1n-:t.11'-.




Galaxy MGC 1365

HubZle -.":1|:r ce Telescope - Wids Fielz Plangtary Carmerz 2

Barred Spiral Galaxy NG C 1365
IMAGES OF A GALAXY IIN THE FORMAX CLUSTER OF GALAXIES

This color image trom the Hubble Space Telescope shows a region in MGC 1365, a barred
spital galaxy located in a cluster ot galaxies called Fornax. A barred spital galaxy is
characterized by a "bar” ot stars, dust and gas across its center. The black and white
photograph trom a ground-based telescope shows the entire galaxy, which is visible tvom the
Southern Hemisphere. Members ot the Kev Project team. who have been measaring the
distance to the Fornax cluster, have sstimated it to be S0 million li ght-vears trom Earth. The

team atrived at their preliminary sstimate by using Cepheids, bright, voung stars that are used
as i I-:p-:ust markets to calculate distances to near b'-. galaxies. The line of small blue dots in

the color image shows the formation ot stars in the galaxy’s spital arms, making them ideal
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Dark Matter

From the stellar motion near the Sun, the
mass needed to provide the gravity Is more
than the observed mass.

The missing mass problem

The rotation curves

The gravitational lens

Dark Matter Candidates: Neutrino, AXions




Gravitational Lens in Abell 2218 HST - WFPC2

FFEA1d « ST Sl PO = Gpell 5 1988 W Cooah (DINSW) NOSES

Gravitational Lensing in Galaxy Cluster Abell 2218
HUEBELE VIEWS DISTANT GALAXIES THROUGH A COSMIC LEMS

This MASA Hubble Space Telescope image of the rich galaxy cluster, Abell 2218, is a
spectacular emample of gravitational lensing. The arc-like pattern spread actoss the picture
like a spider web is an illusion cavnsed by the gravitational fizld ot the cluster.

The clustet is 0 massive and compact that light rays passing through it are detlected by its
snortmons gravitational tizld, mouch as an optical l=ns bends light to form an image. The
process magnities, brightens and distorts o ges ot objects that lie tar beyond the cluster.
This provides a powettul "zoom lens” tor viewing galaxies that are so tar away they could not
notimally be obsstved with the latgest available telescopes.

Hubblz's high resclution reveals numerous arcs which are ditticult to detect with
ground-based telescopes becauss they appear to be so thin. The arcs are the distotrted images
ot a very distant galaxy population extending 5-10 times tarthet than the lensing cluster. This
population existed when the nniverss was just one qunatter ot its present age. The arcs provide
a direct glimpss ot how star forming regions are distributed in temote galaxies, and other
clues to the esarl v evoution of galaxies.

Hubble also reveals multiple imaging, a tarer lensing event that happens when the distottion
is latge snongh to produce mote than one image ot the same galaxy. Abell 2218 has an

I [T [ T T [ Sl Tt ]l o s s




The Warped Galaxies

About 1/3 to half of the disc galaxies are
warped

Our Galaxy, the Milky Way, Is warped
M31 is warped

Sancisi (1976): four of a sample of five
edge-on galaxies have warped disc,

Three of them are 1solated



BACK INDEX MNMEXT

M 31

The Andromeda Galaxy
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Composite of M31 Images
DOUELE NUCLEUS OF THE AMDROMED A GALAXY M31 [three-trame]

[Right] HST VIEW OF GALACTIC NUCLELS

A MASA's Hubble Space Telsscope image of a "donble nucleus” in the giant spital galaxy in
A ndromeda, W3 1.

Each ot the two light-peaks contains a tew million densel v packed stars. The brighter object
is the "classic™” nucleus as studied trom the ground. Howewver, HST reveals that the true

cznter ot the galaxy is really the dimmer component.

Cine possible explanation is that the brighter cluster is the l=ttover temnant ot a zalaxy
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How could warps form ?

* Lynden-Bell (1965): small difference between the
angular momentum vector and the galaxy’s
symmetry axis

e Hunter & Toomre (1969): treated as an eigen
value problem. For the real galaxies, the only

discrete normal mode is the trivial mode: a tilt in

the plane of the whole disc

e Toomre (1983), Dekel & Shlosman (1983): the
trivial discrete normal mode can become non-
trivial if there i1s a dark halo.




The Normal Mode

Sparke & Casertano (1988): assuming a fixed
flattened dark halo, they use normal modes
to fit the shape of galaxies, say, NGC 4013

Nelson & Tremaine (1995): using analytic
perturbation theory to study the energy
transfer between warp & dark halo. They
claimed the warp shall decay.



Binney, Jiang & Dutta (1998)

Using N-body simulations to study the
effects of the live halo

In fact, the disc-disc, disc-halo, halo-halo
Interactions are all considered

The goal is to study the fate of normal mode

We reproduce the normal mode when we
fix the halo particles (thus halo potential)



CHAPTER 2. THE MODEL 15

We al:LLLa”J.r inharit all the abowve and we also incloude the EI.'-EI'L"iLaLiCIrLEI foroe of

Lthe halo to calculate £ as a modification of assumplion 2.

The vertical dynamics of the disc is described by:

[%+ﬂ%-_islzi.r.¢-}— —‘%”+f. (2.1}
where 11 is the circular frequency. &y, is the halo potential and [ is the vertical force
per unik mass due bo other parts of the disc. To understand the physical picture
behind this equation, let’s rewrite Hunber & Toomre's wards aboul [ here:

“Cine should regard the later force () a8 a mass average of the actual vertical
forces experienced by different pareels of malerial at, above or below Lhe relerence
point ¢, 0.7

Naote that they use porcels of malerial to refer o the objects to which the forces
apply in the equation. This is the way in which cosmologists simulate large scale
structure by considering galaxies with 10" stars as single dots. That is, we actually
cansider a group of stars with gas or say. galactic material as the object in the disc
plane. Binney et al. (1993) and Smart et al. {1998} just say “a star™ for convenience
but what they mean by a star is a bunch of stars that are located in the same volume
of space and have very similar velocities because Binney et al. employ a softening
parameter for their disc sell-gravity calculation [See Binney & Tremaine 1987 page
91 for this cancept.) and Smart et al. actually use the median values of velocities
Lo compare with the theoretical prediction.

Far the linear case, i [2(t.r.g)| < r for any v, the halo force can be expanded
A

Gy O | S

iz Fi E ez |,

+0(z%) = F}, — x2z. (2.2}
_u

where



The vertical force [ due to the disc sell-gravity isgiven, to first arder in [zt r &) /7.

by

, o paw (b ) — a(t e )] de ;
flt. r-.ﬁ}_i_u o Gl e i S A (2.4}

where ¥4 is the disc surface density and
Alrd @)= (r + ¢ 4 a® — 2rr cos 077 (2.5)

Here a is the sofltening of the force and its value is about the thickness scale of the
disc.

Since we are going to salve these equations numerically and the resolution in
r-direction is not infinite, we cut the disc into a number of circular belts. The disc

surface density can then be written as

Sir =1,
Fafr) = T =14 (2.6)

Fary

where m; is the mass of the belt of radius r;. We then express the vertical displace-
ment al any radius (belt) as a Fourier series, i.e.
=
.aq[ﬂ--qb-}_ E 3m1|:£}cﬂa|:r?.h¢-}+ smn:f,}ﬁinl:n.hqb}_ [E.'F'}
me=0
where the index ¢ has replaced r as radius parameter since we have cut the disc
into discrete belts. We thus use this notation hereafter for some variables and the
equations of motion of the dise. However. if we would like to emphasize a particular
variable is a function af r when we derive ar state the equations for this variable.

we still use r as radius parameter. For example, % r) is actually equivalent to &2, .



| [ PR B}
tzemi( 3 zem fo + zems 31 ) + D2 2.22)
. .
Here we have defined Oymi = ity and Dami = mlly for convenience and

=2 z2 +a:ﬂ”. LEE!;'I

THA L}

2.2 Halo

We represent the halo by an ensemble of particles that move in the combined poten-
tial of the halo and disc. We expand the halo potential and its density in spherical

ha rINOTNIcs &S rCI I I WE .

i
(e 0.8) =% 3 pi*(cos ) [Aim(r) cos(mg) + Bim(r) sin(mg)].

I=0m=]
!
Iy (e . 8) = E E p [cos ) [Cm () cos[md) 4+ Dy () sinmeg)]. 2.24)
l=0 m=0

Here the p* are defined in terms of the conventional Legendre functions F™ by

TH

Iy

L= ) i
\ o [t +Iml}!h . (2.25)

We use .F'IH s bhe chcru:ln': functions in this thesis ta air:1p|if:|.r the equations except

in the Section 3.4.2 where there is no al:l'n.'arLLaEt: bo use pi*. However, since
W= r=h (2.26)

we use ) rather than p? as our conventlor.

The )y are related to A, by [ Bontekoe 1988)



Figure 4.2: Plats aof z(t.r.¢ = E-EPE,} far ¢ =0 [curve) and ¢ = 2000 (trangles) when
the disc is allowed to eval ve from the mrlﬁguraLiclrL af a normal-mode for time ¢ in
a fromen halo [Emnﬁp — lﬁ-l“:"_:l. T he= O S0 ILAnes = huoer 3|:£_ o = ﬁpt + %:rr} al

f = M. "Mhe correspondineg values of 2z for ¢ = 0 are identical lv sero. )
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Figure 4.5: A warp in a live halo rapidly winds up even though its initial configura-
tion would be a narmal mode if the halo were static. Here we plot at several times
the curve of nodes that is defined by &(r) = 7 + atan2[z.(r}. —z.r)] for a live disc
that evolved in a live halo from a mrlﬁguraLiﬂrL Lthat was a normal mode in the sense
of Sparke & Casertano. The arrow in each panel indicates that the disc is otating

anticlock wise.



L= 384
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i= L8z
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t= 728

Figure 4.6: The rms vertical displacement |z| = , /222 + 22} as a function of radius

for the simulation whose curves of nodes are shown in Figure 4.5,



Jiang & Binney (1999)

e The net angular-momentum vector of a
galactic dark halo must significantly shift its
direction every Hubble time

* There are secondary cosmic infall to re-
orientate the angular momentum

* \We show that this cosmic infall could
produce warps If massive & gentle
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Figure 53.1: In each paru:| the curve shows., as a funchtion of radius, the inclination

&4 of the disk bo its original symmetry axis while the points show the inclination 8y

aof the halo to the same axis. Filled ayr:1|::-u|a indicate that the halo is inclined in the

same sense as bthe disk, and e H_J.'THIJEIIH indicate the oppoEibe sense af inclination.

Beyond the edge of the disk. the halo’s inclination is marked by triangles. Betwesn

sucoessive panels a time has elapsed which is equal to ~ 2.3 times the time, trer,

required to travel the halo’s half-mass radius at the rms spesd of a halo particle. In

this simulation the halo has no net rotation.
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Figure 5.2: In each panel the curve shows, as a function of radius, the asimuth angle
g of the disc while the points show the azimuath angle ¢y of the halo. Filled symbaols
indicate that the halo is inclined in the same sense as the disk, and open symbols
indicate the opposite sense of inclination. Beyond the edge of the disk., the halo™s
inclination is marked by triangles. Between successive panels a time has elapsed
which is equal to ~ 2.3 times the time, s, required to travel the halo’s half-mass
radius at the rms speed of a halo particle. In this simulation the halo has no net

rovkatior.



Jiang & Binney (2000)

The Sgr Dwarf Galaxy, only 20 kpc from the
Galactlc Center (Ibata et al. 1994)

The current mass iIs about 1079 Solar Mass
ne current orbital period i1s 0.76 Gyr

ne stars of Sgr Dwarf Galaxy are older than 10

Gyrs old

It shall have dissolved

Zhao (1998): encountered with LMC ?

Ibata & Lewis (1998) disagreed

We consider Dynamical Friction & Mass Lost
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Figure 6.1: The circular-speed curve of the Milky Way and its decomposition into

ocontr butions from Lthe disc and halo.

with harmonics up ko { = 8 included. This done, the potential at any point can
be obtained from eguation (2-122) of Binney & Tremaine (1987, Our code difTers

from that of Bontekos in the following ways.

1. Both the angular and the radial grids are adaptive. The radial grid points
moawe =0 Lhat roughly equal numbers of particles lie in each interval of the
radial grid. Within each radial bin. a grid in colatitude & is established that
has roughly equal numbers of particles in each bin, and within each of these

bins a grid in asmimuath ¢ is established that has eqgual numbers of particles in

R Y N
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Mpt.r) = 4w IJ[E,}JE dr r‘"l.:l-|:.|:r"}_

where gnir) is the Dwarl™s initial density profile [eguation [6.3)] and

is the Mdwlion Funclion that talkes into account the L||:r|.-|:|.-|:r|.-|:3.r of tidal stripping Lo

decrease the density even inside the tidal radios because some tidally stripped stars

nit) =

1
tarh | 3%

tarnh { Slre (2 e (03] )

(6.8)

(6.9)

initially spent time at small radii. 3 is a parameter that controls the speed with

Tahle 6.2 Orhits
Orrbit Mo M0 T L o taimk | MWo(temk) | oo (tsink)
JINWA, | IO, | Skpe | Skpe | Skpe | MGy SR AT S s =1
A )] )] 21 FL) 2510 L1.140 2015 25.4
b L o542 25 &1 2300 13.35 L0454 21.10
o L O 936G 21 FLl 225 5491 2883 27.8
o )] Q661 5 =i 225 1).55 L.7410 257
e L Q424G 2 &1 200 .63 1L.925 2.1
¥ L 5. 837 310 NN 200 L .60 1.122 21.3
= a 5.427 S 51 200 991 L.775 23.19
h f) G422 5 51 2010 14.14 L.022 20,3
1 ) 0. 725 21 FLl 200 1077 L.74949 24.10
] f) 6. 3045 21 FLl 150 5.93 F.086 28.7
= a 4. 377 21 FLl 15100 Q.93 L.765 237
| 5 3.T28 21 FLl [EREN 4.54 3286 2a.7
I 3 2044 21 FLl (RN L. 10 L. 656G 23.2
r 3 l.454 21 FLl i 3.52 043 28.5
e 1.4 .5515 21) T i L) .449 0.9491 9.4
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an the inner Dwarf until mass loss from the outside is far advanced. equation [6.8)
gives an estimate aof the mass of the Dwarfl for any assumed value of v, The wlue
of vy is determined at each time-step by finding the radins v that satisfies the usual
tidal conditiaon

Mpir)  Mgir — ) 6.10)
r  (r=rP Lo

and then setting v = mén(m.r ). Hencoe, m is not permitbed o increase as the

Dwarl mowves from peri- to apo-centre. Were it allowed to increase, equation [(6.8)
would give rise to an unphysical increase in Wh because it neglects the sharp fall in
the density that will in reality be encountered outside the smallest value that v has

taken along the orbit: mass lost is lost for ewver.
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Figure 6.3: Orbit A. The full curve is abtained by full V-body simulation and the
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Figure 6.6: MWp as a function of ¢ for orbit A from the A-body simuolation (Tull

curve) and from the semi-analytic model {dashed corve].

an isobtropic spherical system [Binney & Tremaine equoation (4-54)] with the densicy
prﬂﬁ.|c = kL cq_ua| L F_lef,'_:ll.:l-r_-.lzr‘}. T he central veloc by l:l.iﬂpl’:l.'ﬂiﬂrl. ab later Lime can b

o bt ad reedd I::-J.r r-|:|aLirLE to the initial central '|.r-|:|-=:|-|:iLJ.r l:l.iﬂpl’:l.'ﬂiﬂrl. s

anit) = /Dt )an0). (6.11)

This prescrplbion must owver-estirmate oo oat late Lirmes becanse it supposes mabber
at v = r, bo be still bound to the system. In view of this problem . the agreement

o=t ara=a=r1t + o= T11l1 ared daschiesd c1rrwess 1m0 Faoirress do ods 11 T ot ial st osvrar
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arbit (chlel(ji(l).(n} (ltame = 9). The values of optgu ) for all the rest orbits are
about or under 25 km /s, which is the maximum value we allow for possible arbits.
The true ogpilsme ) for them would be even smaller because as we mentioned in last
Section that we must over-estimate on at lake time when we integrate the Jeans
equation. Moreover, Jiang & Binney (1999b) point out that the theoretical value
of velocity dispersion is bigger than the measured dispersion of the Dwarl s stars
because of |:a_':l b bues dyrmrnica| diflerence between dark and luominous matter, and |:|::.'_:|

velocity anisotropy.

50

— 50

Figure 6.12: The distribution of Dwarl particles projected onto the plane perpen-
dicular to the Dwarfl™s orbit for the result of Orbit AL



Modified Newtonian Dynamics
(MOND)

F=u(X) ma, x=a/a o, ao=cHoO
Newtonian Dynamics ~ General Relativity
MOND ~ TeVeS?

Without Dark Matter, MOND has the
ability to fit the Rotation Curves

A lot more needs to be done to check
whether MOND is compatible with
observations of CMB, large-scale structure



Brada & Milgrom (2000)

Using MOND & there i1s no dark halo

An exponential disk & a constant external
field

The external field represents the purturber:
satellite galaxy etc.

Calculating some orbits of test particles
They claim the warp can be produced



The Conclusions

Our results on warps are consistent with that there
are more warps for high red-shift galaxies

The effect of a live halo Is important for study of
galactic dynamics

We propose a natural possible orbit for the Sgr
Dwarf Galaxy

MOND is interesting, still attractive, but need a lot
of observational tests, say, warped shapes, galactic
structures, dynamics
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