e

GALACTIC DYNAMICS_AND GALACTIC STRUCTURE

"by S. Gottesman

I.  GALACTIC ROTATION

The earliest evidence about the structure of our galaxy (the Milky Way
system) comes from Shapley's work on globular clusters. 'This indicated that
theéevobjects were spherically distributed in‘space and that the sun was at

the edgé of this system{ It was also found that these objects have veldcities

: of,the order of 250 km/s. If this System is at rest with the galaxy as a

whole it implies that the sun rotates about thé center of the'galaxy,'with,a .
velocity of 250-300 km/s. Further, ignoring certain classes, most stars

showed a velocity variation of +30 km/s about the sun. This implies that

‘these stars share the sun's motion about the galactic center. .

 We consider a flat disk stellar system in circular rotatioﬁrabout an
axis. -The mass of.tﬁe system is centrqlly concentrated. Stars will travel
in almost Keplerian orbits about the galactic cente:.‘ This form of motion'
where the velocity-iﬁcreaseé with decreasing fadius ié knowvn as differential-
gélactié rotation and iﬁélies_the présence of sﬁear forces.'_

Let us erect a coordinate system at the sun vith the -y axis in the

‘direction of the galactic center and the +x axis in the direction of the sun's

motion. For differential rotation .we expect more rapid circular velocities

for ~90<2<90 and less rapid circular velocities for 90<2<270. At 2=0, 90,

180, 270 we .see .no radial métion, Thus the expected plot.of radial velocities

would be Vr « sin 2%. Tangential velocities or proper motion wili also occur



‘dﬁe td differential motion 6f stars ét diffefeﬁt disﬁanéés from the galactici.
'ceﬁtér; | |
r =‘radids-ofvsome point in thevgaiaxy
R = radius of the'local‘sfaﬁdard bf rest (LSR)
0 = linear rotation velocity ét T |
0 »=Vliﬁear rotation velocity of thé LSR
W  =‘O/rv:.aﬁgd1ar veiocity'étvriébéut'galaCtic center
' w =.OO/RO = angﬁiar‘vélocity of‘the LSR about galaétié'CGnter
- d = distance from thé sﬁn to some_point at.radius % from‘galacﬁi¢ centér T

.V, = observed radial velocity relative to the sun

R
Vi = observed tangential velocity relative to. the suh
Sua ,}ﬁ.‘ 90
"V, = 0 cos o - O sin &
R o o
jBy'the sine law
e, e i
sin % é‘sin (90 + o) _ cos o
v r ' RO - R
& _ - _ - .
o : - by substitution. The radial component

cC1e ¥ ‘ ‘
' _'(1)’.VR = Ro (w - wo) sin 2

Thié is true only if particles move in ¢ircular orbits about the galaétic center.
‘The tangential or transverse component
T

V,. = 0.sin o - 60 cos %

By convention, V

T > 0 for inéreésihg‘longitude.

dL*"?;.N;~___~fT R, Cnd L R ' v: ’ “ff_i

| | in o =R cos £ -
e rs;no'ocosz d.

/7 . ‘ ' or'i

(2) VT = RO (w = wo)‘cos 9 = wd




In the region 90 < £ < 180 if we hold % constant v < w_ and the difference

increases as we increase r. For the region 0 < £ < 90 we first encounter

regions of .small r and large w which reaches a maximum when r is normal to
in

the line of sight'(f . =R sin fandd =R cos £) asr >R w > v and
, m o - o ‘ o o

V., + 0 and when r > R ow<o and Vo <0
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In many cases observations are restricted to the region near the sun and we
" may simplify our formulae. To a first order

S
: i) dw

orTw T CEaE R
X (o -0

dy 1 4o

0
dr r dr 2
I

o S _ T a0 0, »1
. SV = (r - €2 -2 in
Thus (o Ve | (?  Ro) l( ir ) R Ro,,151n 9

In the Case.where dv<< Rd

R - E = d cds 2
o _

: o - Te ,
S ' ~ |2 _ (49 1 *
- or  | ' 2 VR = {~RO Car ) Ro 5 sin 2‘2

We define the first of Oort's constants

6%2 - (.5£@°)‘ :}
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and therefore,

(4)': : VR = Adsin 2 8

. This equation is valid OFLY if d << RO and circular motion pertains.

With repgard to the transverse component (Eq. 2)

o [ ) 2 }— _ RO ' (-—d—q . — OO
- Yo O R - dr” R. - R
f¢] o - o

By usc of a Taylor Expansion

If d < <R then (r - R )~ - dcos &

'd'_\.‘_z
(dr> d4 cos 2

and  wd > w d -
and to a first order wd = wod for material necar the suny

or -

= 1% a0 R ez o 4
¥ - - — — .
Vg R (o 4 cos®i- g d
thch may be rewritten S
! o do ' L = 4 (e
R == d cos 2% - & _
. ' 2 |R Gl v o8 2[R O

We define the second of Oort's constants

0

. ) . ) i V l a », " ) dg\
[¢} :
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Thusi

~

©) V= V(A cos 25+ B)

From our definitiocns of A and B

R
8y ’5‘-9")'  ¥ Q'(A + B) or.".' 7 (8a) e - 1 (r 99y
ST TRy B A T X

Observaticunal proof of cquation 4 was obtained from Cepheid varjables in the
late 1930's. '

" We Wloh to dctcrrtne 'v(r) but we can only readily observe VR(Z). :

P

- Thus if we can de;erﬁLne A B, and h ‘we may use equation 1 to establish w(r).

Determlhatlon of A

(1) eaqurc V for sLars near Lho sun for which d is known (\ = d A sin 2 %)
(2) From the «*udy of proper notlons as a function of Jlorng 1Luue._

e v 1 A
 (3) v}rog Lh?‘dﬁflnltlQé A=-5R (dL)R

Methods (1) and (2) are clearly bétterfthan (3)

-

A = 15:km/s]kpq .~ (known I 102).

Determination of B

(1) From the study of proper motion . v
. . . : A . - " . ) L . B
- (2) From other dvnamical considerations yielding the ratio "-/A
"B is inherently more difficult to determine than A ’ N

B = - 10 km/s|kpe (known = 20%),

.

Determination of R

(1) Darcctl) oStalned from va11ab]c stars abOUL thc galactlc cenLel. ,
) 'Moaourewent of  the pLocucL AQ . - »
At any lonbltude W is maximum when v is minimum. Thus occurs r =’RO sin

Bence V. = 2 A h (1 ~"sin 2) sin 2.
‘max v .



6
(3) Objects with VR=O must be at distance RO from galactic center.
At r ~R0, g =2 RO cos £¢- Thus knowing d and % yields RO.
Methods (1) and (2) yield R =10 kpe (known  10%).

Determination of OO o o o IR

(1) Velocity meaSuredlrglative to extragalacfic systems, OO © 250 kﬁ/s from
the latest publication. : ". ‘ i
(2): Velocity measured, relatnve to globu)ar c]u ster quosyst m, O “'700 knmi/s.
» (Ag this qubsystcm plobab]y relates we may say O 2 200 km/S.)v
(3): From cons:deratlon of the eacapeAveloc1ty. ' _“ ‘
| ‘(Clcarly stars. wzth enough energy w;]l cscﬂpe frO”'Yhﬂ solar néighboxhood
: Qf'the'galagy. Relative to the LSRR’ Veéé =12 +.(do + 0%)2 + 22'
where I = radial component, Z = componcnt normal to galactic plane,
o ~vcomuonent normq} to 1, Xi€1d5 Q;=276 iv26‘km/s, ééﬁéﬁds on Qalidity

of aqsuwotzonb, particularly about mass gradients),
PR o 5 &
(4 GO_= (m"b)ho, QO = 250 tm/s and sclar peried = 2.45 % 107 yrs.
Ve may use Lﬁoce values 1ﬂcnqu on 1 to determin o‘w(r) or (r)’ Radio studies of
the neutral hydrogen spectral line at A= 21 em oallow an invertigleon of’ hhe total

galaxy to be 13 de; obscuration 1s not a - ps ~obJen for long deGlCﬂ”Lho.

- The following table is indicative of galactic rotatlon. -

r kpc :‘  C -";::A‘_f‘O(r) ukm/S’ o :‘: R Ro =v10 kpe

0.32 o . 220

0.67 - 265

353 64 |
68 396 e

7,74 f "Qv~ s

g.o1 . 520

©10.00 25000
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The most secure‘points of the observed rotation are determined_from'the point of
maximum velocity which comes fr‘ombrmin = Ro éin 2. At certain longitudes the line.
,_Of sight is tangent to a spiral arm and the signal is a maximum}at LI These
‘longitudes are about 327°, 305°, 283°, 75°, 50°, 33°. For r > R, there will
be no maximum Vr and thus w(r) cannot be determined iﬁ;this fashion and we

‘must .rely on stellar studies.

s

r'kpc- - ) o(x) km/s
1 o
12 236

13 227

1The radio technique assumes circular motion to derive 0(r). We-therefbré
. expect circular symmetry in the velocity field. The latest studies do not
show this. No fullyvaccepted'explahation has been brought forth, although the

"dénsity wave" explanation looks most hopeful at_thié time.
IT. THE DISTRIBUTION OF MASS IN THE GALAXY

In a spherical system with uniform density the force per unit mass outside so:
radius r
v : 4

I :: — e '1‘ ¥ ‘
II" . 3 g CQR.

This must be equivalent to the central force on the orbit

S 2n = o GeR.
W R 3 K
or |
' H?)m
L A= 0,
IR 0 .A,
Thus

1/2

B=w. or B = T ( %;gpc) .

Hence for this systen there is X0 differential totation.A

If 7 all the mass is centrally concentrated-the force per unit mass



: GM
F o= - =
r RZ
wZR = 'gg
o R
oLl do 3, 01/2 -3/2 _ 3
A." 5 RdR-— 4.(‘(;_1) AR'. L = 40.)
A:—:B =@ or A = %'w- and B = - ;§w
. 4 : 4
Near the sun A = -

While for ''solid body" rotatioﬁ,A = 6'and fof‘a Keplerian‘systemv
A.=Vf 3B. Thus for tﬁe Milky Way the mass is_distributed between these ege
tremes. The~sun is‘fat frdm the center, there must‘be.a 1étge density gradient
to@afdsytﬁe eentef,and e signifieant,ffacéion Qf.the mass is distributed ovef
the Lotal galaxy. |
he rotatlon cﬁrve.of‘our gaiaxy 1s asymmetrlc show1ng the effects ef non-
cifcular motlons; How general is this phenomena and do studlee of extra-
geiactic‘systems give more deteiledeinfbrmetion?-"
e Usually galaxies are inclined to the line‘oﬁ sigﬁt; We meet:therefore
: eaiculate the lecus of constant velocity.‘ We assume a smooth thinAdisk.v At
some radlus R it has a c1rcuiar veloc1ty ® and a rad1a1 veloc1ty @. {sée diagram. }
We tllt the dlsh about the a axis' (the major ahls) “We then observe a
,progected value of the minor axis (b ax1s) veloc1ty component . The.obserVed
raelal veloc1ty Vijb | .

V.. =0 R;'.,cos\e‘:'.’v ' . : ‘ - . -b_
Vig © ( 13) , i cos i + @ (Rij) s19_eij cos 14+ V_
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“Where the angle-i‘is the inclination of the plane to the line of sight, Gi
~is the angle between the radius Rijrand the inclination of major axis, and
>VS-is the systemic velocity of_thergalaXy. The‘co~ordinates»incthe plane
of the galaxy are related to the observed parameters by
b, =b.'
By FEE

" tan 0, tan 8',, .cosec¢ i
' i3 iy o :

Thus,. knowing the major axis we can_measure the radial’velOcity \Y and

|

‘assuming.that thore are no rad1a1 motions and no motions out of the galactlc :

',plane, the radlal veloc1ty at any other p01nt in the galaxy may be predlcted

In the case of M31 there is only general agreement. The‘symmetry
expected about the major axis is not observed and the rotatioo curve is also
:aeymmetrical; ‘Sihilar circumstances exist‘for:M33;

In the case of.h3l webhay-bé seeing the influehce ofieither, or both, -
of the.satéilite gelaxies,332vor NGC205. for M33 we may be seeing the
"mvgragitetiooaljeffects of M3l. |

The galaxy hGC92$ has a companlon whose neutral hydrogen mass is ~ 3%
that of the main galaxy. This mlght'be the perturblng agent.

' .The ev1dence for a companion to thevgalaxy'NGCBOO ie less c1ear but.v
the‘velocity'dietortion is very large. The dlstortlons observed in the
galaxy NGC5236 are also. very large and 81m11ar to those of NGC300. Both‘
'_agalaxles‘are barred Sp1rale ahdenear the center. The ve1001ty contohrs are
.perpendichiar to the.bar. The position angie ofsthe_turnvover points ihvf
the rotation corve,is‘significantlyhdifferent from that ofhber- Perhape

this type of asymmetry is dhe to the bar?



- -10-

A neutral hydrogen asymmetry exists for the galaxy_MlOl ~~ perhaps

caused by nearby dwarf companions. The rotation is certainly not

 symmetrical ~- and the velocity field shows non-circular effects that

appear to gorrelate'with thé spiral structure.

' 'We‘hust‘conélude that dyhaﬁiéal asymmetries.ére'a common ga1actic

phenémeng, ‘Théfevabpear% éo be associated with masé,asymmetries in the
galaxf or hearbybperturbiﬁg égents; Ultimately_it~i§ teméting to 1ink

these unbalanced forces with the spiral. structure of the galaxies.



