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INTRODUCTION

Cne of the most important events for understanding the
Universe duning past ~ 5 years has been the realization,both
theoretical and observative,that large fraction of total
mass ~ 90 % is in very low luminous and almost surely non
barionic form:gas and star can't account for the inferred
mass.,

That has been leading the interest of many astronomers,
cosmologists,and elementary particle phisicists,and there
is not far the possibility that "astronomy can probe SUSY"
or someother theory of fundamental interactions.

Nevertheless,despite the fact that the "missing mass”
problem was borne by analysis of rotation curves in the
late seventies,very few interrelations,between this new
idea and old problems in understanding dynamics and mor-

phology of spirals have been developed,

The picture is:within d/ radius 40 % of mass is in non
barionic spherically distribuited form; 60 % is in the
disc.

Some interrelations are easf to imagine: halo stabi-
lizes disc and helps to transfef angular momentum.

Before continuing,it is necessary to stress that from



its links with axisymmetric structure and dynamics
( Chapter III );in chapter IV we present some preliminar
results showing that our point of view is an interesting
starting point.

Note that in the review we stress when we run into any
old, and supposed working pictures or models that don't

( or partially ) match with the dark haloes idea.



Before studying internal kinematics and dynamics,we briefly
describe the morphology of spiral galaxies.

We are going to do it not only in order to know what we
are talking about,but also because we think that,behind the
various features the galaxies appear with,there is involved
a lot of phisics.

Morphology is an often qualitative,rough and quite depen-
dent on the observer study of galaxies;(for example:genera=
tions of astronomers have been insisting on believing that
Nature must follow their discrete classifications:if an ob-
ject tries to rebel,it comes a (bad)fenomenum ready for a
further list).

Nevertheless we think that today this is the best kind of
knowledge we have about disc galaxies.

Impressive features are often the visible manifestation
through bad known mechanism of bad known interactions among
unknown components forming galaxies,

Disc galaxies bifurcate in two branches:normal and bar-
red,SA,SB,occurring with similar frequency;this classifica~
tion is not unambigucus,most of galaxies show some of the cha-
racteristics of barred galaxies and only the more extreme ex
amples are classified as barred.

In part this ambiguity comes out because we don't know if

the bar is a permanent feature existing if some initial con=



ditions are present,or it is a temporary stage during the -
evolution of a galaxy.

At the junction of the elliptical and the spiral it comes
out the lenticular classe designed as SO or SBO according to
the presence of the bar.

Lenticulars are disc galaxies with a central bulge,but

the disc component is structureless,

Between sferoidal region and ocuter parts many lenticu-
lars possess smooth features called lenses.

A normal spiral has a brightness condensation located atf
the center of a thin disc containing spiral arms;itsshape and
the globality of the pattern vary from one galaxy to an other;
they also vary following the Hubble-De Vancoulers sequence
a2b=e—d ?4'«3'1.

The barred spirals have a star bar,interior to the general-
ly two-arms structure which appear toc be sheared by the bar
itself.

Within each class of spiral,normal a barred,we have a se-
quence of sub-types,according to a combination of many crite-
ria (Table 1),slightly different for each of the classifica-
tion scheme in the literature.

Some of galaxies,both SA and SB,have one or more rings,or a

S-shaped structure.
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The Hubble tuning-fork diagram. The diagram shown here differs
from Hubble's original in that it shows various stages of lenticular galaxies
interposed between the ellipticals and the spirals.
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TABLE |

Examples of
System Principa!l criteria Symbols employed classifications
Hubble-Sandage barrishness; E S0, 5,88, Ir M87 = El
openness of arms,/disk-bulge ratio; a b, ¢ M31 = Sb
degree of resolution of arms into M101 = S¢
stars LMC = Irr i
de Vaucouleurs barrishness; E,S6,5,5A,S8, MB87 = EIP
openness of arms/disk-bulge ratio; a,b,c,d m, M3l = SAisib
ring or s shapes {r}, (s} M10i = SAB(rs)cd
: LMC = SBisjc
Yerkes central condensation of light; k.gf MB87 = kEI
barrishness/smoothness E,R, DS BI M3l = kS5
M101 = {Si
LMC = afl2
Revised DDO youngestar richness of disk; E,S0,A 8 Ir MB87 = El
barrishness; B M3l = SbI-II
central concentration of light; abc¢ M10l = Sc 1
quality and iength of arms L..., ¥ EMC = Ir IIT-TV
Disk and Bulge Parameters for Spiral and Lenticular Galaxies
, o
NGC Type - M, r.kpe B,/ug r./kpe B,/ us D/'B !
3384 So 20.4 39 22.13 1.2 051 0.7
4270 SO 20.3 31 21.386 27 2249 1.0
© o481 S0 212 44 2093 L1971 16
4459 SO 206 37 2219 37 2219 0.2
4526 SO 213 69 22.10 43 1241 0.7
4570 50 20.2 235 20.78 04 1898 1.8
224 (M31) Sb 19.8 4.5 214 35 i7.5 32
598 (M33) S¢c . 178 1.4 214 <0.5 - >12




Then SAc{r) means a normal spiral galaxy, with spiral strue-
ture well pronouncid possessing a ring, and SBb{s) means a bar-
red galaxy S -shaped with two-armed global spiral structure.
Fotometry of spiral galaxies.:

The brightness distribution of spiral galaxies is very
complex: in addition to the central bulge elliptical-like
component, to the disk component and to the Pop II star halo .
component {corona), we have bar, lens and spiral structures
which complicate considerably the brightness distribution .

The disk component has surface brightness | &ﬂ

6= G R (1))
o s

The bulge component follows the so called De Vancoulers:

r% law : %
g l®RY -1 ]
= G ¢
® ¢ (1.2)
For the total luminosity we have
Lo .?.z.) % ,
=2 ~ 0.2% ( a
O R'c .5-'& [ 3)

L'S
This ratio incré%es from Sa to Sc types.
The spiral structure can be seen by fotometry plotting
brightness profiles (fig. 2) versus azimuthal angle o .
The underlying disk is found very uniform and rather red

(B-V) = 0315+ 0.05,

The arms are seen in the U, B and sharper in the orange
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o QOrange surface brightness versus radius for six spiral galaxies
[NGC 3031 (@) NGC 4255 (O}, NGC 4321 (A), NGC 5194 (), NGC
5364 (@), and NGC 5457 ()] The solar symbol O indicates the estimated
surface brightness of our Galaxy near the Sun. Notice that the outer parts of
the profiles tend to be fairly straight in accord with equation (5-6)

FiGURE '3 

" Effects of scattering and absorption of light by dust on the
images of disk galaxies. Light from the top of the bulge reaches the
observer without obstruction by dust in the disk. Light from the lower
portion of the bulge is partially absorbed by the disk. Some light is
forward scattered by the disk into the path to the observer.
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Spiral structure in M81. U, B, and 0
azimuthal profiles at r = 475 arcsec, The angle ¢ is
measured {rom the apparent major axis in the direction
of rotation. The profile has been continued periodically
beyond ¢ = 360°. Notice how the U profile consists of
narrow peaks superposed on a broader wave pattern
which resembles the B and O profiles.
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passband, where the brightness duebto arms is 50% of the
axisymmetric disk. Fié 28.

The arms are so brilliant because massive stars born and
die there; besides along arms (near maxima of spiral gravitatio-
nal field) like a pearl necklace there are giant H II regions.
formed through shock-waves propagating in the gaseous disk.

Dust scatters light and absorbes it;'fhat leads to color
and brightenss asymmetries between the far and near sides
of disk galaxies (fig. 3)

It is possible from fotometry to c¢btain a standard diame-
ter st':" RJ,,\iof a galaxy st is the diameter (in Qnumin )
that the ZSnMMBam%aﬁ'contour would have if the galaxy were

seen face on and were unobscured by dust,.



In the disk galaxies differential rotation opposes to gravity to build
up stable systems,
In first approximation we can assume:

1) disk galaxies are collisionless star systems, infact: a) gas cor
tentde[iﬁ mass, 1s negligible b) the typical star-stzr relaxation
time T is much longer of the zae of the Universe T*i"?4~

2) The underlying gravitational field is axisymmetric: CP_._»Q}JCR‘Z)
it reflects the axisymmetric stationary distribution of mass.

The impressive not-zxisymmetric features, bars znd spirsl structures,

are only the wonderful and spectacular manifestation of = ( erturbative)

o]

weak not-axisymmetric fiesld.,
With assumption (1), {(2) total nass T , surface density M , gravi
tational field in the plane of the galaxy <? have obtained balancing

the centrifugal acceleration with the gravitational asttrsction
2¢
V - R (’ap\ 20 (Q.i)

and using Poisson eguation to link density with gravitational field (or

better mass with seometry)

V¢ = 4mbg (2.2)

The &) @) deserve some comments:

=17

1) Though the no%t circular velocities are generally sunll =nd there



fore @) is true, we have to realize that the measured rotabional valoci
L7 \L.s(m is quite biased by not-circular velocities \/43(&) involved

1ve gravitational fields :

i

with bar-like or spirdk-like verturba

=

V(R) = \‘«st (R) - \il (R) (2.3)
v 4N ¢ 0.05 bul .\_’IL. ~ 0.2 (2.4)
T~ ™ ithmm,
I e abobe Vo

Because we have as typical values

Vo~ 250 Km 3! Vi~ SO Kemes (23)

[0 4 5’k | ] =20
AR
We see that a not-axisymmetric gravitational fisld affects moderately
the observational velocity field, nevertheless it biases so completely
the derivative that we must take awa§ the contribute of perturbations
from velocity field before computing it +o have the actusl derivative
of the circular velocity involved with the axisymmetric gravitational
field..

2) The observative velocity is measured in the (projected) frame of
the plan of sky that coincides with the plan of the galaxy only when the

galaxy is face-on (¢ =90)
Otherwise, the transformation laws from the plan of the sky to plan of

the galaxy are:

L
A [redi - ﬁ§i60§ﬂ71

~
]

Do n (2.6)
Vv = \gq [ﬁu?u:~“§*°“hﬁ3
aHm, L ca&ﬁ




Vhere - $ 1s radial distance in the nlane of the sky, o

. . . . “ - - \ . Y

is inclination angle and q is the angle between 4 andthe direction
of the major semiaxis.

We note that is not sufficient to have :o0d spettroscopic measures, (i.
e. in the plane of the sky), to have good rotation curves: we also need
the actual value of inclination angle ¢ from kinematics or from foto-

metry; in some case, small galaxy with big bulge, ¢ is known badly

causing large uncertainties in V .



The (21) (22) with the idealization of a distribution of matter within
highly (infinitely) flattened disk, have a simple analitical solution,
We start espressing the surface densit p(ﬁ) as a Beessel integrak Dfr}

(R ‘-"j A (RR)Y K S(K) dK

" @%)
SCRY = [T aee) wp(w)dw
then the potential is &ﬂ
© -Kizl

P(R,Z) = In6 [ ke SCO L dx (2.8)

because
-1 ,»a
mARY = - (2r6) [5%]&04 @.9)
2

We can e2lso express V/R as integral

V7R = [ 5 sRyk | Vi) ) du dk (2.10)

o (7]

Now we use the typical radial disk distribution of surface brightness 14
[25].
AR ’
[(R) = lo € (2.11)

-t
Where o 18 a typical luminous lenght of the disk

2kpe & oL £ 6 Ko @ 12)

It is reasonable{is' to assume that (@8 implies a surface-density distri
P =

bution -
AR
m(RYy= Mo 2 (2.13)

Therefore we obtain from (&F) (2%) (26 (2.4)

Feay = 6 kK (LR K (R~ 1, (4 K, (+%)

(2.1%



I,K, are modified ©essel functions

Then, the total mass is

M, = 2l | @

Then inserting (@4 (29 in @?) we find

S0 = @6y [ V) ) o

24 R @ 2
e (R) = (@mé) jﬁa 5 (KR K jmv () Ja(Kw) du d&

and with the boundary conditions V(o) = V(oo) = @

a(R) = (2wew5'j:0 %‘ H(«x,R) da C2.1%)

it

2 K (%) R
wR

2 & (&) w> R

T

H(w,R)

U

K is the first complete elliptic integral.

A rough approximation of @B is L4]

o >

a(RY = p(0)+@neY [orsd - [Ude @i

Therefore we obtain the surface density from rotation velocity.

oy, - iy, h
We can write (2#) in dimensionless form, let R = « R and V = V/@Mﬁ}
then

G = § E[LERDRED-LEDRED] @

Thig rotation curve is shown in figure [41

o
R
¢

o ,
In has a maximum velecity, V=062 at then 1t



FIGURE 4

FREQUENCY

o] l 2 3 4 5 = é
[ = ~ ) -
(top).—Dimensionless rotation curve for the exponential disk./ V" and R are defined in o “Z’m*;‘}
Broken line shows the corresponding Keplerian curve, - N :

... (bollom) —Dimensionless angular velacity, epicyclic frequency, and Lindblad-resonance fre-
quencies for the exponential disk



decresses outwards..

This decrease, though clear, is moderate: when the

162]

tar disk is supposed

iy
to be finished the velocity is ~ O.F Vi, (we note that from star li-
nes spettroscopy this decréase would be scercely observable); neverthe-
-1 .
less let us stress that we are talking about distances 4 6ol x [0-20 Kk
matter (gas) found well outside the star disk ~ 40 Kpe , following @M},
must present large decrease of velocity.
The infinitely thin disk model is attractive because from the fotomeiric
-1 -~
quantity'<i and dynamical quentity Vyu, - it is possible to work ouvb

the rotation velocity, tof&l mass, mass distribution and total angular

momentum; infact in addition to (4)@#we have that the m, inside
-,
- R is
b ‘E ﬁ-g
MR s M eh-ref] @

and the ftotal angular momentum 1is

-y ' %
H= (60d)% « T | (2.21)
We conclude this section stressing again that the expomnential disk model

impliesg:

V(R) = V(R,) B <2

Runx (2.22)
V(R) 2V (Riay) R 0

Rﬁﬂl

but, unfortunately when Rx o R'st star disk is undetectable.



Snherical model

. . L4
Ag we will see in the 3 chapter, recent 21 cm observatiocnal velocities
are consistent with a spherical 4sothermal distribution of mags:
-2 ) . .
V ~ CONST g< 2 (Spherical coordinates %, 0, ¢ ).
It comes out that, poughly speaking, whitin each galaxy the rotational

velocity is a constant,decreasing from early to late morphological types.

Then modelling galazaxies as spheres we easgily get:

m = 6 V'R

j = VR (2.23)
3. VLM

™M

This important fact means:
1) though the.thin disk model sounds reasonable: the distribution

of luminous matter is highly flattened: thickness of star + gas disk
£ A Kpe the internal kinematics excludes i%: we find V(20R,) =
V(R;)for all galaxies (~loo) whose rotation curves are studied .

2) observations imply that consistent fraction (~50/ ) of the
mass within gusﬂﬁ spherically distribuited in subluminous or non-lumi-
nous form.

3) Nevertheless the disk is responsable for the remaining 50% of

the mags within 2@;

1), 2) and 3) introduce us in the galactic conspiracy vroblem.

We find that at least three component build up a spiral galaxy: a star



disk and a probabily ellipsoidal star halo, detected by the fotoumstry,
and a low (non) luminous halo, inferred by the dynamics. Unfortunately
all three component mix each other to simulate perfectly just one sphe-
rical isothermsl component..

In other words the inner regions of galaxies are disk-dominated, the out

er one are halo dominate: the transition zone should be clearly visible,

as we see the bulge-disk transition zone, but no track is present in ro

tation curves,.




DISK + HALO MODELS
Ve think that, cansidering’flatness of rotation curves as fwning effisct
of different components, an improvement is to develop mulvicomponent mo
dels of galaxiespfyﬂ
We start with a thin disc with a2 surface de. 1ty profiles /Hm(i) and cir
cular velocity V,(R) embedded in a spherical halo with a density gu(t)
where Zz= R?*'Zz
The matter in the disk rotates in centrifugal balance:

2

Vo /R = = ay(R)~ as(R)

A, and &, : radial components af acceleration in the equatorial plane ari

sing separately from the mass distribution in the disc and halo,

20 %)
Qp = -2”6‘]0 d&KJ,(KR) idkl ‘L'Jo(’('l‘)/%p(_‘&‘)
.2 /2
Ay = ~-4n& R j

70

dt w g, (%)

‘- - we get the density profile of the halo in terms of properties of

the disk,.

Qu (%) = - “‘i‘““ 'd“{"f[%‘i") * V:@/zﬁ 2.2 )

The total mass and angular momentum are:

o 2.25)
M, = sz Ry dR .

o0 2 ’
My '-‘Ll.rr'b g,,(sz.) dz (2.26)



[+ #]
Jp 3 JZ“ R oMy (RY RV, CRY dR (2.2%)
f] b

I :
0% [ s (RY RV, (R) dR (2.28)

where

My = 2,};‘2 g, [+ 21" z23)
is the surface density of the halo proiected on the plane of the disk.
Thd@%ﬁﬂare a good starting point to study the disk-halc model.
Even if we use in the (@¥)the exponential model surface density

My = LMy (2.36)

the system (22449 is not closed yet: to solve it we need phisical assump
tion leading relationship among quantities involved..

For istance in the Fall-Efstation picture disc galaxies formed from col

laping star in extended haloes of dark material; it is assumed that the

se systems were producted by hierarchical clustering and acquired their
angular momenta by tidal

In this picture it is aspected

Jb/l‘rﬁ.b = /’mﬂ (2.3

and because each element of material in the disc conserves its angular

momentum from the time it begins %o collapse

My (3Y / My = M Q) / M @32)

where ()} is the mass whitin the radius )/v (VA  is the speci-

fiec angular momentum).
Ty



‘loreover from N~ Body experim-ents'[!@l the general conditisn Tor shobi

1ity of relatively cold disc against low order modes (bar-like) is

E o= L(1+4) <04 (2.33)

Potenhal emengy sbredd 1w The dioK - Hale imteraction
s = ?aww:' doed i the self atbrechion o The disK

_ fd& R u, R ay(R) - (@34)
JTAR Ry R 3y (R)

Finally, they uss o rotaotional vzlocity V,,CR) which follow the exponen

tial disc weodel in the inner region and a Keplerian rotation curve z%

R greater than Rc a cut-off radius,
: 2 2 43
: . 2
Y= e () [y o (5] (232)

where V,,,L and RM, are parameter and % mist be = (‘%d— R,,,)“(o{m(,v;i)

to avoid an infinits central density of the halo,

So it is possible to obtain a rotation velocity which keeps constant for
0.1 & R/R, £ fig.[5] =and the model tested with observations

seem to have a good self consistence,

We have described this model just to presgsent an exemple of solution of

(tw) (29) (9) by ~meams of a phisical model (gravitational clusTerimg in

facts we think that a cut-off radius and finite central density should

come out from the theory and not to be the starting point;



we are going to use the observational rotational velocity V instead the

ad hoc formula (%) to specify the rotational velocity of disc matter..



EPICYCLE ORBITS
In cylindrical coordinate R, 9, 2 the eguation of motion for a star i:

an axisymmetric gravitational field may be written

R = RG,‘— @i’
DR
26 =-206R @26
oL _2¢
& QL

" 1 *
The second eqguation gives ) = R'€

We refer the orbit of a star to a zlmost circular reference orbit situs

ted in the plane of symmetry of the potential
= comal.
let us write: R = R,,#-% ) 2 =32 Re

Under the assumptions

%; & -‘% e |3 % (2.22)
o ¢ A4
_ 3 (24 1-@3}3_
= - [ a,,(/oa), o 2F (2.56)
3‘2 = ‘[%%1032
\ 2.
We set : [i‘%\bf(g-ﬁ,] = 41 [l+é/§-%‘%j} s K (2.33)

Then the orbit will follow a periodical path both in the R and 7 direc-

tion

M

I s a sim(kE-tD) (2.40)
32 = b oim (AE-6))

ae (B



The radial displacement will cause a tangential dispacement affecting
the phase e by a quantity'ﬂ

m = (28) & eos [KCE-e)] (240)

Q.—:.Ii_ ifat t=t—1,2-6=‘w

Then the orbit has a (2+1) geometry: obsd@llations with respect to galac
tic plane in the azimuthal direction and, in the plane of the galaxy, su
perposition of elliptical orbit of major axis ~:.0 a circular one of ra-
dius R, with & <<

R = R°+%-7?m, kE

6= Lt +;;}:°(%%\)(%)mxt

(2.42)

Tost of individual orbits far from the bar or spiral arm satisfy (4 and
they can described from the epicycle approximation.

Nevertheless some star, by scattering with notmaxisjmmetric potential or
with giant molecolar clouds, can acquife large amount of energy in not-

cireular motions settling up in a peculiar orbit.



ROTATION CURVES DATA
The starting point for any dynamical étu@y of galaxy is the analisis of
rotation curves.,
We show in fig. (6) (#) and in table (2) pratically all curve we have
whose KW is comparable with &:s‘ and well outward 3215-
Most of these are due to Rubin and C.‘(H] d}ﬂ {we owe thank to her be-
cause she kindly sent to us some Sa, unpublieshed curves), a part to
Bogma,
Before any comment, we stress the unforftunate tendency .

of presenting data obtained in plotted form without any tTable: we
know data for 650 galaxies, in the 75% of them, chiefly in the old 1li-
terature, it is hard to ihfer the value of V(R).
It is important to note that following (26) we have to know the inclina-
tion of & galaxy very well to have the true value of V in the plan of
the galaxy, that 1s serius when L0 , the error is infact=

AV K Au Ty (30-0) (2.43)

e know é or from kinematics or from photometry, but in both case we
find difficulties for soﬁe Sa, galaxXxies where %%'“i : the inclina-
tion obtained Se is that of the sphercidal component not necessarily
eguak to that of the disk component an exemple - . . " NGC 480C

A first look of curveg of table (2) tells us that no one of them follows

the "classical™ $alling profiles, * all can be considered flat or sligh



17411 p i1 oL Z9GL8 ot 8208 £916 il o1 144 £%6E J 4 W {E0C0)TLs $89% son

erzer  COREOC  GRGOL  GveEE 1990  mRGol e isger gz AFgEe  ¢Ru6e oE  giewe 152 mz  lelz v w2 wesz  emese o 1 feriez gk oo L0 Ggar A
[T TR £ T TR < = TR 1111 29l a62t  ZTEEL G%AZ EISEL gESLL 4F90L 9¥GE (i) (321 {77 §7IE  (S0°a)etE fge 51

&0z ase eee ves oee see W6LL eFERr  4Tees €3EAL s¥eml  IFomt | f%elk ERASL ER6L SRl [4] 11} e “ot ggel S0

162 LTize R0z SRe02 QIR 9TIIZ wRI6L 9TO6L  §Re9l  9Ro9l  LROSL  f¥ey  L¥eSy WGl WAt 43ELL 15491 et thE U

[ 3]} L4119 wF0L 4%048  EFOPL  gT6RL T GIFELL Bivl Bud 243 43901 3 BaFly {69'ayeEse 99 oo=

L5433 4 oy ] seiE  {0a'elrvir Guor Som

141 (11} irioe FEret 4¥04 tent BT6R0  Eiege  Becfol  ELRERL Lt L) Ligity LA DNl Y O

) Eivast  6¥Lmd  EVRGL  EVEQR  EEGME  ESaek  gveZs  €RuDl E¥GOL  4¥aé FEL (R0t Od9REE 2ot toa

e1vopt [T TS T 34713 3501 frem H3EgL £0991  OI1¥shs  ASTer @eso2e 09 bt ¥ g (tocpiEsy 2 ;s

e¥1dL €329 @en  £FeRL wEefl €%pRr zTRlL wv0E , L 909 £rig 65ty (gpucnlens el oo

e eIy 11} eoe gWoze  GRIOZ  WPROE eva €3212  a¥L6L  ETOOL  GY2WL 2veEL  ERRBY  6ICEL  AWL9L  gvimk eor [idd] pen (L Tt gBE2 oa

ha e WELL RIS WREGR  9EGL  GWiGL  EROEL  £R0EL GFele GPEOL @9EE €819 (@0 0)i%8F  Pui2 W

S 71 {2+ S £ 71 { I 1) €61 KBEEL  4TeEL 2%eEt 4¥LL 29004 %S orae eezL £2E¢ (60°ofitat  gee2 DO

. 261 nes. gro0L 1L 9Y60) o % o 19608 224 630t (1878351 892 o

6L wTSAL  BREAL  ASWAL  B¥2RL  NTOGL  9FGCL  @EOSE  6TGMR  EFOOL  a%e0L  ZFELR  Lvest A2 sRoot 9900 (84°Q)9ES4C et 0B

€BoEL  ZPEEL PG &IEOL  E3GL¢  sPest ISt €S2 4%p6 bidid L3¥6y  {60°G)%P.  Lgds 20w

€36EY  Esezr  EEzg %z @9 €906 Etog 153 AL SR CTR TL TR+

49502 i¥I0R vg02  wve0R  EVLGL whe _eicer 622 gWeIe ¥z gROI2 oz svaE EveeR e nee Fe0L2 gF12e  edgel  9iRiEl 83548 e vee e g o
dsore TgRNZT  froor wWE22  9vHIE RA0Z WBw0R  GFI0Z  WIEO2 B1T60R  6YeiZ S6t  A%pAL EFeRL EISEEL 1] e e £44 0o

661 EvIGE  gRamt  €8Gai f%gOL  £%4Q ey 1%29 2eLe ;e (Letefres 162 o

o

gspk 0 Ve avexr  sver w2 922  Z¥elr eIz PIMI2 {5902 fiTy0  (Pg02 {13} nee e ove oo vt eee o see WIS (GD'P)ELVEY  @1621 300
[ ne  avLL 6 e 121 wIELL GTROL  WFegL  EIGE oo 95981 a%IEL [JUR Y w0 259 se (@'O¥(FL  stgks DoR

w0k €%192  ®epe  gR2er  eEGe  ERREr  2VEL2  4Tplz WNElz @lo4z €RA62 £REe ERGER2 wPL2 agl oee on s oee had (o'6)e- o9k Doa

Bul  @FEE1  aPtwr  @FEwd  (%EEY RQEl  2UBER wFomt  SPGEL EF2ml ERWER ZPeoi  §Tem (idid € (o1 mdy 2668 3un

WILKE 9%l aTap  £uGR o feg9R  A99E  GepR  STeEl  BFeae oee e gnEL 284

4796t L9 L% (R2lZ @EVEIE E2Blel 6@ HAFELL Lot §9 6 LEEEL  (10°DIATFE 1AL DDw

$TA0E  6RJBZ  GPEEE  GIVGRE 9O MEOF  ABMIZ  WEG13  QRQ2Z  6Sei2  SIME  STRIE BRIGL  6VEGZ  BLTo@  EIm6s  LFhG  S1%5GL eve oo et fges aom

[ TON U VTR TR TU 41 1) WHEL (21°30NTEY  oGpe DOM

£7401  IF46t  wP06E  2BERl  EIGLL 13w e “ee sre (1geiisE ety S0

weige  €sore  49cee  fisel bk 052 lvgua  6RgER gesie L343~ S 1147 4 Pyt Ll e v LU 0] o e BEE Y

£13122 o0e wLE TR 902 G360z GTOLZ  9%9LZ  g%egR  4Big9T SPeor 6992 EUISE  @3Ga  OIVAR  A1Fi2z :ivuz avez (114 gt  mnigt wiCer  (01°0p%y  oof 90w
(411 eer eF9er  BTRE TGk e (36K W56 WIRE SIS ORR LIBQLZ  2vgfR e oo [ e Tt il a0

. LLOTTIN 24 TR <1 S L 1) EBL2E 1TA4L gV 249 w9e  {E1ejevaL  dvel Jom

{3]{1] 0o WPieR  GEROQL  GkeGE  gvefE  wio22 ove webe  pste LU G2YELL M1RPEL  maful ] o “ee wEof gmE

gl nvelz b e b g9 EBiLr eRelz LBlgR 962 62 @er (vesr 142 1ZvEEY o (e ety Gigr W

wieE Wi sigzz eisler  (sEey ne e wezy g0t gTes 4948 psuag  gale Jom

grese  gv2Sr  ufier weefE  €Y022  gEfoR  2%rm2 €¥foR  fasuie  LEvie2 rer proaq  posg  pwngy Broug pessq  BASZ XM

woe6e  Gsefe  gvorE  ewif@  zvore  RzIz £V C¥E02  E3e@s  9PELN CRLAL BRORL  EYGBL  avSEL  BUveb g1 i st o2y gom

€3g9r  €%m  psagr  fRem €AY %9 Fwox ene oo 627 BLIP6Y B5GRL {€0°0IOVBGL Saml Do

aveLe aee 1901 L1 B 12 298 ®39R2  gROl2 eNi9E g S¥egr  ETGOT ge902 L ¥YOE2 RIRQRE L3RIz gEvEGE 2*t {gtghvgtel Biyt Sam

ev6zz (LU T T LT [ vee oz e Wt wont tuetodidus 6T o

\B601 ZSGAL EYSHL  ZECOL  A4TEGL  Temr  EEaLl 2R Rt €3100 weE6 i¥eg v (roreile  Grft 0B

{&'sareef  osv40f 96R Wees oot €910f 28608 §eL02 R0z griof (2110 $22z0t €508 (414 262 wioLe  €iIvEeE b ee e 540t SoR

L)

. 25 ofh 30265 J0R

ISwy £%26  MFL 2 91591 8852w 02w fores 209

a2 WRGe2 %] e oo iepis  awvEer  vefE PRLIZ GYRIE ERGiE o6t 9Ti08 LARI 1L [ (P34 [ °e0  [91°8}ISER- SaRGL DR

el gveet  gisle ¥l €BLLz oive42 uSE MBSyl 158 ore Aol 928 133 af  6769E A% L3 e hind see ves con i a2

wore  geeee oee oee g5z [ 3 TH ees ess WIGh2  oRge2  gRER e grgr ser ves Ter auify MR

1Tee  LFigl edimy MAFodr 2FIST gFieE. €UEGR  aSwel gesfy (Ri°eheedge  Sada Dou

ff262  g%REZ  €3612  ZFO6L. ER26L | eFRAL -Sﬂw eesey oo i$ et gE9y 90R
geget  £vest ask 9Fe2E  £¥a0f 2114 F111x9 22214 §SuiE ;. £v6LE 394177 €13608 Ei¥eb {ai"aiBiTle (eE°8)Ba¥102  néSe OBR
SEgL ERAR 6 Fen | gen %40 (oM¥s Gy DoR
uz  me oof €i%geR 152 Ewvgeg 1700t vee oo 668 QIPOIE  e3gif  GITLIL  12RRE, 1vmif T Wi sty e gty pen

1T EPaRz EFESE  WFEREZ €FOsE  ©Remd 612 [A21H] (321~ eEM oz GEvLn a6t e BEEE D08

L JUTON o TR 1 £950  (aecwdERiR 5505 gom

g2z OI1%Eor  ivge: WL BITA®L  EF9EL  eTIGL  SR66L 1) eee e b e uget bow

. Bl osepal  E3RSL  wTied  e¥09M . BRCGL  EWLEL  wSEL ey [(eree  wiz wa

o WEOLE %162 zFagz  WSlof  evepe  grelz  see9e | 62 e soe e e G447 oa

L0 1 ST an ns“ﬂn .mnn_n .".; 6ol  avem w:«w €564 vee ver son e ﬂm“e Eai]

. ] . T a%eed  G1Rigr 63502 WS CiFei2  GABEI2 ) (wa@  eZNGER  oXvoly o eee S8R oW
Nawi [0 Tt 4] t_-a—n iz eiviie Radd ooe sor ese se? §9252 WOSE  R¥WEE wRIg2 13092 e coe a-r see gfz” 168502  @uTill 402 L4t {20°BjuSis oot moE
L

28 04, [ T [1] $€ . OF 92 (3 E44 24 [} 1] 41 2Ol Fad ] A 9 S [ £ 12, $5 93 (]

{ady) cenipuyy

e

TNV L



(%)
o
[on]

VELOCITY (kms™)
N
[ew]
(o]

S
6D
L

Sab

Sb

NL56%

B /\,\’/\‘ N2841

M31
MN8gl
N5383

VELOCITY (kms™)
N )
[um] O
o O

—
[an]
[e»]

VELOCITY (kms™)

N7331

N4258

NS0S5

Sbe

NS033

Scd

f\\/\ GALAXY

(———NLEN

-
N4L236

1 J

20 30
RADIUS (kpe)

10 20 30 40
RADIUS (kpc)




7S¢ GALAXIES 4

o 8

MGC 4805 i
. 1 NGC 3872 em s
- NGC 1038 ; -
~ t e NGC 1421 g
£ MGC 4082
= t
~ L i L NGC 4323 _

NGC 2742

é
a..

NGC 4882

T
[
s

4L
P

VELOCITY IN PLANE OF GALAXY
\ g
8
B

/ -
_‘"[\ 4__—_—-/‘\\/1 1
@ | ST 2885 J
'
¢
Y’N':’ 7
i
ES
or . . R ‘ . X —_— ]
[} 10 -1 0 40 30 %@ B 100 120

DISTANCE FROM NUCLEUS (kpc) [H=S0km s' Mpc]
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#9 L kpc' difer by factors of 3 and 2 Similarly, the Sc galaxies NGC 2998 and NGL 3670 have Vg of 211 and 206 km 577, byt luminog-
Ges 149 2 1.4, 445 £ 04 x 109 and radii 34.0 and 176 koc.



tly increasing: an old theorethical picture typically V(R4)~‘V(QN)=

..('50 400) 14"*\-'5‘ at the contrary from (2u)

V(R - V(Ry) = + ( 0~20) fm §

In Sa,$b galaxies gs present a quite large bulge ~ =6 Kpc
detected also by dynamics: we find a transition region between bul
ge and disk how it is aspected by . the fact that bulge and disk surfa-
ce density have a much different dependency on R,
That transition would be aspected where the contribute of halo becomes
important, say K%—‘i Q.” nevertineless do no track appears in rotation
curves.

However the greatest contrast between the exponential disk picture and

the observative one is in ﬁﬂl rather than in V itself..
AR,
-} - - -
Infacts while él(-l ~-20 Km 3 Ko< we nave dv v 2 Ko Red!
AR oo Loy
M

han the contri

i)

go that the axisymmetric contribution is remarkably less %

bution of self gravity of arms, or of any non-circular motion

¥ vor o A0 KmE Kpc!
AR evm

Then, at difference from old preédictions it is problematic to discrimi-
nate the true axisymmetric derivetive of the backsground gravitational
field from the non~circular one,

The obsenvaticaal velocities roughly constant whitin each galaxy are found
to vary with morpholeogical Hubble Type \/(5@;\}(55}}\(’(5@ this

has a simple explenation: for Sc¢ galaxies there is more angular momentum



H
*
i

. -

for mass unit oppoesing to inertia A= L :xﬁﬁam « v wWith re-
I T

M G VR
spect to 3a galaxies, thems under the same perturbation amplitude the
response would be more evident in Sc galaxies that in Sa ones.
We conclude stressing that from this observative picture has not great
meaning to fit data with high polinomials or many parameters fits: the
axisymmetric gravitational field doesn't seem to have more than one or
two degrees of freedom if we are interested on it we can write

V(R) = £ VLR (2.44)

but to agree with observation:

m muat be o (2.45)

VB L
and for m>2 Im B 22 for every R.
v
Ncte, besides, that the positions of maxima of undulations found in so-
me rotation curvesg coincide{BQ}with spiral arms: those ones, therefore,

are just dynamical manifestation of self-gravity of spiral arms,



LOCAL STABILITY OF ROTATING DISK

#e ask for the condition that would be needed for the galactic disk to

roance from

Y
)_l

remain gravitationally stable against all large scale
a local analisis point of view. LIS)

We recall that infinitesimally thin self gravitating disk couldn't long
endure in presence of the slightest disturbance if there are not consi=-
dered the stabilizing effects of the Coriolis forces and of the pressu-
re resulting from random motion of individusl stars,

Let's begin imagining that the disk suffers at radius R a slight contrac

tion over a small region of linear dimensions L.

This local shrinkage has increased the surface density MW by a fraction &

Q
x‘)

Then the increment of the distance is ~ £ L and in the gravitstionsal

force is w:ié%b which would tend to make the affected Leglan collapbe.

S — G AT araion

On +} ] 7
he other hand, by angular momentum conservation, th

JIe

tocal engulsr

velocity :
Ty ‘flbial must have increased by the factor & , it produces an

increment on ce ifugal fo ;
ntrifugzl forces per unit mass of the order of . 2,L§2i e
. €,

Then centrifugal forces aren't able

to ovsrcome the for: :er imbalance if

thne o - - + o
uel'tl.lf‘ouitlol’i *L\‘us Wa l;‘. g G 51\13:.51(313* ;l:‘/. Sl’;\:}r”te:{" ‘Cl'»_:‘}_

~ G o~ oM [ *
L. 2= mw;.) & (2.46)
tecar

~ R ( Yypicat aalackic Raslias)



The criterion for the prew:

ooy

sntion of an earlier instability by the ra:

motions is that a

typical mass element has an amount of random veloc

so large to travel through the region of

dimension L before the dist
bance amplitude would have grown oIl 2 factor £ 3 1.8,

we must have T
gtabilize perturbations:

L < L_) <\/'*->/6-,u, (Q.‘f?)

Where <VR> is the radial dispersion veloCity.

et A BTN

We can see that if Lj= L

all wavelenght are stabilized: the combine

effect of rotation and random pressure would damp any local instabili-

ties the exact value for (VA7 can be worked out studing the effect of

a disturbance on the velocity distributio

function ﬁ(’w’g!‘v’, R,E) by mea
the colligionless Baltzmann equation (/5]

i) 2.4¢
i-ﬁ.\/g%% %z’g_ﬁ % C )
:40(V)R)f(l(%vk)a,¢) :

where %

+he index | means a amall

R(P‘) is radial force, FK=- gpﬁ'ﬁg with ER = )Z_ZR,

The ishi
solution of ( ) imply for vanishing neutral waves the relationshin

for the neutral wavenumber K,

Kos® PSS 2 '
perl o[ (R K/ | (on K /k)] (2.4)

p—

Then from (%Y neutral disturbances are damped 11X

5 % GP’IJM;;\, = (01295?;‘& (i‘i.)

2.50)
- 336 g T :
[ 4



and because

o5/t = 40 S ] @5

Because

G’e/\/ i 0‘3

Then to avoid local instabilities, matter rotating at radius R with li-
near velocity V must have both alradial component ( EQ%kof the rota-
tional one) and a tangential non rotational component (10%).

We conclude this section with sSome comments:

galaxies have been found stable against local instabilities ife. inst§~
bilities that would emhamee. +the occurrence of strong two body scatfe—

rings producing lumps of matter in the disk and empulsion of stars out-

side the disk, but what about global coherent large scale instabilities?
The neutral ones have an important role in the formation and survival of
Spirel design (chapter Il ); more complicated is when globallinstabi-
lities evolve with time, then is possible only N-Body simulations analy
sis.

’The latter ones give an alternative explanation of the gpiral phenome-

num: non more a steady pattern but an evolving configuration which for



most part of the time resembles to a global s

o]

1

iral-like Grand Design.



CHAPTER 3

THE SPIRAL PATTERNS




SPIRAL STRUCTURS A3 & QUAST STLADY DusIGHN

(9]
v

The most impressive feature in disc galaxies is the presence of an impo
ging spir-like Global grand Design; for istance see the Galax 1101

0333 picture (5] {’21[13} can be considered, at least far from reso-
nances, a good approximation able fto explain the principal observative
features,

Two are the general hypotesis at the basis of G8SS theory: a) behind

o
Ly
o
ct
n

the spiral phenomenum there is just Gravitation; b) gravitatio

trough the creation of spiral wave; this wave it is suppos:

{O
joN
ot
O
(o]
3
Q
Lol
iy
]{j‘f]
10

0]
L}
ot
ey
o}
ot

te radially but it is hoped that it happens in scale time long
the 1life of the Universe..

It is important to realize that:

(massive) stars: in =2 galaxy the density contrast between the brighter
end darker regions is small. (33] e fig2®

2) The regularity of the pattern extends over the whole disk @3]
1553 theory postulates that a nearly neutral spiral wave provides fThe
spiral gravitational field underlying the observable swniral arms,
We notice that transient local pattern of a general spiral form are re-
latively ezsy to produce in a rotating systen, ﬁ?] nevertheless it is

rather difficult to sccount for =z coherent pattern over the whole disk

without considering the cooperative effects of long-range gravitational



forces,

e

Let us begin imponing for the density, velocity, gravite..

turbations the spiral form:

i = g (RY + mi(R 6, E)

Vo = Va (R 6, L)

Vg = Voo CR) + Vai (R 6,E) Gn
¢ = &(R2)+ $ (R,06,¢t)

1]

H

% where -
M, = - Jﬁ./.g (‘R\)
‘ ) -m B
\JPA = R.Q,Cba Qﬁ.\ (-pq " 'ab (,wt' )
Voi = Jou (R) (3.2)
¢, - $ (R) _

L. A A A A _ A . i
The guantities ;&w)vai’vg“,cg called collectively q are in general

complexeg; we write them as

R

(3.3)

and we make the hypotesis of tightly wound spirals:
ACR)  vanies slowly

MERY = A, £(R) Ao quat paramits  (3.4)
FCR)  varier olowdy

Infacts the lines of constant (maximum) Ab4 are approximately given by

wkb=-m6 4+ T(R) = 2w ¢3.5)

(35) represents (for each istent t) a me-armed spiral pattern described by



m(0-08,) = MR - M &) (3.%)

The pattern rotates with a uniform angular velocity JZP

N = Reak %.%)l €X:-)

For showing an exemple we consider the logarithmic spiral

= A, ™mB CS.%)

The pitch angle defined as

(= ancty [ m(<QY] @.10)
Ky = iﬁg (G. 1)

s L= T (YA ()

the spacing between spiral arms is given by

Trziling pattern means Kypd O .

Before @ dynamical investication, whose outline is in table (3), we

stress that supponing a spiral wave pattern, resonances between stars

(gzs) and spiral wave occur when

o (=) = MK (3.13)
where m =0, *,22 .. . / am,

ig the number of arms and K is the epi

cycle frequency.

m=Q bnyz 22, L ORCTATION



TAV, 3

(2} response in the
gaseous disk

(0) resultant gravi-
tational field, due
to stars and gas

+

/\

(3) response in the g

r) stellar disk ; k!

:

(1) total material dis- (4) total response in |
tribution needed for Equate the distribution

maintaining this

t d s of matter 4
gravitaticnal field :

TAV, /,

Cbgerved Features in Spiral Galsxies and their Theoretical Explanation
in Terms of Density Waves

Observation ; Theory (QSSS hypothesis) 3

(1) existence of a grand design ' (1) wave pattern :

(2) persistence of spiral pattern (2) quasi-stationary spiral structure

(3) spirel pattern usually two-armed (3) 8-x/2 nearly constant (Lindblad)

(4) multiple~armed in outer regions ' (4) Q-«/m nearly constant in outer regions

(5) ring structure (e.g. in NGC 5364) : (5) x=0 at rescnance

(6) BI distribution follows optical spiral armsT. (6) BI concentration at minimum of spiral
gravitational potential.

(7) HII regions arranged like & string of beads. (7) galactic shock triggering star ,
formation 3

(8) dust lanes on inner side of bright spiral arms. (8) gas compressed at galactic shock
before stars form.

(9) aebundance distribution of ionized hydrogen (9) gas compression and rate of star
varies greatly over the disk; none inside ring, formation vary with radius; wave
except at center. pattern becomes tightly wound and
terminates as resonance ig approached.
(10) peak of azbundance distribution of neutral {10) shock mecharism needed for star
hydrogen outside of HII distribution. formation ; not available in outer
regions.
{11) magnetic field generally wesk, but appears to (11) absence of perennial stretching by ‘
be intensified along the dust lane in certain differential rotation; field in- ‘
galaxies (e.g. M51) ! creased by compression of gas.

TWell established by WSRT observations after theoretical predictions had been made.



N ﬂ?‘ S~ K INNER LINDBLAD RESONANCE

S = JL ¥ K/2, OQUTER LINDBLAD RESONANCE

The esistence of these resonance$is fundamental for (3SS theory: there
are no spirel (quasi) modes if resonances are absent [12) (Antispiral

theoren ).

e study the dynamics writing up the continuity and motion equation and

couple them with the Poisson equation.

o ! 9 > o , )
QM L »——;(K,’LL\/&)-k-Q_.)MLQR*%Ve)}ﬁ:O
X R (OR Gl

5L dR R /00 R DR IR
DV o Uy D (R Vs 1 ( Ve ) 9% Vg (3.14)
;’O—(f"?' Rgfkg‘jé'"i' @ﬁ.}k}z+~§:)@§+ R(}Z+ “5)
C_ M (as Dk _2b)
R\ i @0 @@)

Note that VSRR defined in (21) is different from Vy by a perturbation

term following (32).

V= V(R) + V,(B&,¢)

0y 18 the turbolent velocity if we take into account also the gas con-

tribution..

In the ground state we have

)7: R = (3.L5)

2
..,i.‘.
-
2



then sanstuting (

) in (34) withi
the system

-l
sumption @kﬁ)ﬁ?i we get
, A 3 3 4 7
A o}
v (!':.)M., o Me
¢ 5
28\ (3.18)
. >~ = [ S 4
L ew | || (@
K . )
o i Ly v o
o L o L
Y
where

¥ is the frequency at whi¢h gas particles encountersa periodical gra
vitational field

Then we get the first important result:

-y, -n
ﬁ; ?;.9\.3. 2 (KgR): m(@ ‘) ,21?—" (3.2)
Using Poisson equation we get
R4 . 2mi G s (Ke) @19)
@R
50
& . s (Ky) Ky Gio (3.19)
#o G

fe obtain also the dispersion relation

QJ)-fkv) Y&

)& (3.20)
Introducing the wavelenghts
A = |2m Ap = 27 (3.21)
Ke a
We rewrite (329 in the form
A N2
A 2. e Vs “
= = L § 3.22
Xs ()«J ( M/%—) S
L 2
where %, = K @/K



if turbolence it is assumed to be produced only by instabilities then
Xr = Ya (151 and we get

.f,)";r = é‘ {'Ei?'} C3.£'5\)
There are two branches in the solution long and short branch.
We note this is the hydrodynamical approach to the problem valid for the
} gas component but not for the stellar cozponent, whose is an approxima-
tion only far from the resonances; in particular gas pressure ”blp;nts the
resonant effect.
We would have used the kinematical approach for both gas and component
to have a complete phisical déscriptioa, mevertheless at the begin we
preferred to show easily why and where dispersion relation comes out fur
ther more the idrodynémical approach has had =2 revival of int‘eresi:: Ber
man aﬁd Hark ﬁ,l] unified the kinetic and the hydrodynamical approach

finding a set of closed moment eguations of hydrodynamic form derived

from colligionless Bolfzmann equation:

AL . - L [a.__?i.,, R2%a 2R + 2|
dE wl o6 DA 20

Where Pu.; ?ge, ﬁ,, are stress components determined by closure egua

tiong and _(L. R +V.V
de 757



2.

P o= K F d () <0
oo Lo JE ** ) dt< ”“Q)
-~ IR ; - %.2%
ke = — Ten | o ( R KL)//% 2272 ! e
4/‘2‘ L 11;2._ / fa @ i
In these eguation it is assumed iaLNﬂé’ and §%§/€{§&2 ~ £ small,
' oK

Thus to conserve vorticity

i(.&_{}_ = 0 (3.26)
at - K

Then from (%) (3% (3% , that account for the phisics for gas or stellar

disk we derive,pratically as we have done before for the (s4) (¥ (349 gy
stem, the dispersion relation valid (in the single wave picture) every-

wnere:

A= 1% \!xw"'(a-ﬂ (3.27)

oy

N 2 (1-v2)

where y 1is a simple device to accomodate the gas approximation (3=i )
or stellar approximation,65=3ﬂl).

Je conclude this section recalling the results obtained by Lin- Shu theo

First we point out that QSSS theory, as we shall see, has mathenatical
and phisical defects; furthermore a good comparision with observations
needs goocd rotétion curves and good photometry, nevertheless Q3535 can
account for a +irst explanation about the spiral phenomenum and indica
tive comparigion can be worked outb.

Let us stress sgsin that in the confronts between theory and observaticns

available in literature the main problem, in our opinion, 1s not sonme



defectiveness of the theory but the fact that have been used rotation
curves and structure models incompatible with recent observations,@4}@ﬂ
Those results are shown in Tabl 3 - that well describe the self con
sistency of the spiral wave theory: for many galaxies it is possible to
work out the pattern speed the coratation radius, the pitech angle, and
the velocity component of basic rotation normal to the spiral arms
which strongly influencesg the strenght of the galactic shock wave for-
med in the gas disk

In addition spiral wave can account for individual orbit of young stars

fig., (%) and very roushly for some phenomenology listed in table (4)

We present table (¥) because it is the beliving at autors of 0S3S3 theory,
nevertheless we have strong skepticism about point (3) (4) (5): recent
observation (1] don't support themn,

We think that would be worthwile to reconsider completely the problem:
i.e. to work out some table like table (5) but by using recent theore-

tical idea on structure of galaxies,.
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TRANSFZER OF ANGULAR YANENTUY TRHOUGH SPIRAL PERTURBATIONS

Trailing spiral structures have an important property: they are able to

blem of

ct

o
¥

[¢v]

vattern survival and the angular momentum distribution.

Wa ask: why galaxieg want to transfer angular momentum? The answer is
gimple: if angular momentum flows outwards it lows the level of minimum
energy.t'éj

To show it, let us study the motion of two particles in a axisymmetric
salaxy-like potentizl ¢ (R2).

1et nnqlﬂﬂz,l,iz, g, &, mass, specific angular momentum, specific
energy of two particles,

Fixed j, the minimum value of & = ‘z(vi+v: ,.ja/gz_)- qb(glz,) will occur

in the ecircular orbit of radius Rﬁ for which

b Rl

Therefore the minimum specific energy for individual orbit is

£y = 1K - $(8;0) 3.29)
with
%%@3 - D (330)
We minimize
£ o= omye()) + mMae() - (3-31)

subject %o the constraint

MY+ o = H (% 32)



From (%) () we get

dE = mmd, (- @-33)
because gﬁ%<:0 y 1T dj is negative(outflow) dE is negative.,.
To achieve lower energy states 2 galaxy must find = mechanism of tran—
sferring angular momentum outwards..
Axisymmetric perturbations are unable to make it, they produece no gravi
tational couple between differént parts of galaxy,
The stress tensor of gravitation field is

T=[20d -~ %f 2o&] (4nt”) (3.34)

where & basis field and & = V‘}b
The gravitational torque couple is:

€=/<?:AT):;¢5> (3.35)

Because

(RAZol)y=Rnrds =0

the isotropic part does not contribute to angular momentum transfer.

Thus
= - - =3 (3.36)

Ca" Cs = O CZ-(éfr&)jRaaGga'
Hotice a%})aé‘ are non axially symmetric part of a
Suppose

¢ = 430 + c#l
AxiAwy NeN-AxA G" 33«)
SYM M SYMM o
¢ = S(R)cos m [6-rr)] exp [-rz]

then

a, = -m SR sim m (0-1) op[-Kk2]

\ ) N3’ (3.3%)
Qg = [ﬁ cos M{G‘f’)-f%sgg—‘@m%ﬁ? ”)]e



7
let  Kyz -7 d'/dK

Hence
\ K
= (L 3.39
¢y = -2 ) (3.39)
Notice K,=K for tightly wrapped waves and only trailing spirzl have

K,positive so that transfer angulsar —omentum outwards,

Now let us compute the amount of angular momentum exchangel by the star
. . [e]

wave interaction. L€

e nave
R
- - o~ = E{ 5 7

(3.40)

ngayémwa= E-EG) . tkad
K T2

Jz,z j !
o 0= (22)()

Where QU”‘XG_ are the radial and tangential angle variable;)d and Jz_
their coniugate momenta,
Taking in account in the axisymmetric Hamiltonian the Spiral perturbati
ve potential 4& expanded in a Fourier series of angle variables W%,Wiis

' -Z 7 . -

b = (4mi” Z ¥, L5) expli(Cw,+mw, +wt] (341

' e m ™
U
The angular momentum exchange between stars and wave is
H =Z Hm

H,. = (8::3“’{2%(@%7 +om 25 I%m)L‘S(mmszzw)As,ds%

(3.42)



Where F is the distribution function for star.

We can see from (343 that absorbtion or emission of angular momentum car

occur only out resonances:

- = +1
ntwz =2 €=
/ m (3.4%)
s Y €= ¢
because é%? 5>€%§ ,; N ig an emitter while corotation and OLR ar
1 b

adsozﬁimg resonances.,

0f course this exch@nge will lead to lower energy states only for trai-

ling pattern.



GROUP VELOCITY OF SPIRAL WAVES

The Lin-Shu theory descibes spiral patterns in terms of spiral waves

compoesing with observations. Such a suggestion seems guite attractiv

D

; we stress these waves are not permanent selfconsistent modes
of oscillation: spiral wave pattern evolves with time.!ﬁé]
A tightly wound spiral wave with frequency w has a group velocity
describing how various information from the disturbance propagates ra-
dially..

Let the perturbation surface density be

i, = SCRE) oy [ T(R,E)-m 9] (3.44)
then
w(Rt) = /5 (345)
and the radial wave number
Ky (RE) = - A/ar (3.4¢)

Substituing B#) (349 in the dynamical equations(2¢) (2}) as seen in chap—
ter li] for wound arms KR! we get an (approximate) dispersion relation
of the kind

F(Kw R) =0 (3.42)

the (49 can be solved %o give

W= FKy,R) =0 (3.49)
or
r /ol 3.48)
‘g*g =+ (%> R) ‘

where partial derivatives themselves vary with tire.



Using (45) (3@ differentianting with 1

O
6]

gpect to time and to R we g

>

{I =
¢ ba«:.,,a 28 (5.50)

The convective derivatives indicate that the frequency and the wavenum—
ber information in a evolving spiral perturbation propzgates radially

with the speed

e (R EY = 4R = @51

K}R

=)

o
i

To compute i3 we stvart from the Lin-Shu dispersion relation

[w-mj?;}aw: f“;zn QW(I)'/M‘U(,;\ ’E’{X)

= {w«mﬂ}/i{

(zs2)
B0 < ()0 51 F [ie ()77 1)
I mei \m}
, 2 2,
T is a modified Bessel function and X = KTy /& involves the ra-

¢ial velocity dispersion of the star necessary to aveid local instabili
ties (if &K=t )
Defining a dimensionless radial wavenumber ‘Z

and because

s, = (028s%Y* (%) & (394)



We can write (M8 (58 in the form

= N(I2L)

G5
W = ML+ g (V) K N(RILR)

Lt

then we get L&
pra i RO e B @se)

N . @ Kix ) /lx ) /2 [£5T)
ol (v 2 )//Gi\fl(ﬁa/

b

We estimate the group velocity for the Galaxy near the Sun: f%j

c%e;{o Kron 3

]

the minus signs means that spiral waves are already wound so tightly
that their information propagates radially inward, away from gorotation.
Thus spiral pattern as a whole can't survive more than 10 years unless
spiral waves were somehow replenished, or it has been proved they are
true mode constrained to oscillate back and forth between ILR and coro-
tation,
This important result (TOOYRE 1969) deserves some comments

1) As we shall see:Lin-Shu dispersien relation is valid only f&r
from resonanceg?} ,there the single wave picture is meaningless and we
must to work out a "guantistic" dispersion relation: the interaction of
the wave with a resonance is described as the interasction of a particle
with a potential barrier., (91 [9]

Y

Nevertheless, regardless what happens within the resonance regior



destructive effects of differential rotation on séiral wave still re-

mains..

Infact because £Q3<C? trailing waves tend to wrap yet more tigh=-
AR

tly, simultaneusly such packet of waves drifi in radius to corresponden

ding LWD8LAD resonance.

2) The value of group velocity depends on the shape and value of
rotational velocity,in addition, we stress that both the location of re
sonances and azngular speed of pattern stronzly depend on the analysis
of rotationzl velocity data,

We ask: how fast is the destruction of the Zrand Design., Toomre answer's
’“93 i1s biased by two prejudices: a) rotational curves are supposed %o
follow the exponential disk models; b) in the%?ﬁ) hag been taken into
R
account both the axisymmetric contribute and the perturbative one,
Then, an objective of my PHD project is to compute for all the galaxmies,
whose we have both rotation data and spiral pattern parameters the

quantity T describing the time scale of the esvolution of CGrand Design

0

T = jic —d&__ (3.53)
R, B

The importance of knowing T" as better as we can is thet if we find for

a galaxy the value %~ |0 y y the necessity to supply the spiral wave

s
ot

with energy is very less urgent with respect to the value & (0 Y
gtrongly constraints the proposed mechanismas to make the Grand Design

survive,



EFFECTS O RESONANCE!

U)

AND SPIRAL ODES

At the corotation region, for @A=! the long «ch is very close to

the short wave branch see {@i, its amplitude © beconmes infinites

such a problems come out also at others resonances.

There, the concept iftself of gingle wave picture is meaningless {?] , S0

the dispersion relation is lergely affected, The physical explanation

for it is that we can't neglect the fact that because of the finite (non

zero) radial epicycle excursions of resonant stars, ezach resonance in-

fluences a region of the order ~ 2KR (~3Kpe) for our galaxy).

That causes interactions between star and wave changing the dispersion
relation, so that it leads to finite wavenumber at resonan eﬁ{%}“

By this interactions spiral density waves are amplified in the neighbo-

¢V
[&]
O
3
[o]
ot
£
ot
{,.,J.
O
o3
E.l
ot

rood of corotation; as the incident wave approaches ths
couples to and causes emission of two waves; waveangular momentum is con
sérved but the wave amplitude is incréased by [?}f@]

A= [Azz-f- A::}

where A¢ is the amplitude of forward-omitted wave relative to the inciw

1
&,

Ay (3.59)

fhere

pe Y ()R @ s

Asran

oy

Conseguently we have an increage of angular momentum & {lux



which reinforces the spiral structure.

=
I
ford
m
ot
joy
o]
m.a
1
o]
+
ot

trailing wave propagating towards the galactic center can
be reflected back by the hot bulge as a long wave: this cause a loop bet
ween R; and R, ..

By macthing conditions of proper phase and amplitude we obtain, as quan
tunm conditiam, fﬁ] the discrete value of pattern frequencyﬁﬂf and the
growth rate ¥ .

This way the structure doesn't propagate radially but its strongneas
grows with time till stationarety.

This picture leads discrete unstable spiral modes reaching observable

o

‘ , . | %
amplitude in time of the order of~A0 Y-

The gquantum condition is written as
- 2m_ 41 v

QXT = UE?

@.59)

/
where T= 97 dR

|Fw/o K )
For the fastest mode contours of constant perfurbation density and its
amplitude with location of resonance are shown in fig, with the (old
kind) rotation curves assumed,
The apparency of spiral density contour seems to be dominated by the

ME J I

short wave branch of the Lin-Shu-Theory, that therefore can approximate,

at lower order, also more complicate spirdl modes theory.



We want stress that, while theﬁealization of the importance of phisicsal
processes at corotation is a generzl result velid in any theory accoun=-
ting for spiral structure, the discrete modes theories need to be rele-
vant for the problem, that their assumption match with observations,
They are
A) Existence of ILR out the bulge.
B) The spirdlstructure is a global one.
Without &, B, these theories are irrelevants, For A, the answer depends,
as we stressed, on rotation curves: R; 1is obtained through the impli-
cit eguation

T = - K/z} (2.60)

L

:Supposing to know from fotometry the spacing between arms, the value of
R; depends so strongly both on V and on é%% (through K), that we
think that until now we have very few correct exemplesof such a computs

tion.



GLOBAL INGST: ]
Even 1f we believe in theoretical progress sbout gspiral strueture and
lzxies, we briefly examine the N-Body expe=-

E

internal dynamics of disc
riments of Global instabilities of star disks, beczuse they can teach ud

important gross scale behaviours of disc galaxies,
time integrations of the high

force

Many eauthors have amounted to brute-
S L o . 5 . . . .
1y nonlinear eguation of motion of lo gravitationally interacting par-

ticles. [I#] B &H [3]06]

The result of these experiments are: fig. (¥)
1) Disks with random motions barely sufficient to svoid locel Jeans

instabilities Vp=Vpy, tend to be grossly unstable for m=2 mode (bar),

2) Honesteusly, just a little in them looks like spiral structure

and there is nothing of long lived structure.
s (largér Vg )

3) Disks converts themselves in hotter configuratio

distortions.

=1

develop ov

and ftend of
The tendency of bar-making cen be avoided if the model Follow the empi-

0.14

£

rical rule
CREAMIZLED KiNETicAL ENEARGY

POTENTIAL ENERGY

c
&l

unless

7

It easy to show that for loeally stable disks E o4

bed< them in a rigid massim dark halo.
85

We note, that observations of flat rotation curv

TO @l

t0 Congie
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J. A. Sellwood: Bar Instability and Rotation Curves

RUN NGO 140

TIME 930 TIME 1200 TIME 1500

+ Evolving patterns in the "gas” component of a rotating disk consisting of semse 10° collisionless “stars.” Shown here are the contents
of only the central hall-squares from Figures 3 and 4 of Miller. Prendergast & Quirk (19701 During this short sequence. the total mass of “gas”
decreased from 16.4 to 16.0 per cent of the whole, owing to gradual conversion of such matersal into additional “stars.”



der only disk + halo 3D N-3Body experiments.
o <t £

Great efforts of many Authors have been - briefly described because

']

we think, despite destruptive criticism$to this approsch (for exemple

e

{ﬁﬁ ),that it is important to know how gravitation under cerfain condi

i
L

alaxies are

g

tion, behaves, though we recognise that spiral patterns in

quite too regular in order that exclude their random formation.,



CHAPTER 3

PRELIMINAR RESULTS




In this section we present some preliminar results,as
first step, to prove that the idea of an interaction bet-
ween halo and galactic disk seems to be working to explain
the structure andvdynamics of spiral galaxies.'&ﬂ

It is important to note two crucial points:

1) Despite the general believing[?ll that JL = &/

~ constant and it plays an important dynamical role,we
have that,because V™~ constant, JL- K/7. must scale as Qﬂ;
then it varies over the whole disk of a factor two,

2) Because Voo constant its derivative is an order of ma-
gnitude smaller that older models predictions.

So we have to take care ,analisying data,of discrimi-

nating the true background contribute in the derivative

from the nonaxisymmetric one.

Introduction

In studying the backgrond axisymmetric and spiral stru-
cture it would be worthwhile to find a quantity which keeps
constant whithin each obj@ct,so that it can be related in
an unigue way to the other relevant quantities and at the
éame time its value can help in describing the morphologi-
cal and dynamical stage of the galaxy.

The aim of this work is to show that ":IJ‘-'(H-"'K/Z>& is
the above-mentinated quantity and to investigate the conse-

quences of such a result,.



The costancy of ¥

Even in the smoothed rotations curves available in the.
literature small é*40}f perturbations are present due to
the spiral gravitational potential or to other peculiar non
circular motions. Though small in value th@seperturbations
-~unrelated to the axisymmetric potential- may largely affect
the derivative of the velocity field.

We therefore decided to separate the true rotational ve-
locity from the non-circular -and probabily in large part
periodical - velocity by fitting‘the rotational curves given
by Rubin et al. Eﬂf EM] from outside the bulge outwards
with a linear least-squares fit.

The smallness of those perturbations became apparent
from the high values of the correlation coefficients %
obtained for the galaxies we have studied (it is aspected
that an increase of the amplitude of the non-circular velo~-
city would enhance the scatter of the data points around

the theoretical circular velocity).

2 2 Dl N
* . : -L oy
Since it is K 4.?2. [34!-2' bt A ]
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we get

¥= v[i - 22054V &

From our fit we set
V(g)= Vot Vig $=%, G
where 1225.15 the radius defined inC{HAP I . Regardless of
the slope in(4.2) we obtained that ¥ is pratically (with-
in very few percents) constant over the whole radius.
The actual values of sﬁVQ)A and Z for each
galaxy are listed in table 4 ; we also give same examples

of the behaviour of ¥ in figure 40

v
Links of ¥ to the /L ratio .

From(4.V) and because it is

Vi= R 2¢ (4-3)
DR
2_20 o - (.
k= 30 + 2% G4

upon substitution of(4) into () ,since it is dV/dR=0,we
obtain the following differential equation

Rzz_%*aa%g_z.(v-v;;o @)

where ¢ is the axisymmetric gravitational potential.






We note that the differential equation just written
"carries" the gravitational potential in each galaxy and at

2 3 s hj 3 > Y
the same time ,considering V a dynamical parameter wich cha-

racterize the single galaxies,it describes the gravitational

potential in all spirals.

Modelling galaxies as spheres,we couple@.S) with the Poi-

sson equation in spherical coordinates to obtain the mass as

a function of V and of V¥V . We get:

< s - . - X
ML(Rye) = 6 [(3v3 8uT+ 40 dR B e 309, + V- 804 -4 T Ras 5
o - ™

We wish to stress that:
o (Res) = YL (V) @9

We alsc point out:nﬂﬁ?ﬁhat,even when the explicit and
imﬁﬁcit through Vz'dependence onVQAé are small, the dipenden-
l o
ce onV/¥, through V can be impertant.

Nevertheless , if we are interested in the general beha-
viour of the morphological classes rather than of the indivi-

duals,because <Va/\/o> ~ 0.4 ,we are allowed to write

0 (Re) = 613V -8y + 40 4.%)

ps;sv
i0ne of the most important results of Rubin et al. is

t_hat they found a relationship between the circular velocity

and and the luminosity within gﬁy . Similarly we obtain:
MB = a.v'i' bv e@%v Qég) MB: av‘f.. 6‘1 €”§v %r@mi 3

4.1
&%’ Ros = ag tbg Qoog v (4-10) &9
where the actual wvalues of Clv’b(f}(l&}é& are given ,togheter
with their uncertainty and the correlation parameters of the

fits in figure@O)fcr both Sbh and Sc classes.



From@.@} and@-'o/ﬂ)we obtain
Ma Ay
2(”‘) (Ha-ag)  (Mg-ay) 4 gozi by
%Tz%sx!o ~ 8«40 Br 10 by |+ 4x 5
Mo~ M (412)
+&%Le +-€o3[aa+ bR(”a-*ﬂF)}—&%G-o“'( o~ Ms)
From the expression@ﬁhe find the existence of a lim=t
ting blue absolute magnitude Mg_‘:’ -233
This is in good agreement with current observational es-
timates.
Substituing in eqd.§ V= V(L\ . we get a
differential equation linking the paramount dynamical quanti-
ty to the luminosity.

[ave
Link of V tc the locations of resonances

Once we have the rotation curves it is possible to obtain Q{/Rc}
Re , . if Ap is known, through the following relations
Re s RUR
262l 2 R &.13)
/Z-‘HQM\RQT. e
Nevertheless, when \j"‘ Z ng’w f“%ﬂ(‘ m- - high}, and above
all if ¥ were not a cén;tant, the resocnance radii would
connected to the backgroun&'bdynamical quantity ( €.9. A% )

and to each other in a rather complicated way .

But, since in the present work we have V const. and



V= Va‘f‘viﬂ we get straight ahead

Vo+V, Re

eV R
Re = Voﬂ\{.ﬂc

(4.14)

Re = 725
< Rp=

A straightforward application of the formulae(&%}canbe
done for those galawies which show inner (pseudo) rings [Z?]
generally considered as the manifestation of the dispersion
rings of the inner Lindbad resonances (De Vaucoleurs and
Buta, 1983).

The results are shown in table §

The galaxy NGC 7217 deserves a particular attention.

It presents three rings, two inner and one outer. As
shown in Table 5 the coincidence of the three rings
with the predicted locations of the three resonance re-
gions is striking.

Specific angular momentum and morphological types

An application to results obtained is to test, - R .
the intuitive idea that late morphological types have
available more specific angular momentum that the early types
ones, Tﬁen the quantitysﬁWp whereb is the specific angular
momentum, probably plays a role in the amplification of the
responce {(in terms of‘qnaﬁ@hamQy) to a given spiral perturba-
tion, In fact we espect that, for a given spiral-perturbation

amplitude, the higher is the value of J/ff, the larger are the

"visible, manifestationfSef that perturbing potential,

By working out M we derive a strong support to this idea,
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as is shown in Figure 44 There is in facts a one-to-one
increasing corrispondence between the values of J//"’f(' and

the De Vaucouleurs Tmorphogical types.

M e ma%a&@a&"}m'!' P




In these short review we pointed out:
1) the presence of dark haloes geems undoubteful, nevertheless all
its consequences haven't been investigated yet..
2) Consequently we have to take care, interpreting rotation curves
of their slope.
3) Locations of resonances and pattern speeds are difficult to ob-

tain too; we can know them only with a careful anslisis of internsal dy-

Let's remember that interesting theories of Fformation and survival of
spiral structures have as groun the existence of resonances,

4) Galaxies are formed by several components; nevertheless there is
no their track in the rotation: curves,

This loss of independency of different components, probabily is due to
gome mechanism coupling themn,

5) This could be related to the faet that the linear velocity of
the kinematical bisymmetrical perturbation V= (JZ:WQ)P\ Keeps constant
over the whole galaxy and represent$it better than any other guantity:
we can work out good dependency of V on Luminosity and radius Rz of

c

=

0
oM

laxy |
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