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EXTENDED ROTATION CURVES OF HIGH-LUMINOSITY SPIRAL GALAXIES. IV.
SYSTEMATIC DYNAMICAL PROPERTIES, Sa—Sc
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ABSTRACT

For a sample of 10 high-luminosity spiral galaxies, Sa through Sc, we have obtained accurate
rotation curves which extend to about 809 of the de Vaucouleurs radii. For this sample: (1) All
rotation curves are approximately flat, to distances as great as r = 50 kpc. Secondary velocity
undulations indicate rotational velocities lower by about 20 km s~* on the inner edges than on the
outer edges of spiral features. (2) Viax is correlated with Hubble type, and total mass M is a func-
tion of both V. and radius. At equal radii, M (Sa) > M(Sc). Hence, surface mass density decreases
systematically along the Hubble sequence. (3) Vuux is not correlated with luminosity or with radius.
Galaxies with similar V,,,x have radii and luminosities which differ by factors of 2 and 3. This
implies a large intrinsic scatter in the Tully-Fisher relation. (4) Masses are a few times 10"'M;, out
to the de Vaucouleurs radius, and some masses approach 10**M,, out to the Holmberg radius.
M /Ly ratios are low, near 3.5. There is a weak suggestion that M/Lg is higher for early-type
galaxies. While this is contrary to the accepted result of Roberts, masses for early-type galaxies
are systematically low in his sample, due to an extrapolation procedure based on falling rotation
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I. INTRODUCTION

In the 50 years since Hubble (1926) introduced his
classification sequence for galaxies, few systematic
observational programs have attempted to study
dynamical properties of galaxies as a function of
Hubble type (HT). The constraints have been princi-
pally instrumental. Optical rotation curves (e.g.,
Burbidge and Burbidge 1975) have furnished valuable
dynamical information, but generally only for the
inner regions of late-type spirals. Neutral hydrogen
observations have revealed integral properties of gas-
rich systems (Roberts 1975), but with limited spatial
resolution.

as indicated by the widths of their 21 cm profiles (if
available); and large linear diameters. Two of the
galaxies, NGC 4378 and NGC 7217, were studied
originally for other reasons. These, plus NGC 3672,
have been discussed separately (NGC 3672, Rubin,
Thonnard, and Ford 1977 [Paper I]; NGC 4378, Rubin
et al. 1978 [Paper 1I]; NGC 7217, Peterson ef al. 1978
[Paper 111}). Distances are determined from the cor-
rected velocities, and we adopt H = 50 km s™! Mpc™
throughout.

II. THE ROTATION CURVES
Optical spectra were obtained with the Kitt Peak and

1 INTRODUCTION

Is there more to a galaxy than meets the eye (or can be seen on a photo-
graph)? Many decades ago, Zwicky (1933) and Smith (1936) showed that
if the Virgo cluster of galaxies is bound, the total mass must considerably
exceed the sum of the masses of the individual member galaxies; ie. there
appeared to be “missing mass” in the cluster. As more data became avail-
able, the discrepancy persisted between masses of individual galaxies
determined from optical rotation curves and the larger average galaxy
mass needed to bind groups and clusters (e.g. Neyman, Page & Scott
1961).
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The dark marter that appears to be gravitationally dominant on all scales larger than galactic cores
may consist of axions, stable photinos, or other collisionless particles whose velocity dispersion in the
early Universe is 50 small that fluctuations gf galactic size or larger are ant damped by jree streaming,
An attractive feature of this cold dark matter hypoihesis is its considerable predictive power: the
posi-recombination fluctuaiion spectrum is caleulable, and it in turn governs the formatrion of galaxies
and clusters. Good agreement with the data is obtained for a Zeldovich {|5,)° < k) speciram of primordial

Fuctuations.

Wiy are there galaxies, and why do they have the sizes and
shapes that ws observe? Why are galaxies clustered hierarchi-
cally in clusters and superclusters, separuted by enormous voids
in which bright galaxies are almaost entirely absent? And what
is the nature of the invisible mass, or dack matier, thal we detect
pravitationally roundabout galaxies and clusters bur cannot see
directly in any wavelength of electromagnetic radiation? Of the
great inysledes of moedern cusinology, these three may oow be
among the ripest for solution

Because there is evidence that the mass of dark matter in the
Universe exceeds that of the visible matter by at least an order
of magnitude’, the third question may hold the key to the first
two. We now consider the hypothesis that the dack matter is
cold®™”, that is, that its thermal velacity is cosmalogically negli-
gible in the carly Universe.

Most modern theoriss o the urigin of structure in the Universe
mssume that the extreme inhomageneity of the prosenat Universe
grew gravitationally from initially very small density Huctu-
ations™®. Oune hypathesis exlensively explored’'* is thut the
dark matter (TYM) eansists af neutrings of mass - 10 £V, Because
these particles are noninteracting for 12 1 s but are still celativis-
tic at £~ 1yr when galaxy-size masses first come within the
harizon (R),, ... = ct), they would frecly strcam away, smooth-
ng cul fluctualivns ol hutzon size or smaller. We refer 1o such
particles as hot DM, and ta the phenomenon just mentioned as
damping by free streaming. The mass of the neutrinos nside
the hovizon when they first become ponrelativistic is roughly
10" M, about che mass of a supercluster { Mg is the solar
mass). This is consequently the tmass of the first structures to
collapse pravitutionally in a neutsino-dominatgd Universe,

It is also possible that the DM consiats of elementary particles
that decoupled thermally from the big bang much sarlier than
neulrinos, I1can be shown that such particles would have lower
mmher density today, and thus could be mare massive (-~ 1 keV)
and become nonrelativistic sooner than neutrines ™™, We refer
%0 this 25 warm DM, The first structures to form in such a
Universe would weigh about 10" M, ahont the mass of a
typical galaxy's""".

To conteast, in & Universe dominaied by coid DM, the free
streaming damping mass is, by definition, smaller than galaxy
masses. Below, we will discws: possible parlicle physics candi-
dates for cold DM and explain why we believe it is mnre

§ Permanent addresses: Ssata Cruz Inssitute of Pariicle Physics, Univar-
sity of California, Santa Cruz, Calitoenia Y3064, L 5A (J.R.P.}; Lnstitele
af Astronamy, Madingley Road, Cambridge CH3 UHA, LK (MR,

plansihle that the Universe is dominated gravitationaily by cold
136 than by ordinary matter [baryons) or hat or warm DM.
We next consider galaxy formation in the cold DM piciure, and
show that galaxy and cluster data compare favourably with the
predictions of this model. We then dizcuss the extend o which
the data constrein the cesmological density in the cold DM
picture, and the evolution of superclusters and voids. The cold
DM hypothesis seems lo lead 1e @ remurkably attractive theory
for galaxy formation and to accoum for large-scale structure at
least as well as any competing theory.

Evidence that dark matter is cold

Cold DM cunsists of particles having negligible thermal velocity
with respect to the Tlubble Aow and having nongravitatiomal
interactions that are much weaker than the weak interactions™.
A popular cold DM candidate is the axion'™, & pseudoscalar
field proposed eriginally to avoid large CF (constant parily)
violation in the strung interactions iwhich would imply, for
cxample, much 100 large a value for the neutron electric dipale
moment) > Instanton cllests genwiate 4 nozers axivn mass
at the quark deconfinement temperaturs [T~ 10° MeV), below
which the axions act as a nonrclativistic, massive, pressureless
Auid. The requirement Lhat the axion density be less than the
critical density implies thot the azion mass #2,3 107° cV {refs
22-24), while the longevity of helivm burning stars implies that
<1071 &V (ref. 25). Thus, il axions exist, they may be cos-
mologicelly important, aud, for m,~107" &V, they would be
gravitationally dominant. If axions comprise the Jack halu off
vur Galaay, laberatory experiments have recently been praposed
that could detect them*®,

Ancther cold DM candidate paticle is the pholioo. the spin
1 supersymmetric partner of the photon. Phatinos are thought
to be the lightest supecsymmetric patticle, with m, 7 0.5 Gev
(the lower limit corresponding to cosmological critical
density)”. As phetine anndhilatien at high temperainres is
incomplete, the remnant photinos can, becawse of their large
mass, contribute a critical density loday.

A third cold DM candidate is btack hales™ of mass
107" Mo = Mpg = 10° My, the Jower limit implied by the non-
observaiion uf ¥ rays Ituom black hole decay by Hawking radi-
arion, and the upper i equired to avoid disruption of galactic
disks and star clusters™?!, Stronger but more contraversial upper
limits are Mgy <107 My frum dwarf spheroidul haloes’® and
My, < 107 Mg, from the non-ohservation of focusing of quasar
COJ.'ESSE.
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1. INTRODUCTION

There is excellent observational evidence (1-4) that at least 90% of the
mass in the universe is invisible; that is, it neither emits nor absorbs
clectromagnetic radiation of any frequency, The detcrmination of the
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CMB & BBN
mgh? = 0.0226+ 0.0001
VS.

CMB/SDSS/DES/BO
m,h2 = 0.141+ 0.0008

> 100" discrepancy




The Plan
¥ Produce DM at LHC
T Detect halo DM particle
T DetectDM annihilations




