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DARK MATTER TOMOGRAPHY

TONY TYSON
Bell Labs, Lucent Technologies
Murray Hill, NJ 07974

LECTURE 1

1. COSMOLOGICAL MOTIVATION

STANDARD COSMOLOGY (1980’s):
Q=1

Qmatter ~ S_Zl-'ir’f,’\-ff"aﬂrm ~1>> gzbaryon

CURRENT MODEL:
Qmattﬁr ~ QH’I:\-IP,u;ciUn ~02-04>> Qbaryon
Either Q 41 or A # 0

i.e. either Q = Qatter < 1, OF Qpatter + 04 = 1

Fither way, we are led to new physics. The nature and distribution of dark matter plays
a central role.

Most of the matter in the Universe is of unknown form and dark: Stars (and related
material) contribute a tiny fraction of the critical density, Qu, = 0.003 & 0.001A~ ~ 0.004,
while the amount of matter known to be present from its gravitational effects contributes
around 100 times this amount, €2, = 0.3 & 0.1. The gravitational mass of dark matter
is needed to hold together everything large in the Universe — galaxies, clusters of galaxies,
superclusters and the Universe itself. A variety of methods for determining the amount of
matter all seem to converge on Quamer ~ 1/3; they include measurements of the masses
of clusters of galaxies and the peculiar motions of galaxies. Finally, the theory of big-
bang nucleosynthesis and the recently measured primeval abundance of deuterium (Burles
& Tytler 1997) tightly constrain the baryon density: Quaryon = (0.02 £ 0.002)h™* ~ 0.05.
The factor of ten discrepancy between this number and dynamical and lensing measurements
of the matter density is evidence for nonbaryonic dark matter.
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2. DARK MATTER TIMELINE

Dark matter leads to large scale structure formation, via gravitational instability. How much
is there and where is it?

Zwicky (Phys. Rev. 1937, 51, 290). |[knew it all]

Rubin & Ford found non-Keplerian orbits for stars and gas in spiral galaxies, implying
enclosed mass rising ~ r, and dark massive halos.

Press & Gunn (1973) showed that © ~ 1 in dark compact objects would produce too many
"Einstein rings.”

First cosmic mirage discovered. Walsh, etal (1979) find a doubly lensed quasar Q0957+561.
The lens: a foreground galaxy with massive dark halo.

In the 1980’s it was realized that dominant mass dark halos were good: they stabilize galaxy
stellar disks.

Galaxy dark matter halos: Big, but how big?
Clusters of galaxies: Even bigger. (10% c¢m)

Two kinds of dark matter, two problems. Hot and Cold. Baryonic and non-baryonic. Most
of the baryonic matter is dark. Most of the dark matter is non-baryonic.

Have we found it all?
A key problem with viewing our Universe: we’'ve been looking under lamp-posts.

Need to weigh space.

3. CLUSTERS: THE PLACE TO BE AND BE SEEN

Our view of the Universe traditionally has been baryon-biased: we see or detect luminous
objects. Yet for the past 15 years it has become more certain that the Universe is dominated
by non-baryonic dark matter (Blumenthal etal 1984; Peebles 1993). Nevertheless, luminous
objects — through their dynamics — may supply indirect estimates of the underlying mass.

As overdense regions in the Universe grow, some of them become sufficiently overdense
that they "freeze out”; inside some radius they overcome the expansion of the Universe.
As their density rises into the non-linear regime their internal density fluctuation spectrum
bears little resemblance to the primeval spectrum. However, it is hoped that at least their
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Nebulae as Gravitational Lenses

Einstein recently published! some calculations concern-
ing a suggestion made by R. W. Mandl, namely, that a star
B may act as a “gravitational lens” for light coming from
another star A which lies closely enough-on the line of sight
behind B. As Einstein remarks the chance to observe this
effect for stars is extremely small.

Last summer Dr. V. K. Zworykin (to whom the same
idea had been suggested by Mr. Mandl) mentioned to me
the possibility of an image formation through the action of
gravitational fields. As a consequence I made some calcula-
tions which-show that extragalactic nebulae offer a much
better chance than stars for the observation of gravitational
lens effects.

In the first place some of the massive and more concen-
trated nebulae may be expected to deflect light by as much
as half a mi_nufc-' of arc. In the second place nebulae, in
contradistinction to stars, possess apparent dimensions
which are resolvable to very great distances.

Suppose that a distant globular nebula A whose dlam-

eter is 2¢ lies at a distance, a, which is great compared with -

the distance D of a nearby nebula B which lies exactly
in front of 4. The image of A under these circumstarces
is a luminous ring whose average apparent radius is
8= (yero/D)}, where v, is the angle of deflection for light
passing at a distance 7, from B. The apparent width of the
ring is A8=¢/a. The apparent total brightness of this
luminous ring is g times greater than the brightness of the
direct image of 4. In our special case g=2la/tD, with

= (yoroD}. In actual cases the factor ¢ may be as high as
g=100, corresponding to an increase in brightness of five
magnitudes. The surface brlghtness remains, of course,
unchanged.

The discovery of images of nebulae which are formed
through the gravitational fields of nearby nebulae would
be of considerable interest for a number of reasons.

(1) It would furnish an additional test for the general
theory of relativity.

(2) It would enable us to see nebulae at distances greater
than those ordinarily reached by even the greatest tele-
scopes. Any such extension of the known parts of the uni-
verse promises to throw very welcome new light on a
number of cosmological problems.

(3) The problem of determining nebular masses at
present has arrived at a stalemate. The mass of an average
nebula until recently was thought to be of the order of
My=10" M, where M is the mass of the sun. This esti-
mate is based on certain deductions drawn from data on
the intrinsic brightness of nebulae as well as their spectro-
graphic rotations. Some time ago, however, I showed®
that a straightforward application of the virial theorem to
the great cluster of nebulae in Coma leads to an average
nebular mass four hundred times greater than the one
mentioned, that is, My'=4X10"M . This result has
recently been verified by an investigation of the Virgo
cluster.® Observations on the deflection of light around
nebulae may provide the most direct determination of
nebular masses and clear up the above-mentioned
discrepancy.

(1937)
’rm; _E'_D-{TO_I_{_

A detailed account of the problenis ‘sketched here will
appear in Helvelica Pkyn'sa Acta.

- F. Zwicxy
Norman, Bndec Labo tory,
California Institute of T:chnology,
Pasadena, California,
January 14, 1937.

t A. Einstein, Science 84, 506 (1936).
1 F. Zwicky, Helv. Phys. Actiﬁ 124 &1933}.
3 Sinclair Smith, _Astrophys J. 83, 23 (1936).

Emergence of Low Energy Protons fram Nuclei

In some experiments recently. described! the emission of
protons in alpha-particle induced transmutations has been
studied. In several cases the interesting fact was noticed
that protons of relatively low energy were emitted in
considerable numbers. Thus for each of the reactions

Al 4 HelsSit0 H!,
Pu 4 HetrS# +HI,
ClI3% +Het—A 4+ H1,
Cat*4HelsSce+H!, - .

a group of protons of maximum range 20 cm or less is found
and the yield is in general large (more than one-third of the
total number of protons emitted). In each case protons of
range 10 cm are observed with no apparent diminution of
the probability of emission. The question arises as to how
these low energy protons get out of the composite nucleus,

In recent experiments in this laboratory the excitation
curve for the emission of neutrons from argon under alpha-
particle bombardment has been plotted and the nuclear
radius found to be 7.3X1073 cm’ Wwhich is in accord with
Bethe's revised radii for the radioactive elements? and may
be taken as a basis for calculation of the nuclear radii of
Sj, S _A#®; Ca*? and Sc¥. Other evidence (e.g., scattering
experiments) indicates, if anything, smaller radii than those
found in this way. In Table I are given the radii so calcu-
lated, together with the heights of the corresponding proton
barriers and the range of a proton just able to surmount
them. It will be seen that in every case the experimentally
observed ranges are smaller than necessary to scale the
barrier. It therefore appears that we can draw one of two
significant conclusions from the experimental data. Either
barriers to emerging protons are abnormally low or the com-
posite nucleus containing the final product element and the
proton has a finite hifetime sufficiently long to enable the
proton lo leak through the barrier. The latter view, which is
in accordance with Bohr's conception of transmutation,’®

TasLe L.
T : PrOTON RANGE EXPERI-
NUCLEAR BARRIER TO ScaLE MENTALLY
Probucrt Rapius HEmenr BARRIER Fouxp
NucLEus | (X 10%cm) (Mev) (cm) RANGE
Si® 6.7 T 3.0 14.0 <10
SM 6.9 3.3 16.5 <10
A® 7.2 3.6 19.0 <10
Ca® 7.4 3.9 22.0 14
Sew 7.5 4.0 23.0 <10

o]
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matter content is representative of the Universe. It is probably too much to hope that their
mass-to-light ratio is also representative. Nevertheless, traditionally they have been found
via their radiation (optical light or X-ray). Until recently, the masses of galaxy clusters have
played a dominant role in our understanding of dark matter problems.

Cluster masses can be estimated by three different techniques which, on scales of 1
Mpe, give consistent results. The first, which dates back to Fritz Zwicky (1935), uses the
measured velocities of cluster galaxies and the virial theorem to determine the total mass
(l.e., KEg =~ |PEz|/2). Assuming further that the mass-to-light ratio of clusters is the
same as the mean mass-to-light ratio in the Universe, Carlberg etal. (1996) combine their
measurement of the dispersion of velocities of hundreds of galaxies in several clusters find
with a measurement of the mean light density to arrive at an estimate of the mean mass
density: Q,; & 0.25. If clusters have more luminosity per mass than average, this technique
would underestimate €2,;.

The second method uses the temperature of the hot X-ray emitting intracluster gas and
the virial theorem to arrive at the total mass. In this method, one must assume that the hot
gas is pressure supported and in equilibrium. The density and temperature profiles of the
hot gas must also be obtained. Usually T is not mapped, so isothermality is assumed when
inverting flux maps to get the potential.

The third and most direct method is using the gravitational lensing effects of the cluster
on much more distant galaxies. Close to the cluster center, lensing is strong enough to
produce multiple images; farther out, lensing distorts the shape of distant galaxies. The
lensing method allows the cluster (surface) mass density to mapped directly. [In the following
I will use h, the Hubble constant in units of 100 km s™! Mpc™!. Recently h has been measured
to 10% accuracy, h = 0.67 + 0.07 (Garnavich etal 1998).]

X-ray measurements more easily determine the amount of hot, intracluster gas; most
the baryonic mass in a cluster resides here rather than in the mass of individual galaxies
(this fact is also confirmed by lensing measurements). If we can assume that clusters are
fair samples of matter in the Universe, we can use baryogenesis to get an indirect estimate
of Qu7. Together with the total cluster mass, the ratio of baryonic mass to total mass can
be determined; a compilation of the existing data (Evrard, etal 1996) gives Mp/Mror =
(0.07 + 0.007)}1"'3)’2 ~ 0.15. Invoking the "fair sample” ansatz Qp/Qy = Mg/Myor, the
accurate BBN determination of Qp can be used to infer: Qy; = (0.3 & 0.05)h~ /2 ~ 0.4.

Traditional methods of estimating total mass of clusters are indirect: mass estimators
based on kinematics or X-ray flux maps involve models of orbits or the state of the hot gas,
leading to potential systematics in the derived gravitational potential. While the dynamical
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N, Baheall & X, Fan. PNAS. 1998, 95
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evidence for dark matter is strong on scales from galaxies to superclusters of galaxies, it is
worthwhile exploring independent observational techniques which do not rest on assumptions
about the orbits of test particles.

4. INTRODUCTION TO LENSING

Gravitational lens distortion of background galaxies enables calibrated measurements
of the distribution of dark matter in the Universe. This lens phenomenon is most naturally
divided into two broad classes: weak lensing and strong lensing. In weak lensing the grav-
itational deflection angles are very small and single sources produce single (but distorted)
images. In strong lensing, sources appear highly distorted and can form multiple images.
Whether a given source is weakly or strongly lensed depends on the impact parameter of
the ray: whether its image appears outside or inside the critical ”Einstein” radius. For an
excellent tutorial, see Narayan & Bartelmann, astro-ph/9606001.

The large number of potential sources in the wide area outside the critical radius of a
foreground lens offers the possibility of statistical tomographic reconstruction of the mass
distribution in the outer parts of the lens. This weak gravitational lensing provides a direct
measure of mass overdensity on large scales (several kpc to tens of Mpe, depending on the
distance and compactness of the lens). Through comparison with large N-body simulations
for various cosmogonies, this new window on mass in the Universe constrains the nature
of dark matter. For example, light neutrino hot dark matter collapses into large structures
first, creating top-down structure formation: deep large potential wells come first, small
galaxy-sized masses come last. But this relativistic (hot) dark matter clusters on large scales
but free-streams on small scales, preventing galaxy formation (in the absence of dominant
cold dark matter) (White, Frenk & Davis 1983).

Strong lensing analysis constrains the mass distribution in the parts of the lens which
exceed the critical density for image splitting. In cases where multiple images of a source are
created by the lens, the details of the position and distortion of these sub-images are highly
sensitive to the projected 2-dimensional mass distribution in the lens.

In weak lensing it is necessary to average over the apparent orientation of tens of sources
for each resolution element: typically, weak lens statistical inversion uses thousands of "ar-
clets” (distorted background galaxies) over a wide field. The largest source of noise in weak
lens inversion of deep optical images is the ellipticity noise of the source population itself.
A number of non-parametric algorithms have been developed for inverting the arclets, and
regularized approaches tend to avoid edge effects and systematics near the strong lens regime.






