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matter that produces so little light (or no light)
that we cannot see it

Escape velocity

Orbital velocity
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dark matter = stuff we can’t see but that we can
infer to exist from its influence on other objects

But it is proof of the idea that an ‘unseen’ object can
influence the movement of a visible object
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can be inferred from the

behavior of other objects
cannot be discovered directly in any kind
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Coma galaxy cluster

Cold" Dark Matte

Comal , 50X more cold dark matter
han cold visible matte
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Chandra X-ray tele‘scope image 0&1&; galaxy cluster RDCS 1252.9-2927

Emission
from 70-
million-
degree gas
1S seen as
the purple
and white
fuzz and
blobs.

The X-ray image is presented on top of a visible light image of the cluster (all of the
small dots and smudges are the galaxies seen in visible light).
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Chandra X-ray tele‘scope image 0&1&; galaxy cluster RDCS 1252.9-2927

Emission ten times more mass in hot

from 70- Mintracluster gas than inside
million-
degree gas
is seen as
the purple
and white
fuzz and
blobs.

The X-ray image is presented on top of a visible light image of the cluster (all of the
small dots and smudges are the galaxies seen in visible light).
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Does this solve the problem identified by Fritz Zwicky?

Zwicky needs fifty times more
mass (somewhere in galaxies
or in intracluster matter) than

€ can S€C
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so even this hot, bright X-ray emitting gas is not enough mass
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Can use this to measure ALL of the mass
INSIDE an object’s orbit
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4 - CO-HIl REGIONS, BLITZ, FICH, AND STARK (1982)
~a= = BURTON AND GORDON ROTATION CURVE
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Fi6. 3—Plots of the rotation speed versus galactocentric radius. The solid lines correspond to the polynomials, and the dashed lines are the BG rotation curve. (upper paned)(Ro, 05) = (10 kpe, 220 km
577); Uower panel) (3.5 kpe, 220km s ™),

rotation curve
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20,000 10,000

Distance from galactic center (ly)

mass is distributed throughout galaxy and we don’t see it
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at least 80% of mass is not emitting light: cold dark matte

ROTATIONAL VELOCITY (km s-')

DISTANCE FROM NUCLEUS (kpc)
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Virtual image

of galaxy

Virtual image *
of galaxy
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The Einstein Cross

foreground
galaxy

4 lensed
images of &
background

quasar

Gravitational Lens G2237+0305
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galaxy cluster CL0024+1654

(shows multiple, distorted images of same background object)
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galaxy cluster Abell 2218
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The Grand Experiment!

the hot X-ray emitting gas is where we predicted;
It appears to provide most of the lensing mass (as expected)

29

"-The Billet Cldster
P . : e ]
;. o’ . :" ' (

; sfnall_er galaxy. cluster
I moving toward upper right*,

Bigger gkxyély.ster
» “ moving teward lower left -
(I.ight-emi.@ting normal matte* -
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i =®. e iThe Bullet Cluster
]|ght—eiﬂlttln9 nor-mérmatter; .-. Reb' :'X'L‘ay Gas

L

M : . 10X more mass than norgnal .
s Wiass found inside galaxies an .
i * 12X mpré*mass than edld dark

e : matter found inside galaxies

[@ravitational lensing sh
“ occur in these locations *

-

4
Dark inatter;‘ g

5%'mofe mass than **
found in X-ray c.louds :

Gravitationaxnsing
ocgurs in theséMocations. &

v ? -
)
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-The Bullet Cluste
® Red :'X-gay Gas

»

SIS0 most of mass is NOT where we expected| . .
This is the cold dark matter identified by Zwicky S

.

High velocities of galaxies in clusters

Flat rotation curves of spiral galaxies + hot X-ray gas

gravitational lensing

BUT WHAT IS COLD DARK MATTER?
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