interior angles of a triangle...| 80 degrees?
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parallel lines!?

Z.ero curvature Positive curvature Negative curvature




mass curves space locally too
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Orbits can be understood in terms of curved space




Prediction: the Sun bends starlight that passes near it
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is that light is just following the shortest

path (geodesic) in curved spacetime

instein’s view

=




1919 eclipse
expedition
confirms the
bending of
starlight by the
Sun... quantitative
agreement with
Einstein (2 times
bigger effect than
Newton)



X Aclual Posit A en! Posilion

ocf ‘;gc S?é:’on * /‘ pop’_c'r"‘c Slar ‘ N
Dislonce from the Earth " /
fo the Stello Beckoround

is more than
95,000.000,.000,.000 miles.

This Dicgrem shows the

proportional Displacement
of the Stors inrelotion o
the disfance from the Sun

The omount of Displacement
is exaggeroted abou! 600 Times

b

Appoarent Posilion: 4
Acluel Posilion =

THE SUN

Dislance froe¥ <
l the Eaorth v
93,000.000 miles

THE SUN

AFRICA

ATLANTIC
OCEAN

Showing Path of Tolal Eclipae of Moy T8-29, 1919,
and posiliona of the hwo ObservalionSklions,

P, SN S 3 i
i\&‘“.‘ THE ORSERVATION STATION (W, —
X AT SOPRAL, IN BRAZIL T The Corona




Quasar

E

Real . - '_f e ' . . Chandra

Quasar

- View from Chandra-







Smithsonian building on the Washington Mall, with a Saturn-mass
black hole halfway between the building and the observer




galaxy clusters are the largest single entities in the universe; we'd like to
measure the mass in galaxy clusters to sample ), on these scales

--Line of
« Sight

CLUSTER OF
o GALAXIES

GRAVITATIONAL
LENSING:

A Distant Source

Light leaves a young,
star-iorming blue galaxy near
the edge of the visible universe.

A Lens

Of ‘Dark Matter’
Some of the hight
passes through a large . . - .
cluster of galaxies and sur- SO PNTEP \ 2 EARTH
rounding dark matter, directly in the : R ,L,ﬁ;",',’,ﬁj, > 28 \ ,‘. =

line of sight between Earth and the ‘>, path : ) iy
distant galaxy. The dark matter's gravity " s WAY

acts like a lens, bending the incoming light.

Focal Point:

Earth

Wast of this light is
scattered, but some is
focused and directed 1oward
Earth. Obsarvars see multiple, . Toay Tysoe, Gre Kochanski and
distorted images of the background 3 R s
QEI|8X}’. The New York Times




foreground galaxy cluster lensing background galaxies
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by modeling the observed lensing, the mass distribution in the cluster can
be determined along with the total mass of the cluster: this “weighs” both
regular baryonic matter and dark matter

3 : p
Gravitational Lens in Abell 2218

PF95-14 - ST Scl OPO - April 5, 1995 - W. Couch (UNSW), NASA
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purple is x-ray emission from hot (> million K) gas

~-

most baryonic matter in the universe is this hot, cluster gas



