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Cosmic Times'

Curriculum support materials that trace our changing
understanding of the expanding Universe over the past century

Includes:

6 posters resembling
newspaper front pages'

2 newsletter versions for'
each poster, one at a
differentiated reading level'

4-5 lesson plans for each = (D3
poster exploring e -l
fundamental science, social'
context, and reading skills '

You will receive a DVD containing all of these materials at
the end of this workshop




The yearis 1919..."

*+What's going on?
+What's going on in science?

+What is your view of the Universe?

£ Infinite

** Unchanging/static * Ageless'




Enter Einstein

+ What is Gravity?

+ Gravity is curved
space-time
> Gravity bends light.

Amount of deflection
differs from Newton’s
prediction

\l,
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> 1919 Solar Eclipse verified
Einstein’s prediction

Age of the Universe:
Infinite

CosmiC TIMES

SUN’S GRAVITY BENDS STARLIGHT
Einstein’s Theory Triumphs
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Why a Solar Eclipse?

Eclipses and Moon Phases'’



Unchanging Universe?

Einstein’s theory
Implies universe is not
static - it's expanding
or contracting.

Einstein was troubled
by a non-static
Universe.

Cosmological Constant
keeps the Universe
static.




1919 Lessons

Einstein and His Times

% Should Einstein be 1919’s “Man of the
Year” ?

Two Versions of Gravity

* Compare Newton's & Einstein’s gravity
Einstein’s Gravity

% Create a model of Einstein’s gravity



Other 1919 Stories

Age of the Universe:
Infinite

Cosmic T1

1919

Size of the Universe:

t Years

SUN’S GRAVITY BENDS STARLIG,
Einstein’s Theory Triumphs

“One of the greatest— perhaps the great-
est—of achievements in the history of human
thought” was what Sir Joseph Thomson, Presi
dent of the Royal Society of London. called Dr.
Alber Einstein’s prediction. which was appar-
catly verified during the total eclipse of the Sun
May 29 last.

Sir Jaseph made his prosouncement during
a discussion of the results from observations of
the salar clipse 3 a joiat mecting of the Roy-
al Saciety and the Royal Astronomical Socicty
in Loadon on Thursday evening. November 6.,
before a large attendance of asironomers and
physicists. The excitement n the air was almast
palpsble as it scemed gencrally accepted that
the obscrvations were decisive in verifying the
prodiction of Dr. Einstcin, Professor of Physics
a1 the Universiy of Bertin and Discctor of the
Kaiser Wilhelm Physical Insitute.

‘The prediction

According 1o the gravitational principles
cnumciated by Sir Isaac Newton in his classic
work Optics some two centuries ago, a ray of
Tight from  distant sar just grazing across the

thus its gravitational fiekl. Newton thought of
pravity as a force that pulls things toward an ob-
the bigger the object,the stronger the pull.

“The most massive object in the vicinity of
the Earth s the Sun. S0 according to Newlonian
peinciples. a ight ray from a distant star graz-
img the edge of the Sua shoukd be anracted of
bent by the Sun's gravity by an amoant cqual
10057 scconds of arc. To b sure, that angle is
very small, about cquivalest 10 a human hair at
75 foct: but it i actually measurable on today’s

the Sun and the stars o be photographed at the
same time.
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According 1o Dr. Einstein, gravity. like in-
e, doear pul. e
curves space and time sumounding the object.
The amount of curvature is proportional to the
amount of mass. The curvature of space then
curves the paths taken by rays of light.

insicin’s theory, which i highly math-
ematical, predicts that the curvature of
around the Sun should bend starlight by twice
s much as Newton's theory predicts: 1.75 sec-
onds of arc, Thus, Dr. Einstein predicts that 3

Led by Dr. Andrew
Cromessin from the Royal Observatory. i 3t

acly as rmanged. bo out of he 16 plaies
oaly two showed as many as five stars cach
Prof. Edfington was also uaable 10 stay several
more manths 10 take check-photographs of the

Sir Frank explained in detail the apparatus
both expeditions had cmployed. the way the
photographic plates were measurcd back at the
Greenwich! . the corrections that had
e made for various disturbing factors, and the
methods by

MT. WILSON ASTRONOMER ESTIMATES
MILKY WAY TEN TIMES BIGGER THAN THOUGHT

But Disputes Suggestions that Spiral Nebulac are Other “Island Universes”

iscoidal” (disc-shaped)

Dr. Shapley has concloded that “our

‘The Milky Way isa*
o stars

son astroncmr.
be claims, he Tots cdge than

1 the dimensions of

0 its cemter. But he dispuses the hypotheses of
other atronomers that scores of spiral ncbalac
scen in the stary heavens are other galaics,
o “istand universes”, tha resemible the Milky
Way.

ters.” The ccnier of ourdiscoidal sidereal system
i distant from the Earth some twendy thocrand
parsccs” - more than 60.000 lght-years —inthe
diretion of the comsclston Sagitarius.” Dr.
Stapley continucd.

crcicl md obeerved p.-um ad been mad.

series of ihrough-
oat 1918 and 1919, the prolific Dr. Shapley ex-

cepeed astronomical wisdom.

il the last year

He convinced
defnite and conclusive, ad that dflcton did
take place. He also asserted that the measure-
meats showed that the extent of the deflection
was in close accord with the theorctical amount
peedicted by Dr, Einstcin, s opposed to half of
that amount, the amoust thas would follow if the
principles of Newton were correct

“Afier a careful study of the plases 1 am pee-

ishing detail, as of

ing
inch reflector of the Mount Wikson Observatory
in southem Califoria. His particulae subject of
interest s globular star clusicrs—ncarly spheri-
cal clusers of hundreds of star that have loeg
puzzled ‘because of their peculiar
wims i oaly certain parts of the sky. When

aguely
censer of the radivs of the
galactic system was of the order of 1000 par-
secs. he said (1,000 parsecs is more than 300
light-years). Some astrooomers thought the
galactc system might be as large as 10000 o
20000 light-years across. Bt according 1o Dr.
Stoply. e pniomof gl s nthe

confnm Binsea's predicion” Sir Frak de.
clared.

1914,69 globelar
chsers wer Known: by the tme e complted
his workin 1918, Tiothe

that light is defected in accordance with Ein-
stein's baw of gravitation.”
“For the foll effect that has been obtsined,

fist.
In addition t0 pinpointing the exact position
heals

hat the.
actual diameter of the galactc system s ot e
order of 100,000 parsecs”, This is a staggering
distance. 300000 light-years across.
mose than 10 times larger than any other astron-

the new law
propused by Einsicin- sdied Pof. Edingion
“This is one of the most crucial tess between
Newton's i and the proposed pew law

WHY A TOTALSOLAR ECLIPSE?

Acconding 10 predictions by boeh Sir lsaac
Newton and D Albert Einsicin, a ray of light
(s seen from

s i pusses by the limb (odge) of the Sun, Suc

tioas. specifically whether they were approach-

inerpretation of spieal assellar oeganizations of &
D, Shapley

Dr. Shapley & .
al forces on the clusters, to leam whether they
were revolving arousd a common center, 3nd if

aid, -
rals were incoeceivable disances away in spoce.
Toceiagle” bl ‘Ii-lyh‘;!ll\wl.l

s0. gl
determine the distances of the globalar chusters.
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vasiables pioncered by Miss Hearietta Leavitt
of Harvard Observatory. e also looked at ir-

palactic

bundred millon light years”. Simslary. the aver-
29e proper ions seggeted b the cirefel obe
servational measarements of several astronomers

regularly-shaped clusters of star, the so-called
“open clusers”

deflection woukd make the star book sightly far-
y y

Dr. Einsein's theory of relativity, however,

In sho, Dr. Shapley conchades, many observa-

his wife Martha B. Shapicy. Dr. Shapley bas pub-

be double that predicted by Newtonian mechan-

e hypabess o e sprl bl

es, The . for  star whose ray of
Tight justgrazes the i of the Sun, woukd be 1,75
dsof

the beginning of the path of totality.

(07 arcsecond). The appurces posiios of stars

Shicotake dring saliya et o hosographsof
the obscured Sun alon with a number of bight

“The mere stars aroued the Sun during a solar
clipse, and the moee photographs astronomers
ake,

betwoen Dr. Einstein's and Sir lssac’s

EXPANDING OR CONTRACTING

Einstein’s Theory Predicts Universe Must be Doing One or the Other
Einstein Says Neither

In 1917, Albert Einstcin and the Dutch

thory o vty ok desrie gy sl wivese

llem de Siticr showed that Einsicin's

Each year on May 29, a5 the

At

ray of light
of the Sun o its way to the Earh, woukd saf-
fer twice the deflection peedicied by Newtonian
peinciples

“The amount by which starlight is deficcted

ing the validiy of the Dr. Einsicin's Theoey of
Relativity

porpo
o ascertain whether the light from these stars
as it passed by the Sun came as directly toward
the Eanth as if the Sun were pot there, o¢ if there

pass in froak of the Hyades in Taurus. a clusier of
stars 50 bright they are clearly viible 0 the naked
eyein winter

The cnly time stars are visible in the sky

from one

collapsing upon one

Bt Dr. z.mw. s devce of he book Etkic by Dutch phiksaper Spinazs, quoed fom
h

s,
D B’ mode peciced te e o Illg stars would be expanding or moving apart
O they

f they were all
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the same thing.

presence. “The
effec of the predicied gravitational bending of

mostof the Sun's Nud-
ng light. A

the ray of light i to throw the
ofthe star away froe the Sun.” 3 Sir Fraak_If

May's solar eclipse

cin made his peedicion in a paper
poblished in 1916, in the middic of the late
Great War between England and Germany. But
a neutral

b mad of how far the stars would appar on
the photographic plates from theis theoretical
ions,
The Royal Observatory party arrved in Bra
7il in ample time to prepare for hecdrv-eand
felds.

Dr. Einstein’s published poper through war-tom
Europe 0 England. Ther it was read by Profes-
sor Anthur Stanley Eddingion. Pluenian Profes-
sor of Astronomy and Experimental Philosophy
1 Cambridge University—the same chair and
university where Newton pioncered his great
theory of gravity.

Although astronomers who had read earlier
unpublishd dralts o Einstcin’s paer 1ied (0

Cpeoed cloady bt cleaed e, and the obser
vations were carried out with almost

success. The observers stayed on in Brazi uatl
eyt e e s G o e siht hy 0
e of

wluallwd 1919100k pe nvﬂmMny .

T o iy e e of M
e Ao (dar ;e ety s

fellnmewmenn condiions. The photographic
plates immediate-

e pitonsof e expodions ed
T Gt O, (1 sod o Tl

Iy afier the observers® fetum, cach plate being
measured twice over.

o 1912 and 1914, they were fokd by lowds

start of the Great War. But 3 study
of the conditions of the 1919 solar eclipse
showed that the Sun would be very favourably
placed amongst a group of bright stars at that
time. Moreover,the Sun's light would be totally
blocked by the Moon for over five minutes (see
“Why a Total Solar Eclipsc?), allowing both

()

imamutable

—
“We can add, on the leftside of the field equation —for the time being — an unknows universal

calls the-

comstant.” Dr. Einsein sid. explaining the quanity he desgntes by the Greek leter lambcs. and
E thereby..

‘would be neither expanding nor contracti
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Tong by 4 miles wide. “We soon realised that the
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ot very good.” recounted Prof. Eddingion. The
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the eclipse, bot sbout half an hour before total-
ity they canght glimpses of the Sun's crescent
through the clouds. They took photographs ex-
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How Far Away are “Spiral '
Nebulae™ g

In 1920, astronomers''
pondered the distance to
the “spiral nebulae.”"

% Recall article on Shapley in 1919

Harlow Shapley and Heber Curtis debated
whether they were within our own Galaxy or
outside our Galaxy

Shapely won the debate with his arguments for
the spiral nebulae being part of the Galaxy.




Cepheid Variables'’

Henrietta Leavitt observed
pattern in the variability of
Cepheids - a brighter star
had a longer period

By measuring the
observed luminosity, and
Knowing intrinsic
luminosity we can
determine distance

LO OCL,-/I’Z

rrrrrr
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Using the Standard Candle

Hubble used the 100"
Telescope at Mt Wilson -
the first to provide the
aperture and resolution to
resolve the stars in'
Andromeda’

Using the Cepheids, he
determined distance to
Andromeda to be 900,000

LY™' Despite winning the debate,
That distance is too far to Ehipfly ‘I’T’as V‘;r‘.’gg!tfp:\"ﬂk
lie within the Milky Way Weay“ ae fie outside the WKy

* actual dist. is 2.8 million LY 1



But Wait, There's more ...

Vesto Slipher
showed the “nebulae” /
were red-shifted. . FEaill
% |.e. moving very fast ;
away from us.

Hubble put together s o
the redshifts W|th Hubbles' Original Data
their distances.

Universe is expanding!

12



“Cosmological Redshift”

“Doppler” redshift would require the
galaxies themselves to be moving at very
high speeds.

Friedmann (1922) and Lamaitre (1927)
abandoned Einstein’s static universe, and
showed that space-time could expand.

% Then wavelength of light would stretch in
response to space-time’s stretching.

13



Scientists Game''



Unsung Heroes:’
| esser Known Astronomers '

Objectives: The students identify and
describe unfamiliar scientist “heroes”

that contributed to the field of
astronomy.




1929 Lessons

Discovering the Milky Way
% Students study the Cepheid P-L relation

Just How Far is that Star?

% Determining distances using apparent and
absolute brightnesses

Cosmic CSI

% Elemental Composition through Spectra'

Determining the Universe
% Students reproduce Hubble's Law

16



Other 1929 Stories

Age of the Univers
2 Billion Years

CosMic TIMES

1929

280 Million Light Years

Size of the Universe:

Andromeda Nebula Lies
Outside Milky Way Galaxy

SpiralNebulae areindeed “Island Universes™

Dr. Evin

Wy Galary:

Astronomer Edwin Powell Hubble, of the

the mystery of the spiral nebulac, the great
heavenly objects that appear as hazy pin-whels

sky. He has determind that these objects
are much moee distant than previously thought
and therefore are galaxies themselves, rather
than part of oar own Milky Way Galavy. In the
process, Dr. Hubble was also able 1o determine

directly related 10 their average beightaess: the
loager the period, the brighter the star. The Small
Magellanic Cloud (SMC) isa massive aggregate
o stars visible i the southem bemispbere, and
since all of these stars were in the SMC., they
were at roughly the same distance from the
Eanth. Each Cepheid's intrinsic brightness was
dircetly related to its period.

Soon afier Miss Leaviet’s discovery, Shapley
began systematically scarching for Cepheids in

Hubble's observations vindicate the views

Debate’ Resobved” articl). Curtis maintained
that eight iffuse nebulae are relatively close o
Earth and are partof the Milky Way. while spiral
ncbalac are at great distances and pot part of the
Milky Way.

On December 30, 1924, Hubble ansounced
that he had taken photographic plates of a few
beight spiral ncbalac with Mount Wilson's

¥ : ghobes

of tens of thousands of densely-packed strs.

He used the period-luminosity relationship 1o
obul

Universe is

Using the 100-inch Hooker Telescope at
Mouat Wikson Observatory. Dr. Edwin Powell
Hubble bas studied a variety of spiral nebulac
and cstablished that they arc moving away from

Expandin

“Red Shift” is Proof of Einstein’s General Th

Although Hubble's woek prescats a tremen

ous breakihrough in our understanding of the
wniverse, one big question remains. How far ot
0 e s o i B The 106

ing universe. He has further detcrmined that the
spocd of motion increases with grester dnlal\\‘
Hubble and his Humason
measured the radial velocities and distances of
twenty-four of these nebalae. Bocause they are
mi 2 50 quickly, their Iigm»:\ﬂm\m«w

ive Cepheids in only m
In

“Great Debate” Resolved

Dr. Hubble's discovery scitles the “Great
Debulc” aver the size of our own Milky m.,
oy and the distanc

o v on he < cpporing views of asrono-
mers D Harlow Shapley of the Mouat Wilson

Ry viible, Hubble hs semtifed he ot
Tuminous individual stars, some 5010 100 times.
brighter than the Cepbeids. He uses these lumi-
mous stars as standard candles for more distant

objects.

e detect
herm—owardherod o ei«\mm-un«u
spectrum, 3 phenomenon known as “redshifl.”

will only take Hubble so far. To measure even

ber D. Curtis 3t Ihe U
versity of Califormia’s Lick Observ
Shupley's s had o i comeeptof
the Milky Way as an enormous galaxy of stars
some 300,000 light years across, moch langer
most previous estimates. His model also
held that the Solar System is far from the gal-
axy’s center and that all ncbulac, ncloding spi-
nal nebalae, the Mitky

The team noticed that dimner, moee distant ob-
jects have a langer redshifl than objects closer to
Earth. As reported in a rocent paper, Hubble's
measurcmcats led him 10 a usefl velocity-dis-
tance relationship: redshifls increase in direct
peoportion 10 their distance from us.

Hubbie’s initial analysis reveals that for ev-
ery million parsecs of distance, the velosity of
the spiral ncbulac increases by approximately
300 miles per sccond, where one parsee is cqual
10 3.26 light years. He determined distances to
the nebalac using Cepheid variables, stars with

U

One pew instrument may hold the key. Last
‘year the Rockefeller Foundation agreed o pro-
vide the six million dollars pecded 10 fund the
construction of a mew observatory with a 200-
inch tekescope. When complctod, this tekscops

Way.

Citing photogaphic surveys done at the
Lick Observcry. Crsput o s oo et
spiral ncbulac were - distant
star systems similar 1o e ilky Way and mt
outlying componeas of it. He also believed the
Milky Way was less than 30,000 light ycars in

the instrument Hubble currently uscs.

Einstein’s General Theory Holds True

The past decad has boen an exciting and

challenging time in the development of scien-
tific understanding of the wniverse, with theo-
rists testing their idcas against the framework of
Albert Einstein's 1916 theory of general relativ-

Habbie's rescarch et s is digram, showing the gen-
o oo Dewee A o vy sy s and
he s i s maving arwey fro s

W st ity. The theory establishes the universe as three
3L I
B that gravity curves the fabric of space-time and
" that the curvature costrols the natural motions
: of bodics in space.
1 His theory also poisted o the expansion of the

wniverse, but Dr. Einstein has rejested the idea.
In 1917 he added a new term o his oquations,

“cosmwlogical constant” designed specifi-
cally to avoid the implication of an expanding
wmiverse. Hubbles recent observations dismiss

" views. Whike b

matr s the Miky Wi, Howeves, Hebbe's

fiedings also support Shapley's general view of
e Milky Way's size, with the Solar Systerm lo-
<cated far from its center.

‘Shapley's work had increased the sz of
universe by about ten times, but Hubblc's recent
discoveries have multiplied it by a least another
ten. Shapley observed  historscal progression.
from belief in a small universe with man al its
center, 10 3 larger one with Earth further from

significance of man and the
Earth...has dwindied with advancing knowl-
tdut of the physical world..

& known luminosity, or “standard candles.” He
‘concluded that the most distant objects are speed-
img away from us at perhaps thousands of miles
per second.

Hubbic's recent discoveries reveal that the

clusiers. On the assumption thal Cepbeids. in
it gl e hey e s piion
as ncarby Cepheids, he found that the most
distant chsters reside some 200,000 light years
away.

T studying the peiods of e Cepbeids in
the Andromeda Nebula (M31), Hubble was

le 1o determine cach variable's intrinsic
brightness, it absolute magaitude. e then made

i the world. According to Hubble, “The 100-
inch reflector partially resolved a few of the
nearest, neighboring ncbulac into swarms of
stars.”

Hubble cstimates the Andromeds Nebola is
s lange, and holds as much matcr, s the Milky

ane. Once be knew the difference between how
bright a star appeared and how bright it actually
was, he was able to cakulate is distance from
the Earth, He found Andromeds 10 be 900,

o yotmy - the mast distant object known

s expanding. Spiral nebu-
ac appear 10 be moving away from each other at
a rate that increases with distance, but these ncb-
ulac arcn't just moving. They are being pulled
along as the fabric of space-time expands.
Hubbie’s findings build oa the work of Dr. Ves-
10 M. Slipher of Lowell Observatory in Flagstafl,
Arizona, whao in 1912 became the first o record
the clectromagnetic spestra of a spiral ncbala, Of
the more than forty spectra Slipher subscguenly
athered, all but a few were measurably redshifl-
ed, and therefore are moving away from us. His
studies, however, led him 10 conclusion that ve-
loxitics toamere

the peed for such a &
examined the data and beficves Hubble's
10 be sound. he is still not convineed.

In 1922, Soviet physicist Alexander firied-
‘man developed his own solutions 10 the Sygral
relatvity equations. He described two
ties for the universe: cither it was expanding
contracting. but it was not static.

George Lemaitre, & Belgian-bom
da

Classifying Nebulae

Foe aver o housand yan, astracomens

have speculsted on and evolution
e o oot of g s d

i ere

have been insulie Shon 1o allow

features

€ ieased a popst
in 1927 stating that a homogencous universe of
constant mass has (o be expanding to account
for the radial velosity of spiral nebolac. He de-
scribed a possible universe that was cxpanding
from its initial state as a singhe point, Lemaiire
believed tht before this expansion began, the

Hubble's discoveries answer many ques-
tioas, but they also present a new direction for

LOPTRYSIne

E—.

oe qualities.
. kil dntag i s of o qwal
nebalac, a system
ehelc, b ide. a0 et Mnlly
Way. He sorted them into tres basic categorics:
. spiral, and imegular. These, in tum,
further subdivided according 10 shape
(pberica to longated lkipcs, fo cxsmple)
and structure (hazy t distinct spiral arms, barred
spirals, eic.).
Hubble's schema shows 3 sequence of

formsof
which should be entirely independent of

Way,
million stars that peoduce o billioa times the
light ofthe Sun.

Photographic plate images revealed not only
individual stars within the nebulae, but that some
of the stars changed in brightncss over tims.
Knownas Cepheid variable stars, these stars were
the ey ko dcrmiong dimeos o e s,

e Pasa
e o tains, the as

San G
Camegic Institation’s Mount Wilson Observa-

he Cpbede i themcbutae Hubble stdied was
Known. Since the same star will appear dimmer
the more distant it s, he apparcnt magnitude of
these stas i a clear indicator o the distance o
heif host ncbulac.

Hubble's work  builds  upon carlier
obscrvations by Miss Hearictia Swan Leavitt
of the Hanard College Observatory and by
Shaplcy of the Mount Wilson Obscryatary.

In 1912, Miss Leavittwas thefirst o recognize
the importance of Cepheid variables. They are
giant stars, ofien visible from great distances,
and cach varies in brightness over tim.
Cepheids are named affer the first such star of
its typ found: Delta Cophet in the consiclation
Ceplius. While counting their namber, a5

wred o0 photographi platcs of the small
cload of Magellan, Miss Leavitt noticed that
the Cepheids had periods, or repeating cycles,

toey are changing our view of the Universe.
Who

Athlete-Scholar Unveils the Future of
the Universe

Bom in Marshficld, Missouri, in 1889, Ed-
win Powell Hubbic's carly life centered on
athlctics, primarily track and fiekd evens. AL6
oot 3 inches in beight, he was quite successfil,
‘even settng an llinoss sate record for the high
jom

.

At the University of Chicago, be focused
‘on mathematics and astronoeny, but his studics
100k a differcat dircction when be atended Ox-
ford University as a Rhodes Scholar, There he
studied Roman law and Spanish but sill made
the time 10 compete in water polo and fickd
events. He retumed to the US in 1913 10 teach
high school physics and Spanish.

The Mmds Atop Mount Wllson

“The next year, Hubble retumed to the Uni-

‘nebulac at the Yerkes Obser

PWas completed in 1917,
‘was hired as a janitor and electri-

catry into the Great War led him to rush wwu.

ticed.and it wasat long bere he u»mw

army three days later, in France
until the end of the war, when he retamed 1o c
vilian 1ife 10 take up a position that had been
offred two ycars carler — at the Mount Wilson
Observatory.

Former Mule-Team Driver and Janitor
Helps Discover Expanding Universe

Milion Lasalle Humason was borm in
Center, Minnesota in 1891,

ifomia with his family as a child. Having
chool o he g grad, Homersn ecivad
o formal training as an astronomer. In fact, his
e s Momt Wiam bopin 4 & maletiem
driver for the pack trains that caried large com-
poncats of the tlescope and s building to the
50 of Moo Wikee drag e sbervtory s

s diecto, .
(-«qc Ellery Hal, Humason became an ex-
pert observer. Dr. Hale recognized his abilities

theorctical considerations.” Future astronoical
s and evidence will be the test for this new
classification syster

Spiral galaxies

y's scintific
saiTln 1915, Humssonsoon b s cxert

"

Ihe el asitant snd ool

ibic _make it appear ikely

NGt them o remoe history. Sovn we may Jock fr

In Their Own Words | J

beyomd the last frosser_ o g il

PRty knaw famil-
the frthest bondcrsof ths vast Universe and keaen
(o st 0 o o sitocencs o ooy
would be searly unable 30 comprehend thee sigaif-
camce.™ - Ein Hubble - 1927
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Problem with the Cepheids?

Hubble studied globular clusters in Andromeda and
M 33 in the early 1930s

% Equivalence principle says that similar objects found in
different parts of the Universe should be similar

% But ... Globular clusters of Andromeda were showing
peak luminosities that were 1.5 magnitudes dimmer
than those in the Milky Way

% Either equivalence principle not applicable, or distance
scale was wrong

s Then M 33 showed globular clusters that were dimmer
still than Andromeda

s Problem with the distance scale!

18
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In 1944, \Walter Baade
Imaged Andromeda in
greater detail than
previous studies

Found definitive
evidence of two stellar
populations

Therefore - two types of
Cepheids with different
Period-Luminosity
relationships.
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Universe Doubles in Size

+ An error in the calibration
of the Cepheid period-
luminosity relationship led
to an under-calculation of
the distances to most
objects...by half!

Age of the Universe:
6 Billion Years

CosMiIC TIMES

1955

Size of the Universe:

4 Billion Light Years

‘Yardsticks’ in Neighbor Galaxy
Double Universe’s Size

The v i i o g e houh
s Clochaar cr Bade, who has
relccting
Vopen Mo Pk o con el
of the cosm
Bande'sdicovrybae't come < fom singly
g ke et o ot
operly divine the disance o e he
oo ot watvers st o b o dlsover

blackouts in Los Angeles to begin seting things
straight.
“That first umiversal yardstick was discovered

junio galaxics outside of the Milky Way, when
‘he nosiced that brighter Cepheids palsed slower
than dimmer Cepbeds. This was is

since for al practcal purposes the stas in the

1
%

Cepheids were offering up a handy reltionship

e telcsape thas confrmed the scle of he o
Mot P’ 30-inch Hole Telesape i com
plcedin 199,

would have i, the soh
canc during e warioe bchouts of 143
Califoria. Docior Basde ook advantage of
the darkened skies and the power of the 100-
inch Hooker telescope at the Mount Wilson
Ghecvary ear Los Angels 1 ecraming
Asdrorotes goblr s, Usng pecil
wographic. plates Dr. Basde
Gneoere v, opaotons of . e,
ot Ty

and theie pulsation rat.
I, for example, an astronomer observes &
fastepulsating Cepheid in our own Milky
b

Origin of Everything:
Hot Bang or Ageless Universe?

s difficul o imagine a deeper mystery than
on g e omly e i

of the National Academy of Scicaces

dena, California:

again in an giganic collapse tht rebounds and
wniverse all over  the endlessly ex-
ploag oi coliseg mivee dorod by

Which ey i vl Ol e e

thave a beginning. middle and n end?
ageles

e ook rch s  doc by

i e sy md
e lgh from st of s was 1o
shifted.” This s essentially the broadening and

reddcning of the visible light waves caused by
the rerest of the galavies. I's the elcromag-
netic cquivalent of how the wail of a retreating
Bocomotive drops in tone as it passes by & train

comes from the continuous bubbling up of the
hyd

-mub{\mh“an-mAMm bighierTy
stas hocated in the outer spral s as
ool

ata rake of one partcle every cubic meter every
300,000 years or so. This hydrogen eventually

Miss Leavit’s bightness/polsation relationship.

“The same relationship seemed to bold with
Copbeds found In deme sar Jlner, i o
G ered

o ek oM conld
oo e distance of both febperiod
period C

S0, Dr. Buade realzed that there must b two,
p‘mhlm-hnifqdm\h o Tpe | Cepids
and those:

h
nuclear fusions in theie cores, manufacture all
the heavier clements. As stars g and dic they

Type I Cephei more common n the lobulr
clusters.

pe of Cepheid, it tams out, has &
il way of cxcoding s sl »-vnm

s, giving ise 10 Dew stas with rocky plancts
arvand them - ke our own Solar System. As
evidence of that prosess, Greenstcin and Fowler

referred 1o the beasy-ehement mling red giant

v sy i our Galavy.
Stk fo on type of Cepheid was casured 1 | An it poct of he sedysie s
ot i...a good old American yardstick, and the | that i's anything but stati, a5 the o

Sharma ki Thmimmeste
m both s regular 36-inch yardsticks.

clusers i he Milky W,

- iod-luminosity relation was
establisbed Vhich coneed he whole ange of
the Cepheid variation and which was accepied
a5 the period-fuminosiy relation for the next 30
years” recalled Basde in a speech at 3 recent
‘awand cercmony of the Astronomical Socicty of
the Pacifc

Unfortunately, Shapley's yardstick had
faws, as the famous astronomer_ Edwin

20y

of this theory Beiish cosmalogist Fred Hoyle,
Hikes 1o ot out. Hoyle compares the deathless
rse 10.a iver. It may appear unchanging.

bt there
der the surt

petpelc cpheids

reality were are

dovtng with two different peiodaminosy

relstions.
Recently 3t Mount Palornar, Basde and his

computer sssistant Hearictta Swope confirmed

that both types of Cepbeids are very diferent
. i

Then, on the other hand, there s the some-
what less rosy “cvolutionary” theory of Rus-
sian-bor American physicist George Gamow
and his collcagues Ralph Alpher and Robert

sticks, Dr. Baade starled his pecrsin 1952 at the

Hemman. o scieits all n e cupoion
i deny of
of the

|."..gmlmwmm.nmm
e Wiy Wy 1 131
For sk rev thoe clars v bumag
e dly - 1.5 mgnkeds than
ok cmepas e My Sy, T
miatch mesnt e te globolar clusters in
sl il il e
those in our own Milky Way, or As
st be further than originally calulated.

Uskoaty cing that Andee
00000 hhtyears ey, Mo toogh
S 13 it heyeus Gt Lkense
with the two measuring stcks soricd out, the
universe we knew in 1929 to be one billion

e e s e i o e o
sars died, and lod 10 the less pure mnixtuees of

Tight-years cros.

It’s a Star! It’s a Nova! It’s Super-Nova!

ke movec i 0 the cber thee s ey Supcn e

The first clus that there were super-novac I
bt

e s whih g o sl o o ighocs, e e

ing among the sars came 35 years ago by the re-

Je. Us

This evolutionary theory also accoants for
the retresting galaxies: They are al stilin flight

Death of a Genius

e WK Kelog Lot ot Catech

Hoyle Scoffs at
“Big Bang”
Universe Theory

Do commcogie Frd Hee b rowe
where

crestod. In a recent radbo broadcast he panacd
a rival theory, championed by Ukrainian-bom
American physicist Gearge Gamow, labeling i
aridiculous “big busg.”
Gamon's Evolutionary  Theory

v calls on an lnial tew of opericd
muclear fusions of basic partcles 1 creste all
the hydrogen in the cosmas in one explosive
moment. The same

o cxpand. The ongoing expansion from that
B bng s v by ssmomes ey
hrovghout

oy s hving oo f .l . evinal
proes tht i b dsribd n s
tems . fow] callrged by v
i

himedes and Pythagorss - a5 3 gant in sciencs
whase genius changed the coure of history.

The lemeae cuporriagof s o he

pan-boen scictis begins o cons y b place.

o ey, residnt Esnbowes waid -No tbr

s lost s foremost genius.” There were even
culogies behind the Iron Curtin, Pravda de-
Scribed him a5 ~A great transformer of natual

The true nature of Einstcin’s achicvemenis

e known 1o his colleagucs and scientific
progeny, who sl labor to undentand, test and
‘apply his theores. There s his revolutionary re-
thiking of bt s st o waves bt e

Finally, we have his space-time bending theory
A v, Ten by, i’ o

hw oo bing, e b bng” requres
No cne knows

*For the norpyii, bowevr, i’
gernius is a given, but largely & mysicry. The

o g b 1 o o ot o
umiverse is ciernal and stas are always being.
made and forever making besvier elements, 25
Hoyle suggests, there s o nesd for an inital
explosion. Recent advances in muclear physics
moeck oy v ey s viw.callng

vision and the hydrogen bomb are the results of
ok bt we sy g how s, W
scems, raher like the nure at Einstein’s
bt who e 10 gaup the grst s e

nal words, utcred in German. She did not speak

i 8 i iy skt o e

German, Most of us do not spesk physics. I
sicod, the man indi-
rectly and gaze like children st parade, a5 his
i and his genies passes before us.

from the power ofthe initial blas, There may be
’

Alpher
and Herman have predicted tha some fant re-
sidal hest from that nitial explosion may sl
be glowing dimly in the form of stretc

Tight waves called “microwaves” st a few de-
grees above absolule 2610, AS yet, however, no
one has devised 8 way to detct this theoretical

Mors sl v for e vt
ary universe comes from Edwin Hubblc's 1929
15 of the velocites of galsxies be-

ipher’s carl

it all and things have

olutionary uaiverse,

diance, 1588 i the ctually mst have
time 10 the original cxplosion the fase they
Galaxy appear to be moving away from us. This i ex-
Founcen 1934 phycias s “super- | acty what wald be expected if thre was 3n
nova = b bt rare, once-n | ot blat that staied
i siven gy, oy spe
oed, were b Gemani o s Kelr 164, and snser e by | e Gowmie
Dunish o Tk e 5 of course, i tha

e atied

splitthe

He
1igh o 14 o aotc spetnove o el oot s acd fd vl e

t docsa'tend happily. There's
B0 limitless fount of hydrogen 2 in the stcady
sate thoory, The universe has fne resources.

foe this,speculate Fred Hoye,
migh be c

throcs, the giant sars that become

hydrogen and helium to

ac 3
forps heavier clements like carbon and ron. They are then, ruly, potanly Super, but bosa fide Strs
of Steel.

foever sl e s b
wid

el ey, O . oy of b et
might eventually pall everything bock together

Radio ‘Ear’ on the

T Ty g ——

| Conumeton, ot o what Wil be

cently
discovered 14204 Megahertz radio emissions.

Universe Being Built

0 b coming from hydrogen £33 a the
centerof the Milky Way

The MKI
scrial antconae, also at Jodrell Bank. That
pioncering scrial uses tal poles and wire mesh

¢ the 218 fout arsbolc

Duspite that_limiation, the _ cight-year-
ol parabalic scrisl antcana has led 1o some.

important discoverics which more than mad
the case for building the Mark 1, sccording to
itsdesigner Dr. Bermard Lol of the University
of Manchester, Among the most stanting and
disconcries was that there are radio cmissions
coming from the Great Andromeds Nebala
and tht th brightest radio emitte in the night
sky is from 3 little nebula in the constellation
Cassiopeia,




Steady State Universe'’

MICHAEL REDGRAVE

Fred Hoyle, Hermann Bondi and N
Thomas Gold see the movie The Dead DEADOf IGHT
of Night, in which the end of the story i
circles back to its beginning. & TN y
% Unchanging situations need not be static — N Y
%% New matter can be created spontaneously as ks ﬁ
the universe expands (a few hundred atoms A 2

per year per galaxy)
s Expansion of universe and creation of new
matter balanced via a negative energy."

% The universe is constant in its overall density '
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Evolutionary Universe

Starting from earlier work, George Gamow &
Ralph Alpher worked out the conditions in the
early universe

% Universe is expanding from a state of high density
and pressure.

**Hydrogen & Helium were formed as universe cooled.

% There should be left over a background radiation
with a temperature of ~ 5 Kelvin

*¢Hoyle scoffed at this theory and coined the term "Big
Bang”

22



What is the Evidence? '

Bowl of Evidence %

Scientists sort through theories by
examining Evidence and making
Inferences '



Steady State vs. Big Bang'

Resolution of Steady State vs Big Bang won't
come until the mid-to-late 1960s.

But as a competing theory, the Steady State
provides the impetus to make observations to

test the theories.
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1955 Lessons '

Cosmic Jeopardy!
Big Bang Science Fiction

Discovering Yardsticks are Metersticks

s An illustration of the recalibration of the
Cepheid distance scale

Hubble’s Law Mis-calibration Extension
% Revisit the 1929 lesson
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Other 1955 Stories

Age of the Universe:
6 Billion Years

Cosmic TIMES

1955

Size of the Univers,

4 Billion Light Years

The universe is fwice as largs as we thought
says Caltech astronomer Walter Baade, who has.
the giant 20-inch glass reflecting.
telescope at Mount Palomar to confim the scale.
of the cosmos.
Baade’s discovery hasa't com from simply

marker, or yardstick. if you will. Until a few
years ago, there was just one cosmic yardstick
known o astronomers, and i was being used
incorrectly. Oddly enough, it 1ook the wartime
Kouts in Los Angeles to begin setting things.
straight
“That first umiversal yardstick was discovered

jumioe galaxies outside of the Milky Way, when
she noticed that bighter Cepheids palsed slower
than dimmer Cepbexds. This was. intriguing.
since for all practical purposes the stars in the
Magellanic Clouds can be considered the same

istance from Earth. It suggested that those
Cepheids were offering up  handy rebatioaship

‘Yardsticks’ in Neighbor Galaxy
Double Universe’s Size

The cipe s conkrmed he sk o e o
s Palonnar’s 200-inch Hole Telescope was com.
proeirees

As chance would have

solution

L the
came during the wartme biackouts of 1943 in
Califoria. Doctor Basde took. advaniage of
the darkened skies and the power of the 100-
inch Hooker telescope at the Mount Wilson
Observatory near Los Angelcs 10 re-cxamine
Andromeda’s globolar clusters. Using special

and their pulsation rae.
I, for example, an astronomer obscrves
fstpulsting Cepheid in ur own Milky Way

Origin of Everything:
Hot Bang or Ageless Universe?

wwhmwmwxlmmmg
of the National Academy of Sciences in Pasa-

again in
s oo marame a1 ovr - e cadbemly e
Paing d colui wivene b by

e
#thave a beginning. middle and an end?

i theory will prevail? o..l, more re-

‘which forever looks much 2 it doss today was
presented at the conference by astrophysicists
Jesse L. Grecnsicin and physicist William A
Fowler of the California Institue of Technol-
ogs. The ey e heory rivals the cvoh
toaary” theory of the universe which calls on
el b of bt s cpinding o e
dawn of time and making allthe universe’s hy-
rogen and perhaps belium on one fell swoop.
Both theorics explain - in entircly different
ways — the inescapable fact that the universe is
expanding. This cosmic expansion was fint de-

i Tis 5 esenially te broadeing
reddening of the visible light waves

the retreat o the galaxies. s the elestromag-
petic cquivalent of how the wail of a retresting
ocomotive drops in one a it passes by a train
watcher’ e

In the steady-state xpansion

coms fom the cotineous Wbl up of tne

andin amangement
s n the Milky Way) and blucr, brighter “Type I
variable star bocsted in the outer spiral amms as

Miss Leavi’s bightnesplstion «ummp
t0 surmise that the star is actually very bright,
just very distant. Likewise, a slowly polsing
Cepheid which appears beight in our sky is
probobly a relatively dim star that oaly appears.
bright bocause it's closer.

“The same relationship seemed to hold with
Cepheids found in dense star clusters, in our
own Galaxy, as was discovered by astronomer
Solon Bailey. Finally, astronomer, Harlow
Shapley standardized the yardstick 30 be could
map the distance of both fas-period and slow

Magellanic Clowds.

realized that there must be two
mmlmmmr( Tleids~GeesTipe | Cphide
and those

more common kol

atanate of onc pumle every cubic meter every
300,000 years o so. This hydrogen eventually
‘gathers and condcnses into stars whicl

muclear fusioas in their cores, manfacture all
the heavier clements. As stars age and dic, they

T i Copoide o comot o i
clusters.

Each type of Cepheid, it tams out, has &
different way of encoding its actual bightness
o ts pubing Iight. It was as if the measuring
stick for one type of Cepheid was measured in
e, ... good old American yardsick, and the
aderwasincubis The problem wa Shapcy had

o i o o e s with oy pans

around them - like our own Solar System.

evdecca htrosess Geecnci sl Foner
1 the beavy-element-making

e oyl nd Wiliam Fowder in Fowlers offce
LW Ko ot o

Hoyle Scoffs at
“Big Bang”
Universe Theory
llnlxsh ‘cosmologist Fred Hoyle M lhnnm

a rival theory, championed by Ukrainian-bom
Americ beling it

n important aspect »vm. Desty e o
el anything but static, o
of s thoey B cosmologs Frod N«yk

per
‘clustersin the Milky Way.
“Thus & relation was

waiverse 10 a river, It may appear \ndnnpng,

‘established which covered the whole range of
the Cepheid variation and which was accepied
a3 the period-luminosity relation for the next 30
yean,” recalled Basde in a at a recent
award ceremoay of the Astronomical Saciety of
the Pac

Unfortunately, Shapley’s yardstick had
Naws. as the famous astronomer Edwin

i globular clusters and that in reality were are
dealing with two different. period-luminosity
relations.” explained Dr. Baade.

ently 3t Mount Palomar, Baade and his
computer assistant Hearietta Swops confirmed
that both types of Cepbeids are very different
stclar animals. Afterrecalibeating his measaring
sticks, Dr. Baade starlod his peers in 1952 at the

Hubble began 20years

250 Dctor bt b subing e gt

from globular clusters i the Andromed nebul

a siser galavy of the Milky Way. in o
burning.

Andromeds are basically different animals than
thase in our own Milky Way, or Andromeda
u Lo

Union by announcing that Andromeda was 0ot
800,000 light-years away, as Hubble thought,
bt 1.8 million light-years distant, Likewise,
with the two mcasuring sticks soted out, the
universe we knew in 1929 to be one billion

der the surface. So, o bomrow the ok river saying.
youcamnever siep o he smewivese e
Then, 0a some-
what less rosy w‘w-mv) theory of Rus-
sian-bom American physicist George Gamow
and his collcagues Ralph Alpher and Robert
Herman. These scientists call on the explosion
and decay of a hot ball of neutroms at the birth
of the universe to create all the hydrogen and
some helium. These elements froze out s the
blast expanded and cooled. The fint stars were
made o caly hsecigol cements e oed
them into new, heavier clemen
e dipesed trough e gaacs o e ik
stars died, and Jod 10 the less pare mitures of

light-years across.

e

iding for dec

It’s a Star! It’s a Nova! It’s Super—No al

—

ike movae and on the ather there are truly Super-Noy

cently deceased Edwin Hubble. Using hi

The it choe e hce wer speraovg heking & among the strs came 35 years ago by he re-

Tark Kent.

distanccs, he calculated that a nova observed in 1885 in the Andromeda Galaxy actually must have
Vay

Galaxy.

Fomornyeus .o 954yt Wokr Beade snd P Zuichy oo th e “sper
jzsested these were pot oaly far brighter than normal nova, but e, oocein -

y given galaxy.

This nnlun-my theory also accounts f
the retresting galavies: They are al st n\lmll»;m
lmwmurv»lhtmuml blast, There may be

a ridiculous “big bus.
Gamow's  Evolutionary
waiverse calls on an initial stew of ...p« v
maclear fusions of basic partcles 10 create all
the hydrogen in the cosmas in one explosive
moment. The same blist then caused spoce
0 expand. The ongoing expansion from that
B o cbarved by seesencees sy
throu
oy i having noesof i, It an matonal
et cam b described n et
terms .. [nor] challenged by an appeal

Death of a Genius

Albrt Ensai i 1950,

“The world has just lost its grestest scicntific
‘mind. Albert Einstcin died in his slecp on April
1th from complications of a lingering gall
bladder infetion, He was 76, There is no doubt
that this rumpled, while-hasred, pipe-smoking
professor pesred decper into the pature of the
universe than any other man. In death he joins.
a select few - such as Newton, Copernicus, Ar-
‘chimedes and Pythagoras —as a giant i scince
whase genius changed the course of history.
“The immediate outpouring of Ubutes 10 the
German-Sorasceit ey ocomey b place
i history. President Fisenhower said "No other
man coatributed so much 0 the vast expansion

culogies behind the Iron Curtain, Pray
ibed i A grot wacomerof e

"The e nutre of Eimstcin’s achicvemcats

peogeny
apply his theories. There s his revolutionary re-
pend ik wii h sbere o e o gl

E ~ me, which

Finally, we have his spoce
o ks e vt Elces Loom

observation.”

For cac thing. the “big hang” requires
something before the explosion. No onc knows
wht that might be. If on the other hand, the
waiverse is ctermal and sars are always being
made and forever making
Hoyke suggests, there is 1o nesd for an

nal words, utiered in German. She did not speak
G Mt of 1 do st spsk i, o
stcad,

¢ like children at a parade, pores

Al
and Heman have predicted that some fgPre
idual heat from that inital explosion nitill
lowing dimly in the form of stretch
g reves uld -niceowavel” o fow -
above absolute zer0. As yet, how
o b devied - way 1o deest this thearetil
remnant heat
More aceessible evidence for the evolution-
ary universe comes from Edwin Hubble's 1929

time to the original explosion, the faster they
appear 1o be moving away from us. This is ex-
actly what would be expected if there was an
ancient blast that sarted it all and things have

Danish astronomer Tycho Brahe in 1572.

Germanic astronomer Johannes Kepler in 1604, ...mm,«..n,

-

added in 1941

ight from 14 distant galactic super-novae into their component colors and found that nine of these

it the

o
foe his, specul: Hoyle, i that

The downside 10 an cvolutionary universe,
of course,is that t doesa'tend happily. There's
o limitless fount of hydrogen a in the sicady
state theory, The universe has fnie resources
So it might expand forever a5 all the stars burn

st starsthat become supemovae might be cagabl of fusing hydrogen and hlien 0
g ouie chmens Bk crbon sd . They r hen, vt oy S, bt b o s

vast,frigid
stellar graveyard. Or the gravity of all matier
might eventually pall everything bock together

EAT/OUA

e Ty P ——

Construction continees for what will be

huge, 250-foot-wide metal dish of the Mark |
radio tekescope at Jodrell Bank in England s
designed o be aflly adjustabl. This will llow
astrooomers o explore th atire sky for radio
ansemissions - something thy canna do toda.
T will aso be able to investgate the recently
discovered 1420.4 Megahertz radio emissions

thought to be coming from hyds

MK will replace the 215-
sl e, et s B Th

g acrial uses tall poles and wire mesh
1o reflect and concentrste radio waves to
single point. Though the current set up allows
sironomers some

150-foot-high cenra
coner afitle more sky — it relis beavily on the
spinaing of Earth in s crbit to change i view
of the heaveas.

Despite that_limitation. e _cight-year-
old parabolic serial antcnna bas led to some
important discoverics which more than made
the cas for building the Mark 1. accordi
tsdesigner Dr. Bernard Lovel of the University

& and

and that the brightest radio ensiticr in the night

sky is from  litle nebula in the constellation
Cassiopeia.
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How Cosmic Times'
Came to Be'
RE =

=

h G = ;

BE Teacher Focus Group (March 2005) '
ldea developed by HEASARC E/PO team'
Survey of Cosmologists

Trudy Bell sketched out each of the articles'
PA teachers developed lessons.
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Breaking the Stalemate

A hot “bang” should
leave left-over heat. '

Where to look in the'
EM spectrum?"’

Many looked. Some
concluded it would be''
too faint to detect."

Without both the data’
and the theory, the
dots could not be
connected.

29



In 1965, Enter Dumb Luck’™

Penzias and Wilson were
making radio observations
of the Milky Way.

Left with mysterious 3 K
residual noise in their
detector.

Peebles and Dicke
(Princeton) had just
calculated an estimate for
the temperature of the
residual background in the
microwave region.

30
" Not to imply that the researchers were dumb — quite the opposite, in fact! '



In 1965, Enter Dumb Luck

The CMB predicted by
Big Bang theory.

Steady State theory has
no such prediction

The signal peaks in the
microwave, so is called
the Cosmic Microwave
Background radiation
or CMB for short.

Age of the Universe:

10 - 25 Billion Years

CosMiIC TIMES

1965

Size of the Universe:

25 Billion Light Years

MURMUR OF A BANG

. The discovery ot only provides the it a sry o, dense boll o pimondial mate and
vational evidens vene staned  energy.

a "ig bang.” but it also has Stunning and significantas the discovery is 1o

it might end. some astronomers it wasn't a surprise. Theorists

‘ Gamaw, Ralph Alpher and

coed i th
its remaant beat ought 1o
able. In 1949, Alp

Tate 19405 for

Big Hiss Missed
By Others

One of the biggest surprises from the recent

Peazias and Robent Wilson this year at Bell
vify the 3.5 degrees Kel
be Big B

» other near mises 3 well.

» o B Le Rou pork a b

ground radiation of 3 degrees Kelvin, plus or
wh ky in the

Big Bang made
ter of having the

make hem. Peni
have fard 0 besr hd
Princeton helpe
the Jong-sox

Galaxies Still Mlsbehavmg

ill come

Zuicky came up with & mass-to-ligh
abou 300 impiyin that 9 pernt o e mat
ter in the cluser is hiddes

the motions of the extremely distant
etectable through any telescope

the wl
it o of sl The
ontain. patierns of lincs, represeats

ke comparisons ¢

blend lominoity

QUASARS
Express Trains
To Netherworlds

red a qussar racing
al
s led by Marga
e Batidge of the Ustverity of Caloeni

every diection in space, without e

actually prodicted

day or sexson. The d radistion .
radiation would now have a temp

few

sl st expocid by soue t

Kelvin" The new

and radiation support their

penzias and Robert Wilson of Bell
Telepbone Labo

o track down the soerce of vawanted radio

vise in the

ector ankcona & bancwiddhs, This is what Dicke aod his fcam
cawford Hill Laboratoey in Holmdel, NJ. .

el
el born was aimed at zenith,

e the Hol
‘and Wilson found that it picked up the

i inthe umiverse will pll
2 bl breskiny
di

When they heard about Peayi

< peesence of thern
reball s to be e r
ansion of the uaiverse back 10 o time

perature was of the on

Kelvin." wrote Dicke and his

SUPERNOVAE

COSMIC X-RAY GENERATORS

neratoes. The exact
Xeray radiation s still 8 my
Ophiuchus XR-| docs, indeed, origin
ant, then

2 compurison

morgbere, The i

okt e from
s

s Xerays in
wing the fledglin

ther difficult and ex

e identification of these X-ray
the culminstion of abo

epe
for e scaiag, A socsingly wiforn Xoray

objects are visible o us from  these
tances means they mant be fantastically

LEAVE BEHIND

G all ovr he k3. In 1960, aroocmers
managed 1o mtch 3 quasar with an object seen

bum was coming from every direction i

sky. with a particularly intense X-ray 0

ake

their woek a litl casier by placing i

e du from thove
s much prized for

recondbolde, dubbed qusar BSO.1
No one has yet explsined what & quasar
We do ko

¥ - rocnc ikl Karhben,
highly smprobabl

any civilization could
with the power of 10000

hat light, perhaps 15 billion years

reaching Earth.




Galaxies still misbehaving

In the ‘60s, researchers'
start to “weigh” galaxies

They begin to find that
there must be “unseen”
matter to account for
their observations

Not the first glimpse at
unseen matter - Zwicky
ran into trouble when he
measured mass in
clusters in the ‘30s
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Galaxies still misbehaving'

Use redshift to map the
rotation of a galaxy.

Here we are interested in Rotational
the rotational redshift. - ~ Motion' |

Cosmo]ogical
Motion

33



Galaxies still misbehaving

Use redshift to map the
rotation of a galaxy. ' ~ NGC 5746

Here we are interested in'
the rotational redshift. '

Create a map by
determining the redshift of '
several slices of the galaxy. '

200 100 0 100 200
Location along galaxy (arc seconds)

34"



Galaxies still misbehaving

Use redshift to map the
rotation of a galaxy. '

Here we are interested in'
the rotational redshift. '

Create a map by
determining the redshift of
several slices of the galaxy. '

Compare the resulting
rotation curve to that'
expected if all of the mass
were visible as luminous
matter'

Rotation velocity —>

2 |
Observed |

Expected;:"\,. 2

/
Astronomers attribute this /

difference to dark matter.

Distance from center of galaxy —>

35



Tornados & Galaxies'

Similar technologies can predict '
tornados and map the rotation of
galaxies'



Tornados & Galaxies'

Tornado image from Florencia Guedes on Flickr 37



Doppler shift’

Wavelength is shorter Stationary waves
when approaching




Doppler mapping
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1965 Lessons

Reading Strategies
% Can be applied to any of the articles

What's the Matter?

* Modeling dark matter through hidden
densities

Cosmic Microwave Background
% lllustrating the nature of the CMB'*

40



Other 1965 Stories

Age of the Universe:
10 - 25 Billion Years

CosMiIC TIMES

1965

Size of the Universe:
25 Billion Light Years

MURMUR OF A BANG

Big Hiss Missed
By Others

the biggest surprises from the recent
discovery of the Big Bang’s faded thunder is

Galaxles Still

Misbehaving

San Dieg

wa o T spiral galavies porey study.
NGC 3521 and NGC 972. have weighed in
mn.umm 12bi

sans, respectively. The

Just last year, Russians Andrei Doroshkevic
aexd Igoe Novikow published a study that calcu-
lated cormectly that, if the Big Bang happened.
the remnant heat would now be between | and
10 degrees Kelvin. They even proposed search-
ing for the signal in sky temperature measure-
ments made by Edward Ohm in 1961.
iy

,,u.m wdoca't o up 0 soch hage amounts of
mater

“The starlight measurements of the two gal-
avies are based on carcful accousting of the
‘salaies” total luminosity. or magnitude, as re-
conded on photographic plates. It also takes into
‘account the way the galavies' stars are armanged

mismasches ingalavics verywhere,and o one

ed the
Coma choerof gabaic, e meatred e

the same Holmde hom anteana used by Amo

s and Robert Wikson this year at Bell
Laboratories 10 idenify the 35 degrees Kel-
vin background radistion of the Big Bang. But
Ohm found a 3.3 degrees Kelvin noise that he
assuimed was coming from the ansenna iself
The Bell L

casurement i based 0n the same.

idea that long ago allowed astronomens 1 cal-
culate the mass of the Sun: if 3 elatively small-
mass object orbits a very large-mass object 31 &
Known speed, the arger object’s mass can be de-
termined mathematically. The sam physics ap-
ies daxy's cester of grav-

with far move confdence that the faint excess
static trly came from space. because they had

o weed out the anenna’s own poise fo rive at
their conclusions.

There were two other ncar mises 35 wel
en years ago Emile Le Rous reporid 3 buck-
ground radiation of 3 degrecs Kelvin, plus o
mins 2 degrees, whie suying the sky n the

Scentimeter rdio wavelenzth 3 Paris’ Nan
Gy Radio Obscrvatory. n 1957, Russian Tigran

P

ty

Since the motions of the extremely distant
stars are not detectable through any telescope.
rescarchers sampled slivers of galactic starlight
from different parts of the galavics and split the
light o spectra - their inbows of ol
spectra contain patiems of lines.
ot ceris. ot il Peoponion ot
speds of the
To s conpuisons oader, eenoms

“bi b This
of wrmanted moise i thel recever

Astroeomens have identified a faint cosmic

g, T u.., conclode. was the time

birth, The discovery ot only provides the first
observational evidence that the aivers staried
with 2 “big bang.” but it also has implications
fox how it might en

The faint radio hiss comes in the form of
73centimeter microwaves. which lic on the
Secwcmupuek sacnim bemcs

a my by o primondial matier and
energy.

that he measured a background tempersture of
4 degroes Kelvin, give or take 3 degrees, while
Tooking a the 3.2-centimeter wavelength of

The missing piese in both Le Roux's and
‘Shssonon’s work was the coancction of what

single number callod a mass-4o-light ratio. Our

idod by onc solar lami
ty. which equals 1A raio grester than
mors s thn iy - which
for

Big Bang made as carly as 1938, 1 was a mat-

astronomers it wasn't a surprise.
including Geoege Gamow, Ralph ;u;..g. ‘md
Robert Herman had argocd in the late 19405 for

and infrared light, The

ter of having data, withot a theory 10
make sense of them. Penzias and Wilson would
have fared o bt had pot the neighbors at
Princeton helped them recognize the poise as
the long-sought

the University of Texas” ;-m-ﬂmw k-

scope at McDosakd Observatory give it Tgss-

to-light ratio of 4 or greaser. NGC 972 s

Jess worrisomme, with a ratio o 1.2. These result
reported in recent isswes of Astrophysical

every spoce, without regard 1o time.
of day or sexson. The background radistion
signal matches that expected by some theorists
‘who proposed that the universe began with a hot
explosion of hydrogen about seven billion years
ago and has been cooling ever since

“The discovery of what's being called “cosmic

Telephone Laboratories. The two were trying

Crawford Hill Laboratoey in Holmdel, NJ.
The “Holmdel hom antenna was built o test
telecommunications with the Echo satelite.

SUPERNOVAE

appears that the remnants of the Big Bang have

roes with greaier avcurac
and none of which resemble your doctor's X-
ray machine.

COSMIC X-RAY GENERATORS

LEAVE BEHIND

bum was coming from eves

y
roen the direction of the consillation Scorpivs.
‘They named the new spo Scorpius X-1. Unlike
the Crab nebula, however, Sco X-1 remains a

s the Crab nebula, the n

Bandwidihs. This i what Dicke and his team
suspected and one reason they were planaing to

ook in the microwave realm. I's also how they
Knew Penzias” and Wikson's excess microwave

Penzias and Wilson found that it picked up the
7 3centimeter microwave signal consistent
with 3 temperature of 67 degrees Kelvin.
That is to say, it comesponded 1o 6.7 degrees
abave the theoretical value of absolute zero, 3t
which there is no thermal energy at all. Afler

racting natural microwave cnergy emissioas
from Earth's atmosphere and eneryy losses in
the antenna itself, Penzias and Wilson were left
with an unexplained temperature of about 3.5
egrees Kelvin, give or take one degree. coming
fromn empey

Lockily, just down the road some Princeton
scientists had the solution. Astronomer Robert
Dicke and his team were in the process of
buikling a radio telescope for the express
purpose of finding the whisper of te Big Bang.
‘When they heard about Peazias’ and Wilson
mystery microwave hiss, they knew it was
their pecy. After coaferring. the Bell Lab and
Princeton teams anoounced the disconery in
a pair of letters published in the July issee of
Asptysca Jouml.

ce of thermal radiation remaining.

o e e 510 be expected if we can trace:
the expansion of the uaiverse back 1 4 time
when the temperature was. of the order of ten
billion degrees Kelvin.” wrote Dicke and his

noise was.
The discovery of this cosmic black body
radiation has driven moee nails into the coffin

o. Stcady-
state theory bolds that the ctemal expansion of
the universe s sparred on by the spontancous

years ago.
Anather. designaied Opbiuchus XR-1. ies tan-

e
Xeray astronomers bope someday 1o make

P supe
nova, SN 1604, In factthe distribution of X-ray
the galaxy mimics that of the known

their woek placing instruments
in a stable, longer-term orbi that allows morc
‘observatio time. Until then, the data from those:

may leave behind X-ray generators, The exact

of the X-ray radiation is still a mysery,
but if Ophivchus XR-1 docs, indeed, originate
from  supermova remaant, then & comparison
of these two sources may peel back some of the

radiation, making it incompatible with the new
dana
The Big Bang implies 3 range of possible
tes for the universe. 1t will cither expand and
‘cool forever as an “open universe,
Dicke and his team, o i is a “closed universe.
In 3 closed universe the gravity of all the

energy into their basic buikding blocks. Then
it will explode again into another, totally pew
universe. Dicke refers o this version of a closed
universe asan™ " Thisoption

sphere protects life from dangerous X-rays in
space.but it also makes advancing the fldgling
fiekd of X-ray astronomy raher difficult and ex-
persive.

‘The identification of these X-ray sources is
the culminstion of about three years of rocket
ights sarching for soorces ocher than the Sun.
which s weak in X-rays. The fint rocket launch

resembles the

respect: it s o ullimse beginning o end.
Sadly. however, it offers no way of detec
what came before the last bang and no escape
from being crushed together into anocher hot
ball before the next.

X
and bis team 3t American Science and Engincer-
ing. Inc. expected to discover minerals luorese-
g in Xorays as a result of being hil by heavy
atomic particles froe the Sun.

‘An Acrobverocker daanches from Wallops frkand,

Zvicky came up w2 s 0Bk o of
about 500, implying that 99 percent of the mat-
e chmer b ki, A1 o o

dismiss such extreme numbers as

astroeomens
astropomical flukes.

i QUASARS. Y
Express Trains
To Netherworlds

Astronomens have discovered a quasar racing
the cdge of the known univer

unpre

o v o o peed o g This and

ocher pew-found quasars have more than speed

s they mast be fantastically

. radio. astoeomens have seen
objects. o quasars, ading them
B srowing lst of unexplained "loud” radio
sources all over the sky. In 1960, astromomers
managed 10 match 3 qussar with an object seen
by optical telescopes. But it was only two years
ago that_ astromomens Jesse Groensiein and
Maarten Schmidt managed 10 determine the
specd of ne.
was when Greeascin and Schmide split
ihe visible lght from quasar 3C 273 into s
spectrum of colors. What they found was jaw
dropping. The teltae pattem of spectral lines,
which sigaify the presence of speific clemens,
were tified dramatically 0 the red side of
the spectrum, the optical cquivalent of 3 trsin
whistle's tome dropping as the train moves away.
Inthe case of 3C 273, the redshif comesponded
10 an astonishing speed of 16 percent of the
speedof lght — more than 100 million il pec
hour, The same techniqoe was used by Schimide
and Caltech's Allan Sandage o clock the latest
record bolder, dubbed quasar BSO-1

repurt
quasars] provide us with the long-sought keys
0 determie the size and shape of the wniverse.”

‘Scientistsare confident thatat least oo theory
‘can be ruled out. Quasars are ot code
from a super-civilization, as has been suggested
by Russian astronomer Nikolai Kardashev. I is
highly improbable that any civilization could
broadcast messages with the power of 10000
billion suns.

Any message from quasars may be from
the univense itself. Astronomers at the 200-
inch Mount Palomar telescope hope that, by
measuring the distance 1o more quasars, they

Viinio, This rocker
it o cosmic Xy soarces such as Scorpius
thes

theemivene ws s seven perentof s cures

What they
far more amaring. A scemingly uniform X-ray

age. Some of th
ol is only now Kthp oy
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Trouble in the Early Universe'’

By the 1970s, three serious problems'
were emerging with Big Bang Theory'

% Horizon problem - disparate regions of the
Universe should not have been able to
“talk”, and yet they look nearly

homogeneous.
* Flatness problem - the Universe is too flat!

% Magnetic Monopoles - where are they?

42



Inflation to the rescue

Early Universe
Causally

Inflation Theory (early —7 discommected
‘80s) takes care of these @ regions
Issues)

% The Universe we see all started
in a small, “causally-connected”
region

% This region underwent an
exponential expansion '

s The detailed mechanism for this
expansion is not currently
understood '

s However, inflationary theory
makes predictions that have
been shown to be correct '’

Observable Universe



Perfect Black Body!"
But, where are the lumps?’

The Cosmic Background
EXplorer i S IaunChed in CosmiCc MICROWAVE BACKGROUND SPECTRUM FROM COBE
1989 to examine the

CMB in finer detail ’

The first result was the'
spectrum of the CMB'’

Which was a perfect
black body (the error
bars are contained in the
line thickness!) ' RS

Almost too perfect!

5
d
;
£
i

15
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Astronomers hold their breath '
for two years...

Some “lumps” are needed in the CMB to act
as seeds of the structure we see in the

Universe today - galaxy clusters, galaxies,
stars, everything

If the lumps were not detected by the limit of
COBE'’s abilities, the Big Bang and

Inflationary theories would all be in trouble
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At Last, a Lumpy Universe

NASA’'s COBE
mission finds “lumps’
in the CMB!

These “lumps” are
tiny, consisting of
changes on the order
of 1 partin 10°."

But they are enough
to produce the
structure we see

Age of the Universe.

12-20 Billion Years

CosmicC TIMES

1993

Size of the Universe.

30 Billion Light Years

COBE' map of the sy, soreing it flcons

it tis e the Bk rdtion 300,08

What did the newbom uaiverse look like?
T 1965, scientists pecred into the distance with
3 radso telescope, and discovered a microwave

1fyou're religious,i's ke looking at God

aid George Smoot, an astrophysicist at the
Univensity of Califoria, Berkeley and leader of
htcam that unveiled the discovery. He
was addressing a room packed with scacaists at
a mecting of the American Physical Society

Acvordingtothe Big Bang theory. the
expanded from an cbinksbly smll aed dome
ball of cncryy, distribeing hot radistion — a0

space itself — outward in all directions. As the
aniverse expanded and cooled, this ot ball
of encrry produced freshly minted partiics,
first in the form of quarks and clostrons, then

the nuxcle of hydrogen and helium. Over time
gravity gathered the denser clumps of gas into
the fami cts of the
moder universe. Al the while, the radistion
hot 525 praualy shified oko the ricroware

neutrons, which combined to make

n all dircctions by that carly

< a5 the univense cxpanded.  We

sce this radiation today 35 4 cosmic microwave
background (CMB).

Data from the 19605 did not show deviatioas

« sy across the entire sky:

astrophysicists Martin Rees

sckground Explorer
satellite (COBE) was Isunched in 1959,

Baby Universe’sFirst Picture

years afe the Bi Bang. (NASA imase)

Scicntists have now confirmed the existence

2 Ban,
ted at 12 t0.20 billion ycars,

COBE excited scientists three years sgo
with data that exactly maiched what they had
expocted from a Big Bang universe. COBE

asured the spoctrum of light from the CMB
and found that it was, as predicted, in the
of a perfect blackbody curve. These data were
collcted by COBE anan imstrumcet designed by
Jobn Mather of NASA's Goddard Space Flight
caded the COBE. pr
Wit theaciionof the e g5, the cight
docd-ld Bl Bang thocyvith h o of

The current age of the universe is

who also b

The lumps i the map do not corrlate with
anything particular in the night sky today. buthey
are of distinct
the CMB was perfectly wniform, according t0
theory, we could not exist! So while the greatest
variations in the CMB are oely 31 a kevel of one
part in 100,000, they are suffcient to uhimarcly
lead to the current structurcs in the universe
Prince
abscrved atthe mecting.“I's the most important

ortance, say the rescarchers. If

astrophysicist pergel

discavery in cosmology in the past

Dark Matter Hunt Heats Up

The mystery of dark mattcr just decpened
with a new report of about
of te invisible, umexplained st hiding out in a

20 uillion suns-worth

small cluster of galaxies.
e vast store of dark matter was found us-
ing the ROSAT X-ray satellite. ROSAT detected

igantic cloud of very hot gas in a very un-

expected place: the scemingly empty space be

Mushotzky of NASA'S Goddard Space Flight
Center

What's more, the hot gas roquires an amazing
30 times more dark matter than visible maticr in
the cluster to achieve this, says Mushotzky. The
normal matier ROSAT observed is just @ small

and pull the universe back together into a “Big

dark mat
ter was that made by astronomer Vera Rubin in
1970. She st the rotation rate of tars i the

Ty than those closer i, as models predicted they

should be. The simplest explanation is that
et is 3 lot more evenly spread through the gal
[ s, dark matter

¢ them i the

Despite the new ROSAT discovery and

emormous implications, scicaiists haven't be
very successful in figuring ou what exactly
dark matter is. Some think st might be a type of
substomic particle that has mass but oaly inter
acts with normal mater through gravity. These

be KOSAT e
Wesly nicracting Massiv Parces (WIMPS)
could be shooting harmlessly through us
Know it
Another possibility s that the there are a lot
s out there that can't be
detected with our current tochnob
MAsive Compact Halo Ofiscts (MAC 104
would peohably be concentrated in the halo of

per second, and we woalda't

of dark, cold dead s

stars found immedistely sbove nd below the

alactc disk,

Inflation in

The Big Bang theoey has 3 problem, say sci-
entists. It can't go from a tiny ball o cacrgy 1o
se we see today without some help: an
adjustment called inflation

Astronomers obscrve that the overall tem.
perature of the cosmic microwave hackground
arly smooth and uniform, The e

become uniform only if distant re
The
St rciosacer ot s of i

However, st the time the CMB

e fir ser cm th ky
todsy would have been separatod by more than
the light trav
So why is the CMB

el distance in the young universe

Inflation theory xplains this by stting that
\er the Big Bang. the universe un-
a very short

other are now in far flung
verse, The overall uniformity of the background
emprature expanded with inflation. Parice

bt be a natural

sition in which the grand
unified force seporated into the strong nuclear

the Universe

force and the clectro-weak force. 150, it would
have occurmed 10°" s afir the Big Bang when
the universe was 107 kelvi

After inflation,

he expansion of the universe
continocd, bet 3t 3 slower rate. As space ex

panded,the universe cooled and matir formed.
Within the first er the Big B
quarks, neutrinos, and clectrons appered,
protons and
Inf ther remark;
ton: how strs and galaesformed n the wn

0 makes

Verse.  Since our cosmic ncighborbe

have been microscopis i size prioe to i

quantum flossuations in the density of mater in

this region would be strciched by inflation to
astronomical proportions. Afer inflaion, these
fuctuations would be faint in contrast, but over

ghtly over-dense regions would at

ing matter through the action of

This would initiate the gradusl process
galavy formation. Thus inflation simultanc

ously explains why the CMB s so nearly, but ot

cxactly, uniform and ultimately how we came &
bet

Scientists are now more satisfied that with
¢ addition of inflation, the Big Bang deseribes

Pulsar Gravitational
Waves Win Nobel Prize

This year's Nobel Prize in Physics was
awarded for the amaging discovery of the first
evidens, albeit indiecet, for the existence of
s,

 Universty astronomers

Rusall A, Hulse and Joseph . Toylor focwe

PSK 1913+16, which is a special type of super
called  pulssr. This pulsar
emits a radio pulse every 39 milliscconds as it
rotates on s axis. 1 is locked in 8 dizzying
cight-hour oebit with another sar, which s likely

10 be another neutron star
ol timing

ofihe plar, they found that he

two stars are spining claser 1o cach olher by
about three millimesers per orbit. That could
only happen if something was pulling en
out of the system. But what was it?
Einstein's _ theory

provides the answer.

orbit shoukd be 75 microseconds shorter every

Afier 18 years of refinement, Taylor has
honed down the timing of PSR
orbital periods o within 0.3 percent of gen
confirmation of the
existence of the gravitational waves peedicied
by Einstel

The pulsars won't be <ol
soon, Although cach pe

el

ity predictions - sr

Fool-Proofing Galactic ‘Candles

The “sundard candle™ used for measuring

ance to other galaxics just got a mach.

nceded tun

.
For years, the beight supcmova crestod by
the de

tems, known as Ty
standand candle, Wherene hey oceued,tey
were believed to have roughly
ancss. So scentsts used thern

hs of white ¢

ulste

Iy improve the accuracy of these calculations

vac came in two flsvors: wm\ﬂnuu\l.dhy\
1) did not sha

any cviden ”
o whie cthes (dencted Ty 1) 6. The

ack of hydrogen means that the star has used
up the basic foe ar reactions
i stars. Type I's were found to resalt from the
death of a single, massive star. In the 1950s,
at some Type I's

Boweser, it becams clear

also come from the death of  massive sar. The

remaining Type I's, now called Type la, were
m the

found instead 10 1y
white duarf sta 8 bisary sar sy
In a binary system, a white dwarf can

mass from its compunion star. With suficient
ned from the companion, the white

hes a critical muas at which nothing

i counteract the inward crush of gravity of the
star on itsel. The white

plodcs asa Type la supsrmova.

Since all Type la's are created by the explo-

warf collapses and ex:

sion of a white dwarf star as it exceeds a critical
mass, astromomers belicved they should all have
the same intrinsic b

measuring stick to distant galavics. In ackition,

ghincss. and be useful as a

Type la’s may be visible at distances greater than

bl stars, identifed as standard
candles in 1912 by Henrictta L

owomee Mark Phillips 31
the Cerro Tololo Interamerican Obsery
n Chile found that

some brightcr Type 1a's fade more slowly over
the first 15 days th

By sorting

do thase of dimmer oncs.

from the b

calculation ofa correction factor
that are dimmer than the stan
pemar;

cordingly, and increase the aceuracy of the

Astronoen

distance measurements.

Pancake or Oatmeal Universe —

What'’s for

Over its lifetime, the uaiverse staried out

samocrh, b
The COBE results peesent what's been

called an isotropic, o smooth, carly universe
with measured variations in the cosmic mi-

crowave hackground radistion of oaly | part

in 100.000! You mig

the

 has grown lumpy.

iverse was ke the surface of s pancake

smocth ata glance, with differences in texture

scen only uader claser inspection

The universe today is more like a bowl of
i clumps of ma

satmeal. with rea

Breakfast?

ter and energy. Objects from plants and stars

e casily de-

all the univense is
much smoother than was predicted by the origi
nal Big Bang. This problem has becn solved by
infa

While the carly umiverse was extremely

smooth compared to to

Tumps in it were vital

sec todsy, the

passiblc.




Let's Explore the CMB'’

Take balloon and
draw a line connecting
two dots and a wavy
line, as pictured

The “dots” represent
galaxies. )

the wavelength of light

0.0001 nm 0.01 nm 10nm 1000nm 0.01 cm 1 cm Im 100 m
1 1 1 1 1 1
m he B % -
e I e I n e Ig gamma rays X-rays ultra IR Infra red Radio Waves
violet
Ba n g Radar TV FM AM

i ¥isible light i

400 nm 500 nm 600 nm 700 nm



Characteristics of the CMB?

We've seen that the CMB is

% Isotropic — observed in all directions

% smooth — similar in all directions
What does our Universe look like °
today? "'

* Lumpy/structured, not smooth!

!

% Problem!! We need *some™ lumpiness —
some “anisotropies’
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Explore CMB Anisotropy

Go back to your Region 1
balloon, turn it to the /
other side and draw

two regions.

Imagine that gray is

one temperature, pink

(or balloon color)

another temperature. Region 2

49



Supernovae as Standard

Candles?'

Minkowski (1941) identifies two types of SN

In late 60’s, early 70’s - Type | recognized as
implosion of a white dwarf, and became
candidates as standard candles.

1985 - distinction arises between Type la
and |b based on spectral properties. la’'s"
continue to be candidates for std candles. '

1992 - Phillips provides a correction which
makes la’'s more robust as std candles.
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1993 Lessons '

Raisin Bread Universe

%% Cosmology in the kitchen!
Gravitational Waves

3% Construct a Grav. Wave Demonstrator

Melting Ice

% Carefully designed experiments can yield
unexpected results

Dark Matter NASA Conference
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Other 1993 Stories

Age of the Universe:

12-20 Billion Years

Baby Universe’sFirst Picture

COBE' wap of the sk

CosMIC TIMES

Dark Matter Hunt Heats

st his s shones the ko rftion 300,000 s afer the Big Basg. (NASA imase)

What i the newbom uaiverss ook like?

Scientists have now confirmed the existenee

In 196:
a radio telescope,

igh ly

Rockgroundhor s s plain andfstreen.
Today's technology has drawn a more detailed
picture of this cosmic microwave backgroun,

“If you're religious, t's like looking at God.”
said George Smoot, an astrophysicist at the
Univensity of Califoria, Berkeley and leader of
the rescarch team that unveiled the discovery. He
was addressing a room packed with scicalists at
a mecting of the American Physical Socisty

ball of encryy, distribeting hot radiation — and
spoce itself — outward in all directions. As the
universe expanded and cooled, this hot ball
of eneriy produced froshly minted particics.
st in the form of quarks and electrons, then
protons and neutrons, which combined to make
the nuxclei of hydrogen and helium. Over time,
gravity gathered the denser clumps of gas into
the familiar galaxics, stars, and plancts of the

moder universe. All the while, the radition
that was emitied in al directions by that carly

ety
see this radation today s 3 cosmic microwaye
background (CMB).

Dasta from the 19605 did not show deviations
in the CMB encrgy across the eatire sky
bowever, in 1967, astrophysicists Martin Rees
and Deanis Sciama prodicted such deviatioas.

T «

an all-sky map of these microwave variatioas,
illustrating fo

or “lumps
The COBE data shows the aflerglow from the
very early universe, only 300000 years after
the Big Bang. The current age of the universe is
estimated at 12

ing the ROSAT X-ray satelie. ROSAT detest
a igantic cloud of very hot gas in a very un-
expected place: the seemingly empéy space be-
tween two galaxics. This cloud is a surprisc be-
cause s great heat — detected from its adiation
Of Xerays ~ should have made the gas quickly
dissipate.

The existence of the hot gas clowd can only
be explained by the existence of a gravitational
force o hold it in place. Only dark maticr could
do the job without being seen, explains Richard
Mushotzky of NASA'S Goddard Space Flight
Cente.
What's more, the hot gas requires an amazing
30 times more dark matter than visible matier in
the cluster to achiexe ths, says Mushotzky. The
normal matter ROSAT observed is just a small
fraction of whal's rally there.

If that sort of dark matter ratio holds true

dark

o

Size of the Universe:

30 Billion Light Years

i ot of e v, b gy cond

enough 1o someday reverse the dircction of
fabiond cocsy ung oot by the D Bang
n pull the wnvers back topehr nto a -Brg
Crunch.” say some rescarchers.

COBE excited scientists thrce years ago
with data tht exactly maiched what they had
expocted from @ Big Bang wniverse. COBE
measared the spectrum of hght from the CMB
and found that i was, a predicted, i th form

decade-old Big Bang theory, with
infltion, & now firmly the kead mo
the universe bey
aceount for COBE's results
Some difficult and unsavory contortions o do

“The lumps in the map do not correlate with
‘anything particular in the night sky today, butthey
are of distinet importance, say the rescarchers. If
the CMB was perfectly wniform, sccording t0

ariations in the CMB are oaly at  kevel of one

e was that made by astronomer Vera Rubin in
1970, She stidied the rotation rat of stars n the
Andromeda galaxy and found that it just dida’t
make sense. The stars in the dis further from
the galactic center were not rotating mare slow-
Ty than those o cted they

aties for

the ROSAT.

‘should be. The simplest explanation is that mat.

e s 3 lot more evenly spread through the gal-
it appcars.In ther words, dak maticr
s ugging at these stars and kecping them i the

axy th

galaxy.

Despite the new ROSAT discovery and s
ons, scicaists haven't been

very successful in figuring out what cxactly
dark matte
subatomic

¢ think 1t might be a type of
55 but only inter-
‘acts with normal matter through gravity, These

‘Weakly Interacting Massive Particles (WIMPs)

could be shooting hammessly through us right

now, a million per second, and we woalda't
i

ber possiblity is that the there are a lot

of dark, cold dead sars out there that can't be

ted with our current technology. These

MAssive Compact Halo Objects (MACHOS)
would peobably be concentrated in the halo of
stars found immedistely aboy e
alacic disk,

¢ and below th

Pulsar Gravitational
Waves Win Nobel Prize

Lo i in_Phy

idnc, ik e, e e e of
gravitational w;

In 1974, Princeion Uriversty aszon
Russll A. Hule and Joscph . Toyle e
PSR 1913416, which is a special type of super-
dense neutron star called a pulsar. This palsar
emits a radio pulsc every 59 milliseconds as it
rotates on its axis, 1t is locked in a dizzying

hich is kel

partin 100,000,
lead 10 the current structures in the universe.
Princcton  astrophysicist  David  Spergel

~ just 30 millionths

s deges- mad teom exemely brdh e
. i Backgroand Explorer

ot (COBE) e snehed 1989,

I the most important
discavery in cosmology in the past 20 years.™

Inflation in the Universe

The Big Bang theoey has a problem, say sci-
entists. It can't go from a tiny ball of cncrgy to

force and the elestro-weak force. 150, it would
have occured 10 sec afie the Big Bang when

adjustment called inflaion.
Astronomers. observe that the overall tem-

peraturs can bocomse uniform only f dstant -
gions can interact and exchange encrgy
fastest inferactions occur 3 the speed of light,
However, 34 the time the CMB radistion was
emitid, two regions that ae far apart on the sky
have been separated by more than

the light travel distnce in the young universe.
Sowhy o the CUB tcmprsr 0ty s
form

atton theory explio s by sttt
shonly afer the Big Bang. the universe un-
derwenita very rapid expansion in a very short
amount o ime. This expansion grew the siz of
the universe by a actorof 10* inabout 10”sex
onds. Thes, regions onc in contact with cach
other arc now i far flang regions of the uni-
verse, The overalluniformity ofthe backy
temperature expanded with inflstion. Paticle

107 kelvins.

Afer inflation, the expansion of the universe
continued, but 3t 3 slower rate. As space €

inded, the uaiverse cooled and matier formed.
Within the finst second afler the Big Bang.
quarks, neutrinos, and clectrons appeared. then
protons and ncutro

Inftation makes another remarkable peods
tion: how stars and galavies formed in the
verse.  Since our cosmic ncighborbood would
have besn microscopis in size prioe 0 inflation,
quantum floctuations in the density of matter in
this region woald be strciched by inflation 1o
‘astronomical proportions. Afer inflation, these
foctuations would be faint in contrast, but over
time, the slightly over-dense regions would at-
tract neighboring matier throgh the ction of
gravity. This would initiate the gradual process
of galaxy formation. Thus inflaion simultanc-
ously explains why the CMB s so nearly, but not
‘exacly, uniform and ultimately how we came 1o
bet

Scientists are now more satisfied that with

by-peoduct of the transition in which the grand
unified force separated inlo the strong nuckar

the Big By

the universe we live i

10 be another neutron star.

Four years later, after some carcful timing
measurcaments of the palsar, they found that the
two stars are spinaing closer (0 each other by
about three millimeters per orbit. That could
anly happen ifsomcthing was puliag coergy
out of the system. But what was it

Fitcios thory of gncrsl relativity
provides the answer, It prodicts that two massive
objests tearing around in a strong gravitational
feld radiste gravitational waves out into spce.
“This extracts energy from their rbits, and causes
therm to drop in closer 1o cach ocher. The §-hour
orbit should be 75 microscconds shaorler every

Afier 18 years ment, Taylor has
hooed down the timing of PSR 1913+16s
orbital periods to within 0.3 percent of general
relaivity predictions - strong confirmation ofthe
existence of the gravitational waves peedicied
by Einstein

e pulsars won't be colliding any time
soon, Although cach peutron star is 7 miles in
damtrand 4 e the s of e Sun e
are sill about 3 million miles spart. Al
present rae, it will take 300 million years oo
the stars o merge.

el . e o o . i, b of P
o Universiny,shared he 1993 Nobel P

Tt oy of ek of et eoes.
Ccomfomin the predicton by

Fodl-Proofing Galactic ‘Candles’

The “standurd candie™ used for measuring
the distance to other galaxics just got 3 much.

ccded tanc-up.

For yeur he gt supemovee crosod by

dwarf star in binary sys-
e, knowa 0 Tpo b upermcvac, By b
a standard candle. Wherever they occurred, they

deaths of

can counteract the inward crush of ofthe
star o itself, The white dwarf collapses and ex-
plodes asa Type la supermova.

Since all Type la's are created by the explo-
sion of 3 white dwarf star as it exceeds a critical
mass, astromomers believed they should all have
the same intrinsic beightness. and be useful as a

brightnss. So scientists sed them 10 calculste

In addition,
ety bevisble o g than

But recent rescarch has revealed a way 1o great-

. identified as standard

ly imp y
In the 19405, astronomers realized supsrmo-

Candics n 1913 by Henricaa Leavit.
Type la's are cqual
cither. A large sampling of supemovas has

oo came i o v s (e called Tyge - vesld thad e

1) did not show any evidence of containing by ing over days

drogen. n.wrmmuu-m DR The s gt deal. Asoner Mk Phillps 3
ack of hydrogen means that the star has e Cerro Tololo Interamerican Observatory

e okt e ot e i il o ht th o g v of
s, Type ' were o 10 sl o the some beghice Type s fude o showly over
death of 3 single, masive sta. In the 1980, the first 15 days than do those of immer anes.
Bowever, it became clear that some Type I's By sorting the dim, fast-foding supsmmovac
also come from the desth of a massive star. The  from the bright, slow-fading oncs, Philips
remaining Type I's, now called Type Ia, were  rived at 8 aminosiy-deeline elation. It alows

found insicad 1o result from the collapse of o calculation ofa comrection factor for supermovae
white dwarf star in a binary star sysiem. that are dimmer than the standsrd Type 1a su-
In Saay syem, 4 whir et com s wa. Astronomers can adjust the distance

salbcest  scootingly, amd imreae e scrwncy of e
s gainc from e companin, th whic  diance messarccns
dwarf reaches a critical mass at which mothing

Pancake or Oatmeal Universe —
What'’s for Breakfast?

Over it lifetime, the universe staried out
smooth, bus has grown lumgy.

The COBE results present what's been
called an isotropic, or smooth, early universe
~ with measured variations in the cosmic mi-
crowave background radiation of oaly | part
i 100,001 You might say that, at that ime,
the universe was like the surface of 3 pancake:
smooth at a glance, with differences in texture
scen only undes

oatmeal, with real “lumps” and clumps of mat-

ter and energy. Objects from plancts and stars
i 2d gaaxy chnens e enily de-
tectable. Nonetheless, overall the universe is
mach st was prdiccd byt gl
nal Big Bang. This problem has been solved by
inflation.

While the carly universe was extremely
smooth compared to today. thase minuscule
Tumps in it were vital. Through the action of
e Jod 10 the much bigger lumps we
see today, the ones that make our very exisience
possible.
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Cosmology's End?’

By the mid-90s, cosmologists thought that
they had only to *fill in the detalls”.

Remaining questions:

% Will the expansion continue forever, or will
Universe eventually collapse back on itself?

% What is the mass-density of the Universe
(which would answer the above)?
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Cosmology’'s End?

Things may not be what they seem.

When we see odd behavior, we look
more carefully at what's going on.
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Not the End’

In 1997 ...

Recall, we were looking to “fill in the
details” of the Universe’s expansion. '

Given that gravity is the longest-
reaching force according to physics, the
expansion of the Universe should be
slowing down...
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1. Create a White Dwarf

A dying star becomes a white dwarf.

56



2. Dump more mass onto it




3. Until it explodes

58



4. Observe In a distant galaxy

The explosion is as bright as an entire galaxy of stars....
.....and can be seen in galaxies across the universe.
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5. Compare its distance to its

Velocity

velocity

More distant galaxies recede from us
more rapidly. o

J These supernovae are more distant
e than expected.
& Space-time has expanded more than

’ expected.

Distance (via SN la)

60



History of the Universe's
Expansion
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Dark Energy Comprises 73%
of Universe

“Normal Matter”
Dark Energy o,

73%
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Century Timeline

Put together the Cosmic Times
timeline with events In:
3% Other Science
¢ Arts/Entertainment/Culture

7i
Al
7N
e
q

¢ World History/Politics

Opportunities for cross-disciplinary collaboration



2006 Lessons

Measuring Dark Energy
% Use SN data to see evidence for Dark Energy

Tools of the Trade
% Satellites for investigating the cosmos

Cosmic Times 2019

% Students predict our state of knowledge and
create their own CT edition
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Other 2006 Stories

Age of the Universe:

13.7 Billion Years

There is fresh evidence for the existence of
duk cmrgs. & poraor sy et s bkl
the expansion of the cosmos. Dirk energy
smacinghy compises uhion Wooquenes o
the universe. It appears 1o be accelerat
distances between galaxics and working .g;....
wravity, but it nature isstill unknown,
The new evidence is the discovery
et dark coergy b on photens o igh from
the carliest universe. This ancieat light began
moving across the universe just 380,000 years
after the Big Bang. and its initial cnergy has
n shifled into the microwave purt of the
cnergy spectrum in the 13 billion years since.
We see the light today as what scientists call
the cosmic microwave bockground (CMB)
radiation, The detestion of an effcct in the CMB
called Integrated Sachs-Wolfe (S

V) coafirms.

that dark encrgy had an additional influcnce on

on the CMB was recently
oo by 1a knsioral colbbnion of
hers: Siephen Boughn  (Haverfoed
n.u.m and Robert Critenden (Univensity of
) CharsBenmtts (ASA) WMAP
e, and 3 collaboraton of atonc
U Sioan Digtl Sky Sy and the s
& Astrophysique de Paris
ir conclusicas result from efforts 1o pull
together a teasure trove of dat, oa the large-
scale structures of the universe and on light
from the newborn uaiverse. The data included
obscrvations from visible light, -tay, radio and
microwane telescopes.

Faster Walk On The Dark Sig

CosMic TIMES

apro
wells”

decper well. 1 there 5 no hange . 4

of a well while a photon crosses i the we

o ol the phoon’ . B duk

out deep wells of gra

lon . henCMD pbu«mnnmmg

the well will change their encrgy. T
abservations of these sublle changes in e cotd
provides further evidence for the existence of

dark encrpy.
This additional evidence is good pews
astromomers who first desectcd a gravity-defying.
dark energy in 1998, AU that time, two teams.
of astromomers were measuring the retreat of &
ollectionofvery i Tye o spermone.
These spermovac e crcted by the exploskon
‘ofa white dwart. The teams from the Supemov
Cotmology Prject @ Laveence Beeley
National Lab and the High-Z Supcmova Search
had iniended 0 measure the rate at which

Earth and these supomovae was growing. and
at an increasingly faster rate. Starting about
five billion years ago, some uncxplained “dark™
emergy began 10 overwhelm the force of gravity
and push galaxi

The researchers chase 10 name it ark energy.
00t o be confused with dark mattr, which is

Ann~

Journey
to Cosmos’
Dark Heart

on the darkest mystery 1n the wniverse: dark

energy.

NASAandihe US Departmentof Encrgy have

thececomept s comsidcion

ir Joint Dark Encrgy Mission

uumn TDEM i st o e <oty as
013

JDEM's goal s 10 sharpen and double-
check the distance measurements to Type ba
. This,in tum, should reveal critical
clues 10 how fas the universe has expanded at
different points in cosmic history.
Type Ia's are considered a standard of
comparison used 1o detcrmine the distance o

94 Billion Light Years

ds of Modern Universe

Size of the Universe:

WMAP

>

Wikinson M

Cosmic rescarchers now have the sharpest

number of these “standard candie” supemovac
i galaxics far and near, escarchers hop o find
out just how quickly those galaxics are flying
away from us.

Thethres proposedconceptsarcthe Supemova
Acceleration Probe (SNAP), the Advanced Dark
Encrgy Physics Telescope (ADEPT), and the
Dark Encry Space Telescope (Destiny). Fach
would ook at the supemovae ina diffeent way.

focus. carly structure. This
betier view comes in the form of super-sensi-
e temperrs dua of the k.l coumic
background (CMB) collected by
e Wilkinson Micromave. Anisotropy Probe
(WMAP). The CMB is the aflerglow of the Big

;

ng.
WMAP has vastly improved oa the fuzzicr,
caking first image of the CMB

anveiid in 1993 from NASA's Cosmic Back-

As for what dark energy is, that's anybody's
guess right now. While there are at least a half
dozen theorics, none seem very close 10 an
authoritative answer.

ekescops with a CCD D (chagecouplod drvce)
digital cameras. But

e
n.mn.mmmm.‘ur.mﬂu SNAP

What WMAP has now confirmed are the
acoustic “peaks” of the undulating Big Bang
shockwaves in the CMB. These were first ob-
served in 1999 and 2000 with ground-based in-

inthe amiverse.

work out the energy compasition. They find nor-
mal matier % of the universe, dark
mater is 23% of the universe, and the energy i
73%. Rather niccly, the encrgy pecded falls right
1 e cmgeof h amoust o rviy eplsiog
encrgy discoverod by astronomers in 199%.
AR i o et i, et
the polarization of light in the CMB across the
entire sky. This is important because it helps
work out details of what happened during the
first split sccond afte the g Bang. That's when
the wniverse puffd up like  hyperactive lamp.
of bread dough. I

tronomers.
ucrsuions i he ool Big Bang o wemslae
o bae, but e ifences i poiare
Py n tu,

Dark Matter
23%

Atoms

year m«:urdcrmp of distances - ahou
times more supemovac than are now detected
exh

ADEPT would use a 1.1-meter near-infrared
tekescope 10 locate 100 million galaies and

struments. the ge-

‘ometry of the universe is flst. What that means,
amoag odher hings, s that o a Lrge s

of these acoustic
peak gives th o of norual rsir and
matter .

WMAPhas

1.000Type s
hat be

cosmic microwave background. The mission
would reveal how well the cariest (most distant)
galaxies match up with the carfiest clumps of
matter, and how dark cncrgy has altered the

Destiny would have a_1.65-meter
infrared telescope, designed 1o deiect 3
Type Ia supemavac over two years. It willld
spend an additional year surveying. in
1,000 square-degrees of sky. This would ga

new readings oa changes in the lage-scd

omers know whallie attcr and energy
o e

e composition. they have been

e o thovgh 0. bt st of ey’ B
gantic clustens of galaxies

Rescarchers arc now sompuring and combin-
ing the pew WMAP data with a range of other
cosmic measurcents — vast sunveys of sars,
galany clustering. hydrogen gas clouds, super-
novae, and others - to uncover a new unifid un-
derstanding of the universe's past, present and
fture.
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Wins Nobel

Ausqbyicias Jihm Lisher sad Gorge
Smoot Nobel Prize.

Bang. Both phases of Destiny's mission would
impeove on the sensitivity of similar ground-
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Biggest Mystery:
What is Dark Energy?

The further we ook into the cosmos, the
more purzied we are. That's the experience of
astrooomers and astrophysiisis now wresiling
‘with the peoblem of dark encrgy. This uaknown
substance dominacs the URverSe, Y6 is  pro-
Tound myscry.

There are several theories being propased
o gl datk ey, So . e, g
these ideas has been very hand to do. The key
il o creme  new peeration of

constant an anmoying fodge factor, without
any conncstion to the real universe.

Later rescarchers proposed that the cosmo-
logical constant represcnts an underlying back-
ground encrgy. That energy might exert some
kind of pressure on the cosmos. Unfortunately,
ihe dheory p«l»u that the energy ought 0 be
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uremcns oo marked e cepicn of commel-
oy as a precise science.

Using data from the spoce-based Casmic
Background Explorer (COBE). a tcam ked by
Mather and Smoot tessed out the details of
bow the universe has cooled. They measured
the spectrum of light rom this background and
found tha it maiched peedictions from the Big
Bang theory perfoctly. They also found the very
subdle variations across the sky in the CMB,
Before the discovery of these tiny variations, it
was difficult 10 account for the present structure
of the universe, say cosmologists. Later cxperi-

D Jokn . Mather at the Nobel Award ceremony
accepeing s awand row the King of Swedes

ments refined the COBE data, but the basis of
ery comes rom this mission

At the moment the only way to talk sbout
dark encrgy is 10 say what we know it docs
crcates more space, new spoce, pushing galax-
ics further apart

"‘”Am"mmummzmmﬁ Sorting Out the Dark Stuff

same as the ancient Greek term for a mysterious
flh clement — beyood canth, air, fire and wa-

the cosmas.

“missing mass.

ter - which Unlike

larger atan increasing clp. Some measurcments
of distant supermovac in the Ite 19905 sbawed
usthis stanling phoomen.
tronically, there was one big it that dark
encrgy existed even before astrocomers found
evidene of it. None odher than the great Albert
Eimicn had fcedn s e graity” el
which he called the “cosmological constant”,
it sty of gncl elatvy o ke
static universe that was oberved
1906 Al EdminHobbl discreedin 199

quintessence holds that s some kind of en-
crgy field that pushes paricies apan. It states
that the encry is variable and that it can lessen
im sirength 2 it travels through space and time.
This concept fits the data available, which sug-

ot constant.

Scientists ecd 10 leam much more about
dark eneriy’s impact on the universe fo test their
theories. The only way to do that, of course, is

Eintein
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and cverything clse we can detect - accounts for
4 The.

on it with gravity. Dark matr
was fist propased in the 19305 by astronomers
amount of visibl mat

s beginning (o get a handle on what makes up
the rest of it,
The more abundant matier in the universe
dark matter ~ doesn't rulk cither. It makes
just 23 percent of the universe. This is dwarfed
he most prominent entity of all - dark en-
ergy, which is 73 percent of the universe. While
are mysterious, and both have been dubbed
& because they can't be directly sensed,
they are very different beasts.

terk in galavies wasn't enough to
account for their measured gravitationsl effects.
Dark matter is cumreotly thought to be a kind
of cold particle that imteracts extremely weakly
with both asoms and light

Dark cnergy, on the other hand. i a siranger
animal. It reveals itself only by finging every-
thing clse aport. This peculiar cnergy is right
Pow creating more space out of nothing and
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The yearis 1919...

+What's going on?
+What's going on in science?

+What is your view of the Universe?

 Infinite

** Unchanging/static * Ageless




The year is 2009...

+What's going on?
+What's going on in science?

+What is your view of the Universe?

k2 Finite

** Changing ** 13.7 Billion Years Old




Cosmic Times
http://cosmictimes.gsfc.nasa.gov/
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