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Said
the

disciple,“A
fter

I
heard

your
w

ords,
one

year
and

I
ran

w
ild,tw

o
years

and
I

w
as

tam
e,

three
years

and
positions

interchanged,
four

years
and

things
settled

dow
n,five

years
and

things
cam

e
to

m
e,nine

years
and

I
had

the
great

secret.”

–C
huang-tzu

A
b
stra

ct

W
e

review
the

theoreticalim
plicationsofthe

past
decade

ofC
M

B
anisotropy

m
easurem

ents,w
hich

culm
inated

in
the

recent
detection

of
the

first
feature

in
the

pow
er

spectrum
,

and
discuss

the
tests

available
to

the
next

decade
of

experim
ents.

T
he

current
data

already
suggest

that
density

perturbations
originated

in
an

inflationary
epoch,

the
universe

is
spatially

flat,
and

baryonic
dark

m
atter

is
required.

W
e

discuss
the

underlying
assum

ptions
of

these
claim

s
and

outline
the

tests
required

to
ensure

they
are

robust.
T

he
m

ost
critical

test
-

the
presence

of
a

second
feature

at
the

predicted
location

-
should

soon
be

available.
Further

in
the

future,
secondary

anisotropies
and

polarization
should

open
new

w
indow

s
to

the
early

and
low

(er)
redshift

universe.

1
In

tro
d
u
ctio

n

T
h
e

1990’s
w

ill
b
e

rem
em

b
ered

as
a

d
ecad

e
of

d
iscovery

for
cosm

ic
m

icrow
ave

b
ack

grou
n
d

(C
M

B
)

an
isotrop

ies.
T

h
e

lau
n
ch

of
th

e
C

O
B

E
satellite

u
sh

ered
in

th
e

d
ecad

e
in

1990
an

d
lead

to
th

e
fi
rst

d
etection

of
C

M
B

an
isotrop

ies
at

>
10 ◦

scales
[1].

T
h
rou

gh
th

e
d
ecad

e,
a

com
b
in

ation
of

h
igh

er

resolu
tion

ex
p
erim

en
ts

m
ad

e
th

e
case

for
a

rise
in

th
e

an
isotrop

y
levelon

d
egree

scales
an

d
a

su
b
seq

u
en

t

fall
at

arcm
in

u
te

scales
[2].

T
h
e

fi
n
al

year
saw

ex
p
erim

en
ts,

n
otab

ly
T
o
co

an
d

B
o
om

eran
g,

w
ith

su
ffi

cien
t

an
gu

lar
resolu

tion
an

d
sk

y
coverage

to
lo

calize
a

sh
arp

p
eak

in
th

e
an

isotrop
y

sp
ectru

m
at

ap
p
rox

im
ately

0 ◦.5
[3].

In
th

is
rev

iew
,

w
e

d
iscu

ss
th

e
th

eoretical
im

p
lication

s
of

th
ese

resu
lts

an
d

p
rov

id
e

a
road

m
ap

for
critical

tests
an

d
u
ses

of
C

M
B

an
isotrop

ies
in

th
e

com
in

g
d
ecad

e.

2
O

n
ce

a
n
d

F
u
tu

re
P
o
w

e
r

S
p
e
ctru

m

T
h
e

tin
y

10 −
5

variation
s

in
th

e
tem

p
eratu

re
of

th
e

C
M

B
across

th
e

sk
y

are
ob

served
to

b
e

con
sisten

t

w
ith

G
au

ssian
ran

d
om

fl
u
ctu

ation
s,

at
least

on
th

e
C

O
B

E
scales

(>
10 ◦),

as
ex

p
ected

in
th

e
sim

p
lest

th
eories

of
th

eir
in

fl
ation

ary
origin

.
A

ssu
m

in
g

G
au

ssian
ity,

th
e

fl
u
ctu

ation
s

can
b
e

fu
lly

ch
aracterized

b
y

th
eir

an
gu

lar
p
ow

er
sp

ectru
m

1

T
(n̂

)
= ∑`m

a
`m

Y
`m

(n̂
)
,

〈a ∗`m
a

` ′m
′〉

=
δ
`` ′δ

m
m

′C
` .

(1)

W
e

w
ill

often
u
se

th
e

sh
orth

an
d

(∆
T

)
2

=
`(`

+
1)C

` /2π
w

h
ich

rep
resen

ts
th

e
p
ow

er
p
er

logarith
m

ic

in
terval

in
`.

1
C

onventions
for

relating
m

ultipole
num

ber
to

angular
scale

include:
θ
` ≈

2
π
/
`,

π
/
`

or
100 ◦/

`.
T
o

the
extent

that
these

conventions
differ,none

ofthem
are

correct;
w

e
hereafter

refer
to

pow
er

spectrum
features

by
m

ultipole
num

ber,
w

hich
has

a
precise

m
eaning.
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1:
P
ow

er
S
p
ectru

m

F
ig.

1
(left,

1σ
errors×

w
in

d
ow

F
W

H
M

)
sh

ow
s

th
e

m
easu

rem
en

ts
th

e
p
ow

er
sp

ectru
m

to
d
ate

(see
[3]

for
a

com
p
lete

list
of

referen
ces).

T
h
e

d
ata

in
d
icate

a
rath

er
sh

arp
p
eak

in
th

e
sp

ectru
m

at

`∼
200

w
ith

a
sign

ifi
can

t
d
eclin

e
at

`∼ >
1000.

T
h
is

p
eak

h
as

p
rofou

n
d

im
p
lication

s
for

cosm
ology.

T
h
e

p
rim

ary
claim

s
in

d
ecreasin

g
ord

er
of

con
fi
d
en

ce
an

d
in

creasin
g

n
eed

of
verifi

cation
from

p
recision

m
easu

rem
en

ts
(e.g.

from
th

e
M

A
P

an
d

P
lan

ck
satellite

F
ig.

1
cen

ter,
righ

t)
are

•
E

arly
universe.

T
he

sim
plest

inflationary
cold

dark
m

atter
(C

D
M

)
cosm

ologies
have

correctly
predicted

the
location

and
m

orphology
of

the
first

peak
in

the
C

M
B

;
conversely,

all
com

peting
ab

initio
theories

have
failed,

essentially
due

to
causality.

C
onfirm

its
acoustic

nature
w
ith

the
second

peak.
U

se
polarization

as
a

sharp
test

of
causality.

•
G

eom
etry.

T
he

universe
is

flat.
Low

er
lim

its
on

the
totaldensity

(Ω
to

t ≡ ∑
Ω

i∼ >
0
.6

[3])
are

already
robust,unless

recom
bination

is
substantially

delayed
or

h�
1.

C
alibrate

the
“standard

rulers”
(acoustic

scale
and

dam
ping

scale)
in

this
distance

m
easure

through
the

higher
peaks.

•
B

aryons.
A

t
least

as
m

uch
baryonic

dark
m

atter
as

indicated
by

big
bang

nucleosynthesis
(B

B
N

)
is

required
(Ω

b h
2∼ >

0
.01

[3]).
C

onfirm
w
ith

relative
heights

of
the

peaks,
especially

the
third

peak.

•
R

eionization.
T

he
T

hom
son

opticaldepth
is

low
–

how
low

depends
on

the
range

ofm
odels

considered.
T

he
optical

depth,
assum

ing
it

is
low

,
w
illonly

be
accurately

m
easured

by
C

M
B

polarization
at

large
angles.

•
D

ark
energy.

T
he

m
atter

density
is

low
and

com
bined

w
ith

flatness,
this

indicates
a

m
issing

energy
com

ponent,
possibly

the
cosm

ological
constant.

C
urrently

the
95%

C
L

includes
Ω

m
=

1
but

the
m

axim
um

likelihood
m

odel
including

B
B

N
and

h
constraints

has
Ω

m
≈

0
.3

[3].
M

easure
Ω

m
h

2
from

the
first

three
peaks.

T
h
e

early
u
n
iverse

an
d

geom
etry

tests
b
asically

rely
on

th
e

p
osition

of
th

e
fi
rst

p
eak

an
d

h
en

ce
are

m
ore

rob
u
st

th
an

th
e

later
on

es
w

h
ich

rely
m

ain
ly

on
in

terp
retin

g
its

am
p
litu

d
e.

M
oreover,

all
claim

s
are

b
ased

on
in

terp
retin

g
th

e
p
eak

at
`∼

200
as

th
e

fi
rst

in
a

series
of

acou
stic

peaks.
B

ased
on

th
e

sh
arp

n
ess

of
th

e
featu

re,
th

is
in

terp
retation

is
n
ow

reason
ab

ly,
b
u
t

n
ot

com
p
letely

secu
re.

T
h
e

d
etection

of
a

secon
d

p
eak

in
th

e
sp

ectru
m

is
critical

sin
ce

it
w

ill
p
rov

id
e

essen
tially

in
con

trovertib
le

ev
id

en
ce

th
at

th
is

in
terp

retation
is

correct
(or

w
ron

g!).
O

n
ce

th
is

is
ach

ieved
an

d
th

e

p
eak

s
p
ass

th
e

m
orp

h
ological

tests
d
escrib

ed
b
elow

,
th

e
C

M
B

w
ill

b
ecom

e
th

e
p
rem

ier
lab

oratory
for

p
recision

cosm
ology,

as
m

an
y

stu
d
ies

h
ave

sh
ow

n
[4].

T
h
ese

ex
p
ectation

s
also

rely
on

th
e

fact
th

at
C

`

can
u
ltim

ately
b
e

m
easu

red
to

∆
C

`

C
`

= √
2

(2`
+

1)f
sk

y

,
(2)



3

1
st E

xtrem
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Θ
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2
nd E

xtrem
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1
st

2
nd
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F
ig.

2:
H

arm
on

ic
A

cou
stic

P
eak

s.

b
ased

on
G

au
ssian

sam
p
le

varian
ce

on
th

e
(2`

+
1)f

sk
y

in
d
ep

en
d
en

t
m

o
d
es

of
a

given
`,

from
a

fraction

of
sk

y
f

sk
y .

T
h
e

rest
of

th
is

rev
iew

w
ill

m
ake

th
e

th
eoretical

case
for

th
e

ab
ove

statem
en

ts.

3
S
o
u
n
d

P
h
y
sics

T
h
e

th
eory

u
n
d
erly

in
g

th
e

p
red

iction
s

of
C

M
B

an
isotrop

ies
h
as

essen
tially

b
een

in
p
lace

sin
ce

th
e

1970’s
[5]

an
d

is
b
ased

on
ex

traord
in

arily
sim

p
le

fl
u
id

m
ech

an
ics

an
d

grav
ity

[6,
7].

S
im

p
licity

is
en

su
red

b
y

th
e

sm
alln

ess
of

th
e

fl
u
ctu

ation
s

th
em

selves:
th

e
ob

served
am

p
litu

d
e

of
∆

T
/T

∼
10 −

5
gu

aran
tees

th
at

th
e

eq
u
ation

s
of

m
otion

can
b
e

lin
earized

.

T
h
e

fl
u
id

n
atu

re
of

th
e

p
rob

lem
follow

s
from

sim
p
le

th
erm

al
argu

m
en

ts.
T

h
e

co
olin

g
of

C
M

B

p
h
oton

s
d
u
e

to
th

e
cosm

ological
ex

p
an

sion
im

p
lies

th
at

b
efore

z∗ ≈
1000,

w
h
en

th
e

C
M

B
tem

p
eratu

re

is
T

>
3000K

,
th

e
p
h
oton

s
are

h
ot

en
ou

gh
to

ion
ize

h
y
d
rogen

.
D

u
rin

g
th

is
ep

o
ch

,
th

e
electron

s
glu

e

th
e

b
aryon

s
to

th
e

p
h
oton

s
b
y

C
om

p
ton

scatterin
g

an
d

electrom
agn

etic
in

teraction
s.

T
h
e

d
y
n
am

ics

th
at

resu
lt

in
v
olv

e
a

sin
gle

p
h
oton

-b
ary

on
fl
u
id

.

G
rav

ity
attracts

an
d

com
p
resses

th
e

fl
u
id

in
to

th
e

p
oten

tial
w

ells
th

at
later

seed
large-scale

stru
ctu

re.

P
h
oton

p
ressu

re
resists

th
is

com
p
ression

an
d

sets
u
p

sou
n
d

w
aves

or
acou

stic
oscillation

s
in

th
e

fl
u
id

.

T
h
ese

sou
n
d

w
aves

are
frozen

in
to

th
e

C
M

B
at

recom
b
in

ation
.

R
egion

s
th

at
h
ave

reach
ed

th
eir

m
ax

im
al

com
p
ression

b
y

recom
b
in

ation
b
ecom

e
h
ot

sp
ots

on
th

e
sk

y
;

th
ose

th
at

reach
m

ax
im

u
m

rarefaction

b
ecom

e
cold

sp
ots.

4
M

a
th

M
ath

em
atically,

th
e

cast
of

ch
aracters

are:
for

th
e

p
h
oton

s,
th

e
lo

cal
tem

p
eratu

re
Θ

=
∆

T
/T

,
b
u
lk

velocity
or

d
ip

ole
v

γ ,
an

d
an

isotrop
ic

stress
or

q
u
ad

ru
p
ole

π
γ ;

for
th

e
b
aryon

s,
th

e
d
en

sity
p
ertu

rb
ation

δ
b

an
d

b
u
lk

velo
city

v
b ;

for
grav

ity,
th

e
N

ew
ton

ian
p
oten

tial
Ψ

(tim
e-tim

e
m

etric
fl
u
ctu

ation
)

an
d

th
e

cu
rvatu

re
fl
u
ctu

ation
Φ

(sp
ace-sp

ace
m

etric
fl
u
ctu

ation≈
−

Ψ
).

C
ovarian

t
con

servation
of

en
ergy

an
d

m
om

en
tu

m
req

u
ires

th
at

th
e

p
h
oton

s
an

d
b
aryon

s
satisfy

sep
erate

con
tin

u
ity

eq
u
ation

s
[6]

Θ̇
=

−
k3
v

γ −
Φ̇

,
δ̇
b
=

−
k
v

b −
3Φ̇

,
(3)

an
d

E
u
ler

eq
u
ation

s

v̇
γ

=
k
(Θ

+
Ψ

)−
k6
[1

+
3(1−

Ω
to

t ) H
20

k
2

]π
γ −

τ̇
(v

γ −
v

b )
,

4
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3:
G

eom
etry.

v̇
b

=
−

ȧa
v

b
+

k
Ψ

+
τ̇
(v

γ −
v

b )/R
,

(4)

in
w

aven
u
m

b
er

sp
ace.

τ̇
=

n
e σ

T
a

is
th

e
d
iff

eren
tial

T
h
om

son
op

tical
d
ep

th
,
R

=
(p

b
+

ρ
b )/(p

γ
+

ρ
γ )≈

3ρ
b /4ρ

γ
is

th
e

p
h
oton

-b
aryon

m
om

en
tu

m
d
en

sity
ratio,

an
d

overd
ots

rep
resen

t
d
erivatives

w
ith

resp
ect

to
con

form
al

tim
e

η
= ∫

dt/a
.

T
h
e

con
tin

u
ity

eq
u
ation

s
rep

resen
t

p
article

n
u
m

b
er

con
servation

.
F
or

th
e

b
aryon

s,
ρ

b ∝
n

b .
F
or

th
e

p
h
oton

s,
T
∝

n
1
/
3

γ
,
w

h
ich

ex
p
lain

s
th

e
1/3

in
th

e
velocity

d
ivergen

ce
term

.
T

h
e

Φ̇
term

rep
resen

ts

th
e

“m
etric

stretch
in

g”
eff

ect
an

d
ap

p
ears

b
ecau

se
Φ

rep
resen

ts
a

sp
atially

vary
in

g
p
ertu

rb
ation

to
th

e

scale
factor

a
an

d
n

γ
,b ∝

a −
3

(see
F
ig.

7,
left).

T
h
e

E
u
ler

eq
u
ation

h
as

a
sim

ilar
in

terp
retation

.
T

h
e

ex
p
an

sion
m

akes
p
article

m
om

en
ta

d
ecay

as

a −
1.

T
h
e

cosm
ological

red
sh

ift
of

T
accou

n
ts

for
th

is
eff

ect
in

th
e

p
h
oton

s.
F
or

th
e

b
aryon

s,
it

b
ecom

es

th
e

ex
p
an

sion
d
rag

on
v

b
(ȧ

/a
term

).
P
oten

tial
grad

ien
ts

k
Ψ

gen
erate

p
oten

tial
fl
ow

.
F
or

th
e

p
h
oton

s,

stress
grad

ien
ts

in
th

e
fl
u
id

,
b
oth

isotrop
ic

(k
δp

γ /(p
γ
+

ρ
γ )

=
k
Θ

)
an

d
an

isotrop
ic

(k
π

γ )
cou

n
ter

in
fall.

C
om

p
ton

scatterin
g

ex
ch

an
ges

m
om

en
tu

m
b
etw

een
th

e
tw

o
fl
u
id

s
(τ̇

term
s).

If
scatterin

g
(τ̇ −

1)
is

rap
id

com
p
ared

w
ith

th
e

ligh
t

travel
tim

e
across

th
e

p
ertu

rb
ation

(k −
1),

th
e

p
h
oton

-b
aryon

sy
stem

b
eh

aves
as

a
p
erfect

fl
u
id

.
T
o

low
est

ord
er

in
k
/τ̇

,
eq

n
s.

(3)
an

d
(4)

b
ecom

e

(m
eff Θ̇

)̇
+

k
23
Θ

=
−

k
23
m

eff Ψ
−

(m
eff Φ̇

)̇
,

(5)

w
h
ere

th
e

eff
ective

m
ass

is
m

eff
=

1
+

R
or

altern
atively

c
2s

=
ṗ/ρ̇

=
1/3m

eff
.

S
catterin

g
isotrop

izes
th

e

d
istrib

u
tion

in
th

e
electron

rest
fram

e
v

γ
=

v
b

an
d

elim
in

ates
an

isotrop
ic

stress
(π

γ
=

O
(k

/τ̇
)v

γ ).

E
q
u
ation

(5)
is

th
e

fu
n
d
am

en
tal

relation
for

acou
stic

oscillation
s;

it
read

s:
th

e
ch

an
ge

in
th

e
m

o-

m
en

tu
m

of
th

e
p
h
oton

-b
aryon

fl
u
id

is
d
eterm

in
ed

b
y

a
com

p
etition

b
etw

een
th

e
p
ressu

re
restorin

g
an

d

grav
itation

al
d
riv

in
g

forces.
G

iven
th

e
in

itial
con

d
ition

s
an

d
grav

itation
al

p
oten

tials,
it

p
red

icts
th

e

p
h
en

om
en

ology
of

th
e

acou
stic

p
eak

s.

5
E
a
rly

U
n
iv

e
rse

T
h
e

sim
p
lest

in
fl
ation

ary
m

o
d
els

are
essen

tially
u
n
iq

u
e

in
th

eir
p
h
en

om
en

ological
p
red

iction
s.

T
h
ey

p
ossess

a
sp

ectru
m

of
cu

rvatu
re

(p
oten

tial)
fl
u
ctu

ation
s

th
at

ex
ten

d
s
ou

tside
th

e
ap

p
aren

t
h
orizon

in



5

th
e

p
ost-in

fl
ation

ary
ep

o
ch

.
T

h
ese

p
ertu

rb
ation

s
rem

ain
con

stan
t

w
h
ile

th
e

fl
u
ctu

ation
is

ou
tsid

e
th

e

h
orizon

ex
cep

t
for

a
sm

all
ch

an
ge

at
m

atter-rad
iation

eq
u
ality.

N
eglectin

g
th

is
an

d
b
aryon

in
ertia

(m
eff

=
1)

for
th

e
m

om
en

t,
th

e
oscillator

eq
u
ation

(5)
h
as

th
e

sim
p
le

solu
tion

[Θ
+

Ψ
](η∗ )

=
[Θ

+
Ψ

](0)
cos(k

s)
,

v
γ

=
√

3[Θ
+

Ψ
](0)

sin
(k

s)
,

(6)

w
h
ere

s
= ∫

η∗
0

c
s d

η
is

th
e

sou
n
d

horizon
at

η∗ .
A

n
in

itial
tem

p
eratu

re
p
ertu

rb
ation

Θ
(0)

ex
ists

sin
ce

th
e

grav
itation

al
p
oten

tial
Ψ

is
a

tim
e-tim

e
p
ertu

rb
ation

to
th

e
m

etric.
B

ecau
se

of
th

e
red

sh
ift

w
ith

th
e

scale
factor

a∝
t
2
/
3
(1

+
p
/
ρ
),a

tem
p
oralsh

ift
p
ro

d
u
ces

a
tem

p
eratu

re
p
ertu

rb
ation

of
Θ

=
−

2Ψ
/3(1

+
p/ρ)

or−
Ψ

/2
in

th
e

rad
iation

d
om

in
ated

era.
W

e
call

Θ
+

Ψ
th

e
eff

ective
tem

p
eratu

re
sin

ce
it

also
accou

n
ts

for
th

e
red

sh
ift

a
p
h
oton

ex
p
erien

ces
w

h
en

clim
b
in

g
ou

t
of

a
p
oten

tial
w

ell
[8].

T
h
e

m
atter

rad
iation

tran
sition

sim
p
ly

m
akes

Θ
+

Ψ
=

Ψ
/3.

T
h
ere

are
tw

o
im

p
ortan

t
asp

ects
of

th
is

resu
lt.

F
irst,

in
fl
ation

sets
th

e
tem

poral
p
h
ase

of
all

w
ave-

m
o
d
es

b
y

startin
g

th
em

all
at

th
e

in
itialep

o
ch

.
W

aven
u
m

b
ers

w
h
ich

h
it

th
eir

ex
trem

a
at

recom
b
in

ation

are
given

b
y

k
m

=
m

π
/s

an
d

th
ese

m
ark

th
e

p
eak

s
of

coh
eren

t
oscillation

in
th

e
p
ow

er
sp

ectru
m

.
S
ec-

on
d
,
th

e
fi
rst

p
eak

at
k

=
π
/s

rep
resen

ts
a

com
p
ression

of
th

e
fl
u
id

in
th

e
grav

itation
al

p
oten

tial
w

ell

(Ψ
<

0,
see

F
ig.

2).

W
ith

ou
t

in
fl
ation

to
p
u
sh

p
ertu

rb
ation

s
su

p
erlu

m
in

ally
ou

tsid
e

th
e

h
orizon

,
th

ey
m

u
st

b
e

gen
erated

b
y

th
e

cau
sal

m
otion

of
m

atter.
O

n
e

m
igh

t
th

in
k

an
y

an
isotop

ies
ab

ove
th

e
h
orizon

scale
at

recom
b
in

a-

tion
p
ro

jected
on

th
e

sk
y

(e.g.
C

O
B

E
)
im

p
lies

in
fl
ation

.
H

ow
ever

th
ese

cou
ld

in
stead

b
e

gen
erated

after

recom
b
in

ation
th

rou
gh

grav
itation

al
red

sh
ifts

(§9).
T
o

test
in

fl
ation

,
on

e
n
eed

s
to

isolate
a

p
articu

lar

ep
o
ch

in
tim

e.
T

h
e

acou
stic

p
eak

s
p
rov

id
e

on
e

su
ch

op
p
ortu

n
ity

;
w

e
sh

all
see

later
th

at
p
olarization

p
rov

id
es

an
oth

er.

If
th

e
fl
u
ctu

ation
s

w
ere

gen
erated

b
y

n
on

-lin
ear

d
y
n
am

ics
w

ell
in

sid
e

th
e

h
orizon

,
e.g.

b
y

a
cosm

ic

strin
g

n
etw

ork
,
th

e
tem

p
oral

coh
eren

ce,
an

d
h
en

ce
th

e
p
eak

stru
ctu

res,
w

ou
ld

b
e

lost
d
u
e

to
ran

d
om

forcin
g

of
th

e
oscillators

[9].
C

au
sal

gen
eration

itself
d
o
es

n
ot

gu
aran

tee
in

coh
eren

ce.
C

oh
eren

ce

req
u
ires

th
at

th
ere

is
on

e
sp

ecial
ep

o
ch

for
all

m
od

es
th

at
sy

n
ch

s
u
p

th
eir

oscillation
s.

O
n
e

com
m

on

even
t
can

cau
sally

ach
ieve

th
is:

h
orizon

crossin
g

w
h
en

k
η

=
1.

F
or

ex
am

p
le,

tex
tu

res
u
n
w

in
d

at
h
orizon

crossin
g

an
d

m
ain

tain
som

e
coh

eren
ce

in
th

eir
acou

stic
oscillation

s.
H

ow
ever

it
is

very
d
iffi

cu
lt

to
p
lace

th
e

fi
rst

com
p
ression

al
p
eak

at
as

large
a

scale
as

k
1

=
π
/s

sin
ce

th
e

p
h
oton

s
ten

d
to

fi
rst

co
ol

d
ow

n
d
u
e

to
m

etric
stretch

in
g

from
Φ

as
grav

itation
al

p
oten

tials
grow

,
th

u
s

in
h
ib

itin
g

th
e

com
p
ression

al
h
eatin

g

[10].
T

h
e

on
ly

k
n
ow

n
m

ech
an

ism
for

d
oin

g
so

is
to

reverse
th

e
sign

of
grav

ity
:

to
m

ake
grav

itation
al

p
oten

tial
w

ells
in

u
n
d
erd

en
se

region
s

so
th

at
Φ
∼

Ψ
[11].

In
p
rin

cip
le,

th
is

can
b
e

arran
ged

b
y

a
sp

ecial

ch
oice

of
an

isotrop
ic

stresses
b
u
t

th
ere

is
n
o

k
n
ow

n
form

of
m

atter
th

at
ob

ey
s

th
e

req
u
ired

relation
s.

O
n

th
e

oth
er

h
an

d
,
in

fl
ation

ary
cu

rvatu
re

(ad
iab

atic)
an

d
iso

cu
rvatu

re
(stress)

fl
u
ctu

ation
s

ex
istin

g

ou
tsid

e
th

e
h
orizon

can
b
e

in
tercon

v
erted

w
ith

p
h
y
sically

realizab
le

stress
h
istories

[12].

In
su

m
m

ary,
verifi

cation
of

an
in

fl
ation

ary
series

of
acou

stic
p
eak

s
w

ith
lo

cation
s

in
an

ap
p
rox

im
ate

ratio
of

`
1

:
`
2

:
`
3
...

=
1

:
2

:
3
...

w
ou

ld
rep

resen
t

a
stron

g
test

of
th

e
in

fl
ation

ary
origin

of
th

e

p
ertu

rb
ation

s
an

d
a

som
ew

h
at

w
eaker

test
of

th
eir

in
itially

ad
iab

atic
n
atu

re.

6
G

e
o
m

e
try

T
h
e

p
h
y
sical

scale
of

th
e

featu
res

is
related

to
th

e
d
istan

ce
s

th
at

sou
n
d

can
travel

b
y

recom
b
in

ation
.

S
p
ecifi

cally,on
e

ex
p
ects

featu
res

in
th

e
sp

atial
p
ow

er
sp

ectru
m

of
th

e
p
h
oton

tem
p
eratu

re
an

d
d
ip

ole
at

k
>

k
A

=
π
/s.

E
ach

m
o
d
e

is
th

en
p
ro

jected
on

th
e

sk
y

in
sp

h
erical

co
ord

in
ates

ex
p
(ik·x

)∝
j
` (k

d)Y
`0 ,

6

observerjl Y
l0

Y
10

T
em

perature
Projection

D
oppler

peak

no
peak

l
l

(2l+1)jl

(2l+1)jl'

20
40

420–2

60
80

100
20

40

420–2

60
80

100

F
ig.

4:
A

cou
stic

n
ot

D
op

p
ler

p
eak

s.

w
h
ere

d
=

η
0 −

η∗ ,
an

d
su

m
m

ed
in

q
u
ad

ratu
re

to
form

th
e

fi
n
al

an
isotrop

y,

C
` ≈

2π ∫
dkk

k
3
[(Θ

+
Ψ

)j
` (k

d)
+

v
γ j ′` (k

d)] 2
.

(7)

T
h
is

ap
p
rox

im
ation

ign
ores

th
e

fi
n
ite

d
u
ration

of
recom

b
in

ation
b
u
t

su
ffi

ces
for

a
q
u
alitative

u
n
d
er-

stan
d
in

g
of

th
e

sp
ectru

m
.

W
e

h
ave

also
tem

p
orarily

assu
m

ed
th

at
th

e
u
n
iverse

is
fl
at

Ω
to

t
=

1.

T
h
e

v
γ

term
rep

resen
ts

th
e

D
op

p
ler

eff
ect

from
th

e
m

otion
of

th
e

fl
u
id

alon
g

th
e

lin
e

of
sigh

t.
It

h
as

an
in

trin
sic

d
ip

ole
an

gu
lar

d
ep

en
d
en

ce
at

last
scatterin

g
Y

1
0

in
ad

d
ition

to
th

e
“orb

ital”
an

gu
lar

d
ep

en
d
en

ce
Y

`0 .
A

d
d
ition

of
an

gu
lar

m
om

en
tu

m
im

p
lies

a
cou

p
lin

g
of

j
`±

1
th

at
can

b
e

rew
ritten

as
j ′` .

A
s

a
con

seq
u
en

ce
of

eq
n
.
(7),

featu
res

in
th

e
sp

atial
p
ow

er
sp

ectru
m

of
th

e
eff

ective
tem

p
eratu

re
at

recom
b
in

ation
b
ecom

e
featu

res
in

th
e

an
gu

lar
p
ow

er
sp

ectru
m

w
h
ereas

th
ose

of
th

e
b
u
lk

velocity
d
o

n
ot

(see
F
ig.

4
k
d

=
100)

[6].
A

p
lan

e
w

ave
tem

p
eratu

re
p
ertu

rb
ation

con
trib

u
tes

a
ran

ge
of

an
isotrop

ies

corresp
on

d
s

to
v
iew

in
g

an
gles

p
erp

en
d
icu

lar
(`≈

k
d)

all
th

e
w

ay
to

p
arallel

(`→
0)

to
th

e
w

avevector

k
(see

F
ig.

4,
lob

es).
T

h
e

resu
lt

is
a

sh
arp

m
ax

im
u
m

arou
n
d

`
=

k
d

as
ex

p
ected

from
n
aively

con
vertin

g

p
h
y
sical

to
an

gu
lar

scale.
H

ow
ever

for
th

e
D

op
p
ler

eff
ect

from
p
oten

tial
fl
ow

s,
velo

cities
are

d
irected

p
arallel

to
k
,

so
th

at
th

e
p
eak

at
`

=
k
d

is
elim

in
ated

.
A

lth
ou

gh
th

e
D

op
p
ler

eff
ect

con
trib

u
tes

sign
ifi

can
tly

to
th

e
overall

an
isotrop

y,
th

e
p
eak

stru
ctu

re
traces

th
e

tem
p
eratu

re
fl
u
ctu

ation
s.

In
a

sp
atially

cu
rved

u
n
iverse,

on
e

rep
laces

th
e

sp
h
erical

B
essel

fu
n
ction

s
in

eq
n
.

(7)
w

ith
th

e

u
ltrasp

h
erical

B
essel

fu
n
ction

s
an

d
th

ese
p
eak

at
`≈

k
D

w
h
ere

D
is

th
e

com
ovin

g
an

gu
lar

diam
eter

distan
ce

to
recom

b
in

ation
.

C
on

sid
er

fi
rst

a
closed

u
n
iverse

w
ith

rad
iu

s
of

cu
rvatu

reR
=

H
0 |Ω

to
t −

1| 1
/
2.

S
u
p
p
ressin

g
on

e
sp

atial
co

ord
in

ate
y
ield

s
a

2-sp
h
ere

geom
etry

w
ith

th
e

ob
server

situ
ated

at
th

e
p
ole

(see
F
ig.

3).
L
igh

t
travels

on
lin

es
of

lon
gitu

d
e.

A
p
h
y
sical

scale
λ

at
fi
x
ed

latitu
d
e

given
b
y

th
e

p
olar

an
gle

θ
su

b
ten

d
s

an
an

gle
α

=
λ
/R

sin
θ.

F
or

α
�

1,
a

E
u
clid

ean
an

aly
sis

w
ou

ld
in

fer
a

d
istan

ce

D
=

R
sin

θ,
even

th
ou

gh
th

e
coordin

ate
distan

ce
alon

g
th

e
arc

is
d

=
θR

;
th

u
s

D
=

R
sin

(d/R
)
,

(Ω
to

t
>

1)
.

(8)

F
or

op
en

u
n
iverses,

sim
p
ly

rep
lace

sin
w

ith
sin

h
.

A
given

p
h
y
sical

scale
su

b
ten

d
s

a
larger

(sm
aller)

an
gle

in
a

closed
(op

en
)

u
n
iverse

th
an

a
fl
at

u
n
iverse.

W
e

th
u
s

ex
p
ect

C
M

B
featu

res
at

th
e

ch
aracteristic

scale
[13]

`
A

=
π
D

/s≈
172Ω

−
1
/
2

to
t

[1
+

ln
(1−

Ω
Λ
)
0
.0

8
5]f

(Ω
m

h
2,Ω

b h
2)

,
(9)
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A
lternating
Peaks

Θ
+Ψ

η

H
igh B

aryons
L

ow
 B

aryons

F
ig.

5:
B

aryon
s.

f
=

(
z∗
10

3 )
1
/
2 (

1
√

R
∗

ln √
1

+
R

∗
+
√

R
∗
+

εR
∗

1
+
√

εR
∗

)
−

1

,
(10)

w
h
ere

ε≡
a

eq /a∗
=

0.042(Ω
m

h
2) −

1(z∗ /10
3)

an
d

R
∗

=
30Ω

b h
2(z∗ /10

3);
see

[14]
for

z∗ (Ω
m
h

2,Ω
b h

2).

T
h
e

m
ain

scalin
g

of
`
A

is
w

ith
Ω

−
1
/
2

to
t

[15],
b
u
t

fi
n
ite

Ω
Λ

cau
ses

it
to

d
ecrease.

T
h
is

covarian
ce

is
referred

to
in

th
e

literatu
re

as
th

e
an

gu
lar

diam
eter

distan
ce

(D
)

degen
eracy.

T
h
e

q
u
an

tity
in

p
aren

th
eses

in
eq

n
.
(10)

go
es

to
u
n
ity

as
ε,R

∗ →
0.

T
h
e

lead
in

g
ord

er
correction

(1
+

ε
1
/
2)

m
akes

th
e

Ω
m
h

2
d
ep

en
d
en

ce
im

p
ortan

t
in

an
y

reason
ab

le
cosm

ology.
T

h
e

oth
er

correction
(1

+
R

∗ /6)
is

sm
all

for

reason
ab

le
b
aryon

d
en

sities.

F
or

sim
p
le

in
fl
ation

ary
m

o
d
els,

th
e

p
eak

s
resid

e
at

`
m

≈
m

`
A
.

M
ore

gen
erally,

`
1 ≥

`
A

(see§5).
T

h
e

d
etection

of
th

e
fi
rst

p
eak

th
en

p
u
ts

a
reason

ab
ly

rob
u
st

low
er

lim
it

on
Ω

to
t .

T
h
e

key
assu

m
p
tion

s

are
th

at
w

e
can

attrib
u
te

th
e

featu
re

to
acou

stic
oscillation

s,
b
ou

n
d

th
e

red
sh

ift
of

recom
b
in

ation
from

b
elow

an
d

b
ou

n
d

th
e

sou
n
d

h
orizon

from
ab

ove.
T

h
e

last
assu

m
p
tion

am
ou

n
ts

to
h
av

in
g

an
u
p
p
er

lim
it

on
Ω

m
h

2
(or

h
).

T
h
e

D
d
egen

eracy
is

tam
ed

sin
ce

Ω
Λ

is
au

tom
atically

b
ou

n
d
ed

from
ab

ove
for

th
e

Ω
to

t

of
in

terest
b
y

req
u
irin

g
Ω

m
>

0.
C

on
vertin

g
low

er
lim

its
on

Ω
to

t
in

to
p
recise

m
easu

rem
en

ts
req

u
ires

in
d
ep

en
d
en

t
m

easu
rem

en
ts

of
Ω

m
h

2
an

d
Ω

b h
2,

w
h
ich

calib
rate

th
e

stan
d
ard

ru
lers

at
recom

b
in

ation

[6],
an

d
Ω

Λ
,
Ω

m
or

h
to

b
reak

th
e

D
d
egen

eracy.

7
B

a
ry

o
n
s

B
aryon

s
ad

d
in

ertia
to

th
e

fl
u
id

.
C

on
sid

er
fi
rst

th
e

case
of

m
eff

=
1

+
R

=
con

st.
[see

eq
n
.
(5)]

[Θ
+

Ψ
](η∗ )

=
[Θ

(0)
+

(1
+

R
)Ψ

(0)]cos(k
s)−

R
Ψ

,
(11)

w
h
ere

s
=

η∗ / √
3(1

+
R

).
T

h
ere

are
th

ree
eff

ects
of

raisin
g

th
e

b
aryon

con
ten

t:
an

am
p
litu

d
e

in
crease,

a
zero-p

oin
t

sh
ift,

an
d

a
freq

u
en

cy
d
ecrease

[6].
B

aryon
s

d
rag

th
e

fl
u
id

d
eep

er
in

to
th

e
p
oten

tial
w

ells

(see
F
ig.

5).
F
or

th
e

fi
x
ed

in
itial

con
d
ition

s,
th

e
resu

ltin
g

sh
ift

in
th

e
zero

p
oin

t
also

im
p
lies

a
larger

am
p
litu

d
e.

S
in

ce
it

is
th

e
p
ow

er
sp

ectru
m

th
at

is
ob

served
,

th
e

resu
lt

of
sq

u
arin

g
im

p
lies

th
at

all

com
p
ression

al
p
eak

s
are

en
h
an

ced
b
y

th
e

b
aryon

s
an

d
th

e
rarefaction

p
eak

s
su

p
p
ressed

.
T

h
is

is
th

e

clearest
sign

atu
re

of
th

e
b
aryon

s
an

d
also

p
rov

id
es

a
m

ean
s

for
testin

g
th

e
com

p
ression

al
n
atu

re
of

th
e

fi
rst

p
eak

p
red

icted
b
y

in
fl
ation

.
T

h
e

fact
th

at
R

∝
a

d
u
e

to
th

e
red

sh
iftin

g
of

th
e

p
h
oton

s
sim

p
ly

m
ean

s
th

at
th

e
oscillator

actu
ally

h
as

tim
e

d
ep

en
d
en

t
m

ass.
T

h
e

ad
iab

atic
in

varian
t

(E
/ω

)
im

p
lies

an

am
p
litu

d
e

red
u
ction

as
(1

+
R

) −
1
/
4.

8

η
R

adiation Feedback
Potential D

ecay

Θ
+Ψ

Φ

F
ig.

6:
M

atter-rad
iation

ratio.

B
aryon

s
also

aff
ect

th
e

fl
u
id

th
rou

gh
d
issip

ation
al

p
rocesses

[16].
T

h
e

ran
d
om

w
alk

of
th

e
p
h
oton

s

th
rou

gh
th

e
b
aryon

s
d
am

p
s

th
e

acou
stic

oscillation
ex

p
on

en
tially

b
elow

th
e

d
iff

u
sion

scale
k

D
,
rou

gh
ly

th
e

geom
etric

m
ean

of
th

e
m

ean
free

p
ath

an
d

th
e

h
orizon

scale.
M

icrop
h
y
sically,th

e
d
issip

ation
com

es

from
v
iscosity

π
γ

in
eq

n
.

(4)
an

d
h
eat

con
d
u
ction

v
γ −

v
b .

B
efore

recom
b
in

ation
it

can
b
e

in
clu

d
ed

b
y

keep
in

g
term

s
of

ord
er

k
/τ̇

in
th

e
eq

u
ation

s.
A

t
recom

b
in

ation
,
th

e
m

ean
free

p
ath

in
creases

an
d

b
rin

gs
th

e
d
iff

u
sion

scale
to

[14]

k
D

≈
a

1 (Ω
m

h
2)

(Ω
b h

2)
0
.2

9
1[1

+
a

2 (Ω
m
h

2)
(Ω

b h
2)

1
.8] −

1
/
5M

p
c −

1
,

(12)

a
1 (x

)
=

0.0396x −
0
.2

4
8(1

+
13.6x

0
.6

3
8),

a
2 (x

)
=

1480x −
0
.0

6
0
6(1

+
10.2x

0
.5

5
3) −

1.
T

h
e

m
ain

eff
ects

can
b
e

easily
u
n
d
ersto

o
d
:

in
creasin

g
Ω

m
h

2
d
ecreases

th
e

h
orizon

at
last

scatterin
g

an
d

h
en

ce
th

e
d
iff

u
sion

len
gth

.
A

t
low

Ω
b h

2,
in

creasin
g

th
e

b
aryon

con
ten

t
d
ecreases

th
e

m
ean

free
p
ath

w
h
ile

at
h
igh

Ω
b h

2,
it

d
elay

s
recom

b
in

ation
an

d
in

creases
th

e
d
iff

u
sion

len
gth

.

D
am

p
in

g
in

trod
u
ces

an
oth

er
len

gth
scale

for
th

e
cu

rvatu
re

test,
lD

=
k

D
D

;
altern

ately
lD

/lA
=

k
D
/k

A
=

f
(Ω

m
h

2,Ω
b h

2)
is

in
d
ep

en
d
en

t
of

D
an

d
can

m
easu

re
th

is
com

b
in

ation
of

p
aram

eters.

8
M

a
tte

r/
R

a
d
ia

tio
n

W
e

h
ave

h
ith

erto
b
een

con
sid

erin
g

th
e

grav
itation

al
force

on
th

e
oscillators

as
con

stan
t

in
tim

e.
T

h
is

can
on

ly
b
e

tru
e

for
grow

in
g

d
en

sity
fl
u
ctu

ation
s.

T
h
e

P
oisson

eq
u
ation

say
s

th
at

Φ
∝

a
2ρδ,

an
d

th
e

d
en

sity
red

sh
ifts

w
ith

th
e

ex
p
an

sion
as

ρ∝
a −

3
(1

+
p
/
ρ
).

In
th

e
rad

iation
era,

d
en

sity
p
ertu

rb
ation

s
m

u
st

grow
as

a
2

for
con

stan
t

p
oten

tials,
as

th
ey

d
o

in
th

e
com

ov
in

g
gau

ge
w

h
en

p
ressu

re
grad

ien
ts

can
b
e

n
eglected

.
O

n
ce

th
e

p
ressu

re
grad

ien
ts

h
ave

tu
rn

ed
in

fall
in

to
acou

stic
oscillation

s,
th

e
p
oten

tial
m

u
st

d
ecay.

T
h
is

d
ecay

actu
ally

d
rives

th
e

oscillation
s

sin
ce

th
e

fl
u
id

is
left

m
ax

im
ally

com
p
ressed

w
ith

n
o

grav
itation

al
p
oten

tial
to

fi
gh

t
as

it
tu

rn
s

arou
n
d

(see
F
ig.

6)
[6].

T
h
e

n
et

eff
ect

is
d
ou

b
led

b
y

th
e

m
etric

stretch
in

g
eff

ect
from

Φ
,
lead

in
g

to
fl
u
ctu

ation
s

w
ith

am
p
litu

d
e

2Ψ
(0)−

[Θ
+

Ψ
](0)

=
32 Ψ

(0).

W
h
en

th
e

u
n
iverse

b
ecom

es
m

atter-d
om

in
ated

th
e

grav
itation

al
p
oten

tial
n
o

lon
ger

refl
ects

p
h
oton

d
en

sity
p
ertu

rb
ation

s.
A

s
d
iscu

ssed
in

§5,
Θ

+
Ψ

=
Ψ

/3
=

3Ψ
(0)/10

h
ere,

so
th

at
across

th
e

h
orizon

scale
at

m
atter

rad
iation

eq
u
ality

th
e

acou
stic

am
p
litu

d
e

in
creases

b
y

a
factor

of
5.

T
h
is

eff
ect

m
ain

ly
m

easu
res

th
e

m
atter-to-rad

iation
ratio.

D
en

sity
p
ertu

rb
ation

s
in

an
y

form
of

rad
iation

w
ill

stop
grow

in
g

arou
n
d

h
orizon

crossin
g

an
d

lead
to

th
is

eff
ect.

F
or

th
e

n
eu

trin
os,

th
e

on
ly

d
iff

eren
ce

is
th

at
an

isotrop
ic

stress
from

th
eir

q
u
ad

ru
p
ole

an
isotrop

ies
also

sligh
tly

aff
ects

th
e

cessation
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C
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nisotropies
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M
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Ω
m

=
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Ω

b h
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⊥
–m
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F
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7:
S
econ

d
ary

an
isotrop

ies.

of
grow

th
.

O
n
e

can
on

ly
tu

rn
th

is
in

to
a

m
easu

re
of

Ω
m
h

2
b
y

assu
m

in
g

th
at

th
e

rad
iation

d
en

sity

is
k
n
ow

n
th

rou
gh

th
e

C
M

B
tem

p
eratu

re
an

d
th

e
n
u
m

b
er

of
n
eu

trin
o

sp
ecies

oth
erw

ise
w

e
are

faced

w
ith

a
m

atter-radiation
d
egen

eracy.
F
or

ex
am

p
le,

d
eterm

in
in

g
b
oth

Ω
m
h

2
an

d
th

e
n
u
m

b
er

of
n
eu

trin
o

sp
ecies

from
th

e
C

M
B

alon
e

w
ill

b
e

d
iffi

cu
lt.

P
recise

m
easu

rem
en

ts
of

Ω
m

h
2

w
h
en

com
b
in

ed
w

ith
th

e
an

gu
lar

d
iam

eter
d
istan

ce
w

ou
ld

con
strain

th
e

u
n
iverse

to
live

on
a

lin
e

in
th

e
classical

cosm
ological

p
aram

eter
sp

ace
(Ω

m
,Ω

Λ
,h

).
A

n
y

ex
tern

al

(n
on

-d
egen

erate)
m

easu
rem

en
t

in
th

is
sp

ace
(Ω

m
,h

,
acceleration

,...)
an

d
allow

s
th

e
th

ree
p
aram

eters

to
b
e

d
eterm

in
ed

in
d
ep

en
d
en

tly.
T

h
is

fortu
n
ate

situ
ation

h
as

b
een

d
u
b
b
ed

“cosm
ic

com
p
lem

en
tarity

”

an
d

cu
rren

tly
sh

ow
s

“cosm
ic

con
cord

an
ce”

arou
n
d

a
Λ

C
D

M
m

o
d
el.

M
ore

im
p
ortan

tly,
th

e
com

b
in

ation

of
several

ch
eck

s
creates

sh
arp

con
sisten

cy
ch

eck
s

th
at

m
ay

even
sh

ow
ou

r
u
n
iverse

to
live

ou
tsid

e
th

is

sp
ace,

for
ex

am
p
le

if
th

e
m

issin
g

en
ergy

is
n
ot

Λ
b
u
t

som
e

d
y
n
am

ical
“q

u
in

tessen
ce”

fi
eld

.

9
A

n
d

B
e
y
o
n
d

T
h
e

p
rim

ary
an

isotrop
ies

from
th

e
recom

b
in

ation
ep

o
ch

con
tain

on
ly

a
sm

all
fraction

of
th

e
cos-

m
ological

in
form

ation
laten

t
in

th
e

C
M

B
.

L
et

u
s

con
clu

d
e

th
is

su
rvey

w
ith

top
ics

of
fu

tu
re

stu
d
y
:

secon
d
ary

an
isotrop

ies
an

d
p
olarization

.
B

oth
are

ex
p
ected

to
b
e

at
th

e∼ <
10 −

6
(µ

K
)

level
an

d
w

ill

req
u
ire

h
igh

sen
sitiv

ity
ex

p
erim

en
ts

w
ith

w
id

e-freq
u
en

cy
coverage

to
reject

galactic
an

d
ex

tragalactic

foregrou
n
d
s

of
com

p
arab

le
am

p
litu

d
e.

S
e
co

n
d
a
ry

A
n
iso

tro
p
ie

s:
T

h
ese

are
gen

erated
as

p
h
oton

s
travel

th
rou

gh
th

e
large-scale

stru
ctu

re

b
etw

een
u
s
an

d
recom

b
in

ation
.

T
h
ey

arise
from

tw
o

sou
rces:

grav
ity

an
d

scatterin
g

d
u
rin

g
reion

ization
.

It
is

cu
rren

tly
b
elieved

th
at

th
e

u
n
iverse

reion
ized

at
5≤

z∼ <
15

lead
in

g
to

τ
rei ∼

0.01−
0.1.

G
rav

itation
al

red
sh

ifts
can

ch
an

ge
th

e
tem

p
eratu

re
alon

g
th

e
lin

e
of

sigh
t.

D
en

sity
p
ertu

rb
ation

s

cease
to

grow
on

ce
eith

er
th

e
cosm

ological
con

stan
t

or
cu

rvatu
re

d
om

in
ates

th
e

ex
p
an

sion
.

A
s

d
is-

cu
ssed

in
§8,

th
e

grav
itation

al
p
oten

tials
m

u
st

th
en

d
ecay.

D
ecay

of
p
oten

tial
w

ell
b
oth

rem
oves

th
e

grav
itation

al
red

sh
ift

an
d

h
eats

th
e

p
h
oton

s
b
y

“m
etric

stretch
in

g”
lead

in
g

to
an

eff
ect

th
at

is
2∆

Φ

(see
F
ig.

7).
T

h
e

op
p
osite

eff
ect

occu
rs

in
void

s
so

th
at

on
sm

all
scales

th
e

an
isotrop

ies
are

can
celled

10across
crests

an
d

trou
gh

s
of

m
od

es
p
arallel

to
th

e
lin

e-of-sigh
t.

T
h
e

eff
ect

from
th

e
d
ecay

is
called

th
e

IS
W

eff
ect

[8]
an

d
from

th
e

n
on

-lin
ear

grow
th

of
p
ertu

rb
ation

s,
th

e
R

ees-S
ciam

a
[17]

eff
ect.

T
h
e

grav
itation

al
p
oten

tials
also

len
s

th
e

C
M

B
p
h
oton

s
[18

].
S
in

ce
len

sin
g

con
serves

su
rface

b
righ

t-

n
ess,

it
on

ly
aff

ects
an

isotrop
ies

an
d

h
en

ce
is

secon
d

ord
er.

T
h
e

p
h
oton

s
are

d
efl

ected
accord

in
g

to
th

e

an
gu

lar
grad

ien
t

of
th

e
p
oten

tial
in

tegrated
alon

g
th

e
lin

e
of

sigh
t.

A
gain

th
e

can
cellation

of
p
arallel

m
od

es
im

p
lies

th
at

large-scale
p
oten

tials
are

m
ain

ly
resp

on
sib

le
for

len
sin

g
an

d
cau

se
a

lon
g-w

avelen
gth

m
o
d
u
lation

of
th

e
su

b
-d

egree
scale

an
isotrop

ies.
T

h
e

m
od

u
lation

is
a

p
ow

er
p
reserv

in
g

sm
o
oth

in
g

of

th
e

p
ow

er
sp

ectru
m

w
h
ich

red
u
ces

th
e

acou
stic

p
eak

s
to

fi
ll

in
th

e
trou

gh
s.

N
ot

u
n
til

th
e

p
rim

ary

an
isotrop

ies
d
isap

p
ear

b
en

eath
th

e
d
am

p
in

g
scale

d
o

th
e

can
celled

p
oten

tials
actu

ally
gen

erate
p
ow

er

in
th

e
C

M
B

.

T
h
e

sam
e

p
rin

cip
les

ap
p
ly

for
scatterin

g
eff

ects
–

w
ith

on
e

tw
ist.

T
h
e

D
op

p
ler

eff
ect

from
large-scale

p
oten

tial
fl
ow

s,
w

h
ich

ru
n

p
arallel

to
th

e
w

avevector,
con

trib
u
te

n
oth

in
g

to
th

e
can

cellation
-su

rv
iv

in
g

p
erp

en
d
icu

lar
m

od
es

(see
F
ig.

7).
T

h
u
s

even
th

ou
gh

v
b τ

∼
10 −

4−
10 −

5,
D

op
p
ler

con
trib

u
tion

s
are

at
10 −

6.
T

h
e

m
ain

eff
ect

of
reion

ization
is

to
su

p
p
ress

p
ow

er
in

th
e

an
isotrop

ies
as

e −
2
τ

b
elow

th
e

an
gle

su
b
ten

d
ed

b
y

th
e

h
orizon

at
th

e
scatterin

g.
U

n
fortu

n
ately,

given
th

e
sam

p
le

varian
ce

of
th

e
low

-`

m
u
ltip

oles
[see

eq
n
.
(2)],

th
is

eff
ect

is
n
early

d
egen

erate
w

ith
th

e
n
orm

alization
an

d
th

e
cu

rren
t

lim
its

from
th

e
fi
rst

p
eak

th
at

τ
rei∼ <

1
w

ill
n
ot

b
e

im
p
roved

b
y

m
ore

th
an

a
factor

of
a

few
from

th
e

h
igh

er

p
eak

s.

S
u
rv

iv
in

g
th

e
D

op
p
ler

can
cellation

are
h
igh

er
ord

er
eff

ects
d
u
e

to
op

tical
d
ep

th
m

o
d
u
lation

,
p
er-

p
en

d
icu

lar
to

th
e

lin
e

of
sigh

t,
of

th
e

D
op

p
ler

sh
ifts

at
sm

all
an

gu
lar

scales
from

lin
ear

d
en

sity
p
ertu

r-

b
ation

s
(V

ish
n
iac

eff
ect

[19]),
n
on

-lin
ear

stru
ctu

res
(n

on
-lin

ear
V

ish
n
iac

eff
ect

or
k
in

etic
S
Z

eff
ect

[20])

an
d

p
atch

y
or

in
h
om

ogen
eou

s
reion

ization
[21].

A
n
oth

er
op

acity
-m

o
d
u
lated

sign
al

is
th

e
d
istortion

from
C

om
p
ton

u
p
scatterin

g
b
y

h
ot

gas,
th

e
(th

erm
al)

S
u
n
yaev

-Z
el’d

ov
ich

(S
Z
)

eff
ect

[22],
esp

ecially
in

clu
sters

w
h
ere

it
is

n
ow

rou
tin

ely
d
etected

.

A
ll

of
th

ese
secon

d
ary

eff
ects

p
ro

d
u
ce

sign
als

in
th

e
µ
K

regim
e.

D
evelop

in
g

m
eth

od
s

to
isolate

th
em

is
cu

rren
tly

an
active

fi
eld

of
research

an
d

lies
b
eyon

d
th

e
scop

e
of

th
is

rev
iew

.
T

h
e

m
ain

lin
es

of
in

q
u
iry

are
to

ex
p
lore

su
b
-arcm

in
u
te

scales
w

h
ere

th
e

p
rim

ary
an

isotrop
ies

h
as

fallen
off

,
th

e
n
on

-G
au

ssian
ity

of
th

e
h
igh

er
ord

er
eff

ects
[23],

th
eir

freq
u
en

cy
d
ep

en
d
en

ce
to

sep
arate

th
em

from
foregrou

n
d
s

an
d

th
e

th
erm

al
S
Z

eff
ect

[24],
th

eir
cross

correlation
w

ith
oth

er
tracers

of
large-scale

stru
ctu

re
[25],

an
d

fi
n
ally

th
eir

p
olarization

.

P
o
la

riza
tio

n
:
T

h
om

son
scatterin

g
of

q
u
ad

ru
p
ole

an
isotrop

ies
gen

erates
lin

ear
p
olarization

in
th

e
C

M
B

b
y

p
assin

g
on

ly
on

e
com

p
on

en
t

of
p
olarization

of
th

e
in

cid
en

t
rad

iation
(see

F
ig.

8).
T

h
e

p
olarization

am
p
litu

d
e,

p
attern

,
an

d
correlation

w
ith

th
e

tem
p
eratu

re
an

isotrop
ies

th
em

selves
is

th
u
s

en
cap

su
lated

in
th

e
q
u
ad

ru
p
ole

an
isotrop

ies
at

th
e

scatterin
g.

T
h
is

in
form

ation
an

d
th

e
fact

th
at

it
is

on
ly

gen
erated

b
y

scatterin
g

are
th

e
u
sefu

l
p
rop

erties
of

p
olarization

.

D
en

sity
p
ertu

rb
ation

s
gen

erate
q
u
ad

ru
p
ole

an
isotrop

ies
as

rad
iation

from
crests

of
a

tem
p
eratu

re

p
ertu

rb
ation

fl
ow

s
in

to
trou

gh
s.

S
u
ch

an
isotrop

ies
are

azim
u
th

ally
sy

m
m

etric
arou

n
d

th
e

w
avevector

(Y
2
0

q
u
ad

ru
p
ole).

T
h
ey

gen
erate

a
d
istin

ct
p
attern

w
h
ere

th
e

p
olarization

is
align

ed
or

p
erp

en
d
icu

lar

to
th

e
w

avevector
(“E

”
p
attern

[26]).

H
ow

ever
p
olarization

gen
eration

su
ff
ers

from
a

catch
-22:

th
e

scatterin
g

w
h
ich

gen
erates

p
olarization

also
su

p
p
resses

its
q
u
ad

ru
p
ole

sou
rce

(see§4).
T

h
ey

can
on

ly
b
e

gen
erated

on
ce

th
e

p
ertu

rb
ation

b
ecom

es
op

tically
th

in
.

P
rim

ary
an

isotrop
ies

are
on

ly
su

b
stan

tially
p
olarized

in
th

e
d
am

p
in

g
region

w
h
ere

th
e

fi
n
ite

d
u
ration

of
last

scatterin
g

allow
s

v
iscou

s
im

p
erfection

s
in

th
e

fl
u
id

,
an

d
th

en
on

ly
at

th
e∼

10%
level

(µ
K

level,
F
ig.

8).
N

on
eth

eless
its

steep
rise

tow
ard

th
is

m
ax

im
u
m

is
itself

in
terestin

g
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E
 pattern

B
 pattern

e
–

L
inear

Polarization

T
hom

son
Scattering

Q
uadrupole

A
nisotropy

10

2

0.1

0.2

0.3

0.4

4 6

100
1000

10

l

∆T (µK)

M
A

P

Planck

F
ig.

8:
P
olarization

.

[28,
27

].
S
in

ce
p
olarization

isolates
th

e
ep

o
ch

of
scatterin

g,
w

e
can

d
irectly

lo
ok

ab
ove

th
e

h
orizon

scale

an
d

test
th

e
cau

sal
n
atu

re
of

th
e

p
ertu

rb
ation

s
(see§5).

L
ikew

ise,
p
olarization

at
even

larger
scales

can
b
e

u
sed

to
m

easu
re

th
e

ep
o
ch

an
d

op
tical

d
ep

th
d
u
rin

g
reion

ization
[29]

b
u
t

w
ill

req
u
ire

th
e

su
b

µ
K

sen
sitiv

ities
of

P
lan

ck
an

d
fu

tu
re

m
ission

s.

F
in

ally
th

e
“E

”
p
attern

of
p
olarization

d
iscu

ssed
ab

ove
is

a
sp

ecial
p
rop

erty
of

d
en

sity
p
ertu

rb
ation

s

in
th

e
lin

ear
regim

e.
Its

com
p
lem

en
t
(“B

”
p
attern

)
h
as

th
e

p
olarization

align
ed

at
45 ◦

to
th

e
w

avevector.

V
ector

(vorticity
)

an
d

ten
sor

(grav
ity

w
ave)

p
ertu

rb
ation

s
gen

erate
B

-p
olarization

as
can

b
e

seen

th
rou

gh
th

e
q
u
ad

ru
p
ole

m
om

en
ts

th
ey

gen
erate

(Y
2±

1
an

d
Y

2±
2

resp
ectively

[28,
30]).

M
easu

rin
g

th
e

p
rop

erties
of

th
e

grav
ity

w
aves

from
in

fl
ation

th
rou

gh
th

e
p
olarization

is
ou

r
b
est

h
op

e
of

testin
g

th
e

p
article

p
h
y
sics

asp
ects

of
in

fl
ation

(see
e.g.

[31]).

B
-p

olarization
is

also
gen

erated
b
y

n
on

-lin
ear

eff
ects

w
h
ere

m
od

e
cou

p
lin

g
alters

th
e

relation
b
etw

een

th
e

p
olarization

d
irection

an
d

am
p
litu

d
e.

In
th

e
con

tex
t
of

th
e

sim
p
lest

in
fl
ation

ary
m

o
d
els,

th
e

largest

of
th

ese
is

th
e

grav
itation

al
len

sin
g

of
th

e
p
rim

ary
p
olarization

[18]
b
u
t

op
acity

-m
o
d
u
lated

secon
d
ary

D
op

p
ler

eff
ects

also
gen

erate
B

-p
olarization

[20].

1
0

D
iscu

ssio
n

W
e

are
alread

y
w

ell
on

on
ou

r
w

ay
to

ex
tractin

g
th

e
cosm

ological
in

form
ation

con
tain

ed
in

th
e

p
rim

ary
tem

p
eratu

re
an

isotrop
ies,

sp
ecifi

cally
th

e
an

gu
lar

d
iam

eter
d
istan

ce
to

recom
b
in

ation
,

th
e

b
aryon

d
en

sity,
th

e
m

atter-rad
iation

ratio
at

recom
b
in

ation
,

an
d

th
e

“acau
sal”

(in
fl
ation

ary
)

n
atu

re

an
d

sp
ectru

m
of

th
e
in

itialp
ertu

rb
ation

s.
E

ven
if

ou
r
sim

p
lest

in
fl
ation

ary
cold

d
ark

m
atter

m
od

elis
n
ot

correct
in

d
etail,

th
ese

q
u
an

tities
w

ill
b
e

m
easu

red
in

th
e

n
ex

t
few

years
b
y

lon
g-d

u
ration

b
alloon

in
g,

in
terferom

etry
an

d
th

e
M

A
P

satellite,
if

the
acou

stic
n
atu

re
of

the
peak

at
`∼

200
is

con
fi
rm

ed
by

the
detection

of
a

secon
d

peak.
In

th
e

lon
g

term
,

th
e

h
igh

sen
sitiv

ity
an

d
w

id
e

freq
u
en

cy
coverage

of
th

e
P

lan
ck

satellite
an

d
oth

er
fu

tu
re

ex
p
erim

en
ts

sh
ou

ld
allow

C
M

B
p
olarization

an
d

secon
d
ary

an
isotrop

ies
to

op
en

n
ew

w
in

d
ow

s
on

th
e

early
u
n
iverse

an
d

large-scale
stru

ctu
re.
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