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I. Power Asymmetry from Superhorizon Structure

What power asymmety?
How can we make one?

ll. Superhorizon Perturbations and the CMB

If there were superhorizon structures, how would we know?
Bad news...

Illl. The Curvaton Alternative

What went wrong, and how do we fix it?
What's a curvaton anyway?

IV. A Power Asymmetry from the Curvaton
How can we make a power asymmetry?
Does it work!?
How do we test it?



A Hemispherical Power Asymmety




A Hemispherical Power Asymmety

Isotropic Asymmetric
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A Hemispherical Power Asymmety
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A Power Asymmety’

Isotropic or Asymmetric!?
A—1
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p—

—175 uK L 175 puK
WMAP First Year Low-Resolution Map

Image from Eriksen, et ai. astro-ph/0307507
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An Asymmetric Universe!

here is 2 power asymmetry on large angular Eriksen, Hansen, Banday,
Gorski, Lille 2004

jcales in the WMAP |st year data.

-
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entered on disk to
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less power Eriksen, et dl. astro-ph/0307507




An Asymmetric Universe!

here is a power asymmetry on large angular Eriksen, Hansen, Banday,
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An Asymmetric Universe!

here is a power asymmetry on large angular Eriksen, Hansen, Banday,
| Gorski, Lilje 2004
cales in the WMAP |st year data. rski, Li

Power asymmetry is maximized when the “equatorial” plane is tilted with
respect to the Galactic plane:“north” pole at (#,b) = (237", —107) .
Only 0.7% of simulated symmetric maps contain this much asymmetry.

ow to high ratio of
power in hemisphere
entered on disk to
power In opposite

emisphere
® more power

oy e S
less power Eriksen, et al. astro-ph/0307507 _ N o




An Asymmetric Universe!
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he asymmetry persists in the WMAP3 data. . . 5007

Hansen.

T(n) =s(n)[1+ A(n - p)] + N(n)

Bayesian analysis: A ~ ().12
o0 B) ~ (210°. —27°)

pole:

The probability of measuring
this amplitude or larger given

an isotropic field is (.01.
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An Asymmetric Universe!

he asymmetry persists in the WMAP3 data. .

T(n) = s(n) [1 + A(n - p)] + N(n)

The asymmetry is difficult to
explain with foregrounds:
present in all colors
not aligned with the Galaxy

The asymmetry is difficult to
explain with systematics:

also detected »)% COBE

Hansen, et a i Eriksen, et al. 200+
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Asymmetry from a “Supermode”

0O

The amplitude of quantum

f
t

uctuations depends on
ne background value of

t

Py = — {H(‘?")"]H

he inflaton field.
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Asymmetry from a “Supermode”

The amplitude of quantum
fluctuations depends on

. the background value of
09 the inflaton field.

Py =

2 {H(o)ﬂr

9k3 | 4

5d ' Create asymmetry by

adding a large-amplitude
superhorizon fluctuation:
a “supermode.”




Asymmetry from a “Supermode”

APy (k
A modulation amplitude A ~ 0.12 —— 2 (k) e 4. 2%
Py (k)360¢

enerating this much asymmetry requires a BIG supermode.

Perturbations with different wavelengths are very weakly coupled.
The fluctuation power is not very sensitive to ¢ <= n, ~ 1.
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Asymmetry from a “Supermode”

APy (k
A modulation amplitude A ~ 0.12 — — @ (%) ~ 4.2
Py (k)360°

enerating this much asymmetry requires a BIG supermode.

Perturbations with different wavelengths are very weakly coupled.
The fluctuation power is not very sensitiveto ¢ <= n, >~ 1.

A Py _ _9 /E(l B H-S) Ao
Pu.p € nmpi

A =—> AW —> AT

Surely the resulting
temperature dipole would
be far too large?




Part 11

Superhorizon Perturbations
and the
Cosmic Microwave Background




The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,

a superhorizon perturbation induces
no CMB dipole. Grishchuk Zefdovich 1978

—

A superhorizon mode: W (r) ~ Wgy ‘1:7- -ﬂ

The SW dipole: % = %'@5“ F T dec |
— AU : =

The Doppler dipole:

-

The Doppler Effect
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The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dipOIE. Grishchuk, Zeldovich 1978

. —

—t

A superhorizon mode: ¥ (r) ~ Wgy V; - T

The SW dipole: % = %kDEM F fdt.;
AW AN | :
The Doppler dipole:
The Doppler Effect AT
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The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,

a superhorizon perturbation induces
no CMB diPOI'e. Grishchuk, Zeldovich 1978
A superhorizon mode: ¥(7) ~ gy Fi_ f}

The SW dipole: ~_\?T = %LDE;M F fdc,_.:
— AU ' :
The Doppler dipole:
The Doppler Effect A" .
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The Dipole Sometimes Cancels...

The SW Effect

In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dipOIE. Grishchuk, Zeldovich 1978

A superhorizon mode: ¥ (r) ~ Wgy F‘- ﬂ

The SW dipole: % — %‘1’531 F ff_if_‘f_“f:
AW -AU | i
The Doppler dipole:
. o . AT o
The Doppr Effect — = 7 - {[f{tﬂ,o) — E’(tdet.fducj}
2 /a(t) =

n-v(t) = —— — _:ec Vk_[’]

" L( ) 3 H{'Jl'fiuc [ "

Hozdee = 2 [1 — V u(td‘—“—")]

FAY e— - AU



The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,

a superhorizon perturbation induces
no CMB dipOIE. Grishchuk, Zeldavich 1978
A superhorizon mode: W (r) ~ Wgy [E- ﬂ
AT 1 s . T
The SW dipole: T =3 Vo [k - T de ]

3 =i

A _AV

The Doppler dipole:

I ; - o' i ~
Tﬂe Dopper tﬁ‘ecz T = 97 - |:F(fu.,0) — F( tdecﬂfdr_l{:]}

f - B(t) = H};L] [fdc,_. \:xy]

HoZdec = 2 {1 - \,f/'if(tdec )]

AU e AT AT —(2/3) {1 B \/u dec)
r 2 [1 - /a(taed)|
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The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,

a superhorizon perturbation induces
no CMB dipOIE. Grishchuk, Zel'dovich 1978

A superhorizon mode: W (r) ~ Wgy [E- f}

The SW dipole: % — %‘Pm[ F ff_ict:
FAW — AW ._\I: 1 _
The Doppler dipole: —— _— _— g, |k - .th\(}

The Doppler Effect r 3 L




The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dipole. Grishchuk Zeldovich 1978

‘

A superhorizon mode: ¥ (r) ~ Wy {A- - T

The SW dipole: % = %"DE&}.[ F fdftj

A —av AT _ _1oli
The Doppler dipole: —— _— _ g, |k - 7, (}
The Doppler Effect o : h

Since W is constant, there is no ISW effect.




The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dip0|e. Grishchuk, Zel'dovich | 978

A superhorizon mode: W(r) >~ Wqy Pj jﬂ

The SW dipole: % == %kDSM F I’d‘_.j,
-..'-lll:j _..ll_[J AT 1 _,__4-
The Doppler dipole: —— _— _— g, | k- _F{il__f}
The Doppler Effect I . :

Since W is constant, there is no ISW effect.

Well that’s cute.

But the situation is much more

| combplicated in a Universe like ours!
A A% plicated se like ours




‘The Evolving Potential in ACDM
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The Evolving Potential in ACDM

1 ¢ ; I
~09 F =
L o8k 5
> 0.8 E_ C
0.7 F  8Bec Baec é
100* 10* 10 10 10* 1
a /
Radiation at decoupling increases SW effect: = 0.4V

A increases z4.. and reduces the Doppler dipole.

Evolution of W leads to ISW effect that will partially cancel
- - AT S |
the SW anisotropy: T, / ¢, £(t)]dt
& ¢, dt -



The Dipole Cancels!

Adiabatic superhorizon
verturbation:

W(2) = Wopg {E .f}

emperature
nisotropy:

i - ]
T (”) :@lpﬂll ]:;‘ : 'rfii.‘l.'J




The D|pole Cancels'

= . - T T A
Adiabatic superhorizon _ .r e SW+Dop
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The D|poIe Cancels'

Adiabatic superhorlzon oz
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Matter and radiation aren't special...

he O(kx4e) terms in AT for adiabatic perturbations cancel
n flat universes that contain

matter

radiation

cosmological constant

hat if there’s something else?




Matter and radiation aren't special...

he O(kz4ec) terms in AT for adiabatic perturbations cancel
n flat universes that contain

matter

radiation

cosmological constant

: ﬁ- () _
hat if there’s something else? H‘z(a) — Hé { '2(1i 3 e 52;1]
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Matter and radiation aren't special...

he O(kx4e) terms in AT for adiabatic perturbations cancel
n flat universes that contain
matter
radiation
cosmological constant
hat if there’s something else? H?*(a) = H? Laﬁiw + QA]

[he dipole terms still cancel for adiabatic perturbations!

s there a physical reason for dipole cancellation in flat universes with
uperhorizon adiabatic perturbations?
. - . ~ 77 2 g
special synchronous gauge: metric is FRW + O(k“H, °)

HUREREE T e Calimd gL
l‘_|||-r"_.I 'J el |':..T _:-:[I:lllli_-l( -;'-_'-._,-'j[_.-'l_..i

galaxies have no peculiar velocity in synchronous gauge
no OJ(kz4ec ) temperature anisotropies




Beyond the Dipole

A single superhorizon mode: ¥(Z, t) = ¥sy(t) sinlk - T + @]




Beyond the Dipole

A single superhorizon mode: U(Z, t) = Wgy () sinlk - T + ]

emperature anisotropy:

05 Y - i . .o Sinw - __ .a_ COSTO
—(n) = Won |(K-Zgq)01cosm — (K -T43) 0 —(k-Z4) 03

T c 2 6




Beyond the Dipole

A single superhorizon mode: ¥(Z,t) = ¥y (¢) sinlk - T + =]

emperature anisotropy:

AV & -
T(ﬁ) —_ lDSE\l {A e

ultipole moments: T




Beyond the Dipole

A single superhorizon mode: ¥(Z,t) = ¥y (¢) sinlk - T + =]

emperature anisotropy:

AT S
—(n) =VWepm | (K-

~ _ o SInNw - 3. COST
@ — k ra)y oa— K -Iq) O: .
2 | 6

AT,
' n) = ; m.}’m n)
ultipole moments: T () =) _ aemYem(n:

£.m

3 3. COST

Wani(ta)

residual dipole moment
comparable to octupole moment
less restrictive constraint due to
our proper motion




Beyond the Dipole

A single superhorizon mode: ¥ (Z, t) = Wgy(2) sinlk - 7 + @]

emperature anisotropy:
AT

AT
. I 0 . m.}'m =5
ultipole moments: T () = ) aemYem (%)

[4T 3. COSTD
ain = —'\/I.' —E ;I{I',‘_[) f)j—;
3

Wan(ta) |47 5. Sintw |
TR a20 = ~y ?{.ﬁ'-i'd)“dz — Wan(tg)

residual dipole moment
comparable to octupole moment 4 . o COSTD
less restrictive constraint due to
our proper motion




The Quadrupole Constraint

Supermode: ¥(7,t) = ¥sm(t)sink - 7 + ]

Recall the motivation: A¢) — power asymmetry

N —> AW —> AT

AW

AV ~ (kxzq)Ws\| cos @




~ The Quadrupole Constraint

Supermode: U(Z,t) = Usy(t) sinlk - £ + =

Recall the motivation: A¢) —> power asymmetry
Ad=—> AW — AT

he supermode induces a CMB quadrupole:

[ 47t - ¥sinoo

a0 = —\/ T(k-fd)—}fs? :
7 3

Wen (.
- sm(ta)

AN

AV ~ (kxq)WPsn| cos @]




The Quadrupole Constraint

Supermode: U(Z, t) = ¥sn(t) sinlk - T + =]
Recall the motivation: A¢) — power asymmetry
Ap —> AV —> AT
he supermode induces a CMB quadrupole:

A7 0 ¥SINT
asrg = — \/T(k.l‘(])laj 2 \IJS:\I(&])

*)
Quadrupole Constraint:

AT AV (kzq)| tanww| < 5.89

U

Q<53/Cr~18x107°
AWV ~ (}C;L‘d)‘llgl\d! COS :E'i




The Quadrupole Constraint

bupermode: ¥(z,t) = Ysm(t) Sill[E'f"‘ @]

Recall the motivation: A¢) —> power asymmetry
Ad—> AW —> AT
he supermode induces a CMB quadrupole

A er a2 D
20 — _\/ ‘lllti 2 '\.I(td

Quadrupole Constramt:
A A‘I’(k‘fdﬂ < 5.80

Q<S3/Cr~18x%x107°
AV ~ (kzq)¥snm| cos | Quadrupole vanishes if o = ().

g




The Octupole Constraint

Supermode: ¥(Z,t) = Uy (t)sinlk - T + =

]

he supermode induces a CMB octupole:

/—l}T > ¥ COS T

3 3 .‘_; = :

azp = —\/ = (kxzq) 03—
1 15

Wan(ta)

AV ~ (ﬁ‘ul?d)‘l‘gh_[‘ COS CE'|




The Octupole Constraint

Supermode: W(&,t) = Usy(t)sin[k -  + =]

he supermode induces a CMB octupole:

asg = —\| —(kz, o lI’ =
30 \/ T( 1) 03 E sMm(td)

Octupole Constraint:

f L

A¥(kzq)® S 320
0 <303 ~2.7%x 107°

AV ~ (kxgq)Psnm| cos |




The Octupole Constraint

Supermode: W(Z,t) = Wgn(t)sinlk - F + o]

he supermode induces a CMB octupole:

a3g = —~\/ ?(Lr.rd)‘idrsm (fa)

f—

D
Octupole Constraint:

1 i

A¥(kzq)® S 320
O <$3vVC3~2.7x107°
AW =~ (kzq)Psm \ Constraint is phase-independent.




The Octupole Constraint

Supermode: U(Z,t) = Usgn(¢) sinlk - £ + =
he supermode induces a CMB octupole:

41 - ¥ COS T
_ i X S .
aAzg — ‘“\/ 2 (A--I-'d) 03 15 ‘I,f:;_\[(,fd}

Octupole Constraint:

A¥(kzq)* < 320
O 5$3y/C3~27x107°

Constraint is phase-independent.

AW

AV ~ (kl?d)‘lfgl\,[‘ COS C‘J|

vade constraint by decreasing kx4
ot if we want linearity beyond horizon!

V| < 1= AV S kzq




The Octupole Constraint

Supermode: W(Z,t) = sy (t)sinfk - T + ]

he supermode induces a CMB octupole

*’Hu—-*\/ Ald i 3 ‘Pa\[(fdJ
Octupole Constramt.

AY¥(kzq)* < 320

05 3\/ py = 2.7 X 10_5

AV ~ (kzq)¥Psnm| cos =] AV < [320]Y° = 0.095

AV &
Recall: P: x Ap x A

f—\
APg

S 0.01
Py )

kL



The Octupole Constraint

Supermode: ¥(Z,t) = Usy(t)sinlk - £ + =

he supermode induces a CMB octupole:

| 4 2 ¥ COST .
A asg = — —?(k.‘[-‘d)ﬁ()g 15 lI,S.\-I[‘*d)

Octupole Constraint:

(kzq)” < 320

3v/C3 ~ 2.7 x 10™°

< [320]Y2 = 0.095
APIII

f
— L
i

A : L )
Observed: ~ (.2

| -

i ¥

Way too big!

x Ap x AWY




Part i1l

The Curvaton Alternative




The Curvaton to the Rescue!

The problem with the inflaton model is two-fold:

The fluctuation power is only weakly dependent on the background value.
AP x (1 —ng)Aoe

A small power asymmetry requires a large fluctuation in @ .

The inflaton dominates the energy density of the universe, so a
“supermode” in the inflaton field generates a huge potential perturbation.

CMB octupole places upper bound on AW.
AP o Ad x AV with no wiggle room.



The Curvaton to the Rescue!

The problem with the inflaton model is two-fold:

The fluctuation power is only weakly dependent on the background value.
AP x (1 —ng)Ao¢

A small power asymmetry requires a large fluctuation in @ .

The inflaton dominates the energy density of the universe, so a
“supermode” in the inflaton field generates a huge potential perturbation.

CMB octupole places upper bound on AW.
AP o Ad oc A¥ with no wiggle room.

The solution: the primordial fluctuations could be
generated by a subdominant scalar field, the curvaton.

The fluctuation power depends strongly on the background curvaton value.

The CMB constraints on AW do not directly constrain A P. There is a
new free parameter: the fraction of energy in the curvaton.



I'he Curvaton during Inflation

The inflaton still dominates the energy density and drives inflation.

The curvaton (o) is a subdominant light scalar field during inflation.
|

- )
Vo) = 5My0

X

—

with m, < H; ¢(®) and p, < ps




T'he Curvaton during Inflation

The inflaton still dominates the energy density and drives inflation.

The curvaton (o) is a subdominant light scalar field during inflation.

. 1 -, 5
Vo) = ;ns;g“

with m, < H; ¢(9®) and p, < ps

There are quantum fluctuations in both the inflaton and curvaton.

(-00)1‘1111‘5 — ({)U)I‘IHS "),-—




The Curvaton during Inflation

The inflaton still dominates the energy density and drives inflation.

The curvaton (o) is a subdominant light scalar field during inflation.
1 5 5

5 M0

with m, < H; ¢(0) and p, < ps

There are quantum fluctuations in both the inflaton and curvaton.

_ ((5-0_) _ inf &G

((50) rms ;)ﬁ-

IS

Outside the horizon, 4o and 5 obey the same equation of motion:
d+3Hs+V'(5) =0

0c + 3Hoo + |:— +V ”(5'):| oc = ()

2

-



The Curvaton during Inflation

The inflaton still dominates the energy density and drives inflation.

The curvaton (o) is a subdominant light scalar field during inflation.

i 1 5 5
V(o) = smyo” with m, < Hiy(4) and pr < py

There are quantum fluctuations in both the inflaton and curvaton.

et - Hinf _
(~()Q-)1'11'1.~5 = (05)1‘1115 = Vot Lo
FaW |

Outside the horizon, o and 5 obey the same equation of motion:

g+3Ha+V'(e) =0 For superhorizon perturbations, °“
is conserved both during and
after inflation.

i _ K ) i |
56 + 3Hd6 + [—; +V ”(5)} 5o =0



The Curvaton after Inflation

. : s F : 3y 9
he curvaton equation of motion: 6 +3Ha +m_o~ =0

As long as m, < H, the curvaton is frozen: ¢ = ()

. .. ) .
When m, ~ H, the curvaton oscillates: (¢°) = (m5o”)

l.o 1 5 /o
p=50 —-m,0 —> (p)—10




The Curvaton after Inflation

. . . p . : ) 2
he curvaton equation of motion: 7 + 3Ho +m_ o~ =0

As long as m, < H, the curvaton is frozen: ¢ = ()

When m, ~ H, the curvaton oscillates: (6%) = (m2o?)
1 = :"-’ 1 _2 :3 \
p=o0 —mo0 — (p) =0

. . . I
hile the curvaton oscillates, it behaves as matter: p, < a

eanwhile, p, < a, tso Po | Pr INCreases.




Growth of a Curvature Perturbation

_ 0p
urvature perturbation: ( = -V — H —
. - P .
buperhorizon ¢ is not conserved due to curvaton isocurvature
. : 0p;i .
uctuation,but (; = —W¥ — Hﬂ IS constant.
dai 't %o it Pi
C . PrGr T 9040 1

4p, + 3p,
As o,/ pr increases, ( evolves.
n the very early universe, the .-
urvaton decays into radiation. “ g4

decayat ' ~ H .
residual curvature perturbation®?}/ -

C — RCU 0




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.
) 3
Q:RCJ:_E% where R~ - £2 and R« 1
3 Po 4 prir—p




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.
. 3
( = R(, = ——— Wwhere R~2Fe

and R <1
3 Po 1 Pr

=5

1 » 5 0Ps oo o
urvaton energy: p, = ;rn o —> — =2 — | + | —
2 Do o




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

) <
QZRQ'J:_E% where Rz—’a—g and R <1
3 Po * Prir=H
1 b} 5 AN
oy o o
urvaton energy: p, = —m-o- —> P 9 (_) 1 (T>
2 Po a a
Quantum ol = -’)H,.—lt o

uctuations:




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

( = R(, = ———— Where R’:ép—d and R< 1

3 Po 4 prir=m

1 & 5 0Ps oo oo
urvaton energy: Po = 5-;71;(7“ — = — L _

2 Po o o
Quantum . Hing _
: (OJJI‘UH — <o
uctuations: : 21

During matter domination, ¥ = ——(.
5




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

( =R(, = ——2 where RS Pe

and R <1
3 Po 1 Pr

| 0Ps 0o oo
urvaton energy: Po = 5-}'}];5“ — —  — D — + _

2 Po o o
Quantum 5o Hing §
- : ( J)l‘mﬂ 9 o
uctuations: 27
During matter domination, ¥ = ——(.
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Power Asymmetry from the Curvaton
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Curvaton Supermodes in the CMB

urvaton supermode:

—y

ya (T,t) = asm(t) sinlk - T + @]
Ao
he curvaton supermode

generates a superhorizon potential
fluctuation, but it is suppressed.

b))
5 o o

he potential perturbation is not sinusoidal!
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Curvaton Supermodes in the CMB

The CMB quadrupole implies an upper bound:
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Curvaton Supermodes in the CMB

The CMB quadrupole implies an upper bound:
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Perturbation Mixture

Both the curvaton and the inflaton may contribute to Py.
Hmf

Clo)

I'IIns ( ) rms

Fl — i 2 1111 l \P . 2R\ " Hif
e 10 9e A‘mPl A 5 2k352

27




Perturbation Mixture

Both the curvaton and the inflaton may contribute to Py.
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Perturbation Mixture

Both the curvaton and the inflaton may contribute to Py.
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Constraining the Curvaton Model
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Constraining the Curvaton Model

on-Gaussianity Constraints & 197
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Constraining the Curvaton Model

The Allowed Region
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Constraining the Curvaton Model

The Allowed Region
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