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Abstract: WMAP measurements of CMB temperature anisotropies reveal a power asymmetry: the average amplitude of temperature fluctuations in
one hemisphere is larger than the average amplitude in the opposite hemisphere at the 99% confidence level. This power asymmetry may be
generated during inflation by a large-amplitude superhorizon perturbation that causes the mean energy density to vary across the observable
Universe. Such a superhorizon perturbation would also induce large-scale temperature anisotropies in the CMB; measurements of the CMB
guadrupole and octupole (but not the dipole!) therefore constrain the perturbation\'s amplitude and wavelength. 1 will show how a superhorizon
perturbation in a multi-field inflationary theory, the curvaton model, can produce the observed power asymmetry without generating unacceptable
temperature fluctuations in the CMB. | will aso discuss how this mechanism for generating the power asymmetry will be tested by forthcoming
CMB experiments.
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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...

Ill. 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

220 T(n) =s(n)[1+ AR -p)]
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A Hemispherical Power Asymmety

Asymmetric
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A Hemispherical Power Asymmety

Asymmetric
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Simulated maps courtesy of H. K Eriksen



A Power Asymmety!’

Isotropic or Asymmetric!?

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

Image from Eriksen, et al. astro-ph/0307507



An Asymmetric Universe!

here is a power asymmetry on large angular Eriksen Hansen Banday,
jcales in the WMAP |st year data. i, Lille 2004
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An Asymmetric Universe!
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An Asymmetric Universe!

here is a power asymmetry on large angular Eriksen Hansen, Banday,
cales in the WMAP Ist year data. SHee s S

Power asymmetry is maximized when the “equatorial” plane is tilted with
respect to the Galactic plane:“north” pole at (¢,b) = (2377, —10°) .
Only 0.7% of simulated symmetric maps contain this much asymmetry.

el
= o™ _
\

-

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

emisphere
® more power

less power Eriksen, et al. astro-ph/0307507 _\ O




An Asymmetric Universe!

Erilrcarn BAarmdAm e
[ K’_\r_l fy AT ALY, _r“:.r ;'<'|

Bayesian analysis: A ~ ().12

ety b) ~ (2P, —277)
pole:

The probability of measuring
this amplitude or larger given

an isotropic field is 0.01.

0 0.1 0.2
Modulation amplitude
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An Asymmetric Universe!

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 by COBE |

Hansen, et

__.l..___ - ._Lr-l il W




Asymmetry from a “Supermode”

W0,

The amplitude of quantum
fluctuations depends on
the background value of
the inflaton field.

9 2 2
Py = — [H (9) }

9 A 3 0,

k=aH



Asymmetry from a “Supermode”

The amplitude of quantum
fluctuations depends on
the background value of
the inflaton field.

P _ 2 [H(o)-}“

Sch ' Create asymmetry by
i adding a large-amplitude

superhorizon fluctuation:
a “supermode.”




Asymmetry from a “Supermode”

APy (k
A modulation amplitude A ~ (.12 — v (k) ~ 02
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.

AP\D _ 9 /E(l B ns) Ao
P\D’ € mpj




‘Asymmetry from a “Supermode”

APy (k
A modulation amplitude A ~ 0.12 — — IJ_(' ') ot t B |
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.

AP\D _ 9 E(l—ng) Ao
Py \/ € mpi

Ap — AV — AT
Surely the resulting

Ad 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 Zeldovich 1978
A superhorizon mode: W (r) ~ Wgy {E- .Fl
AT 1 - _ 7
The SW dipole: e —Waonm [A' - Eela |

AW 3 1

The Doppler dipole:

AWV

The Doppler Effect



The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dip0|e. Grishchuk, Zel'dovich 1978

A superhorizon mode: V(r) =~ Wgy f- .Fl

The SW dipole: % — %'@531 F ff_lf_-L-:
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 d|p0|e Grishchuk, Zel'dovich 1978
A superhorizon mode: V(r) =~ Wgy F—t- .Fl
AT 1 L
The SW dipole: = ?DEM {A* - Zdec |

AT _AT

The Doppler dipole:
— 0(to,0) — U(taec, Tdec)
T =N {L 0, Y, L duc-idec}
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The Doppler Effect




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: W (r) ~ Wgy F;- .Fl

The SW dipole: % — %"*DE-_:}[ F E_L_.L.:
AW — AW ' )
The Doppler dipole:
AT -
the Doplr Ffiect =2 — ia- [#(t0,0) — #(tacc Face))
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-o(t) = —= dec - V¥
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The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dipole_ Grishchuk, Zel'dovich 1978

A superhorizon mode: W (r) ~ Vg F-‘- .Fl

The SW dipole: % = %kDSM F ji_l‘_.;l
AW - AW ' )
The Doppler dipole:
AT ~
The Dopplr Effect = = . |:F“[}~0_} B f"(fdec-fdud}

y 2 /af(t)

n-v t —_— — [ ec VLIJ]

o ( } 3 Hﬂﬂrdi C -

H(]Idcc =2 [1 -V a(tldec )]

—(2/3) |1 — /a(taec) T
’ ATT 9 h E a(tdec )1] ] e [k | Idﬂ}




The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB dipole_ Grishchuk, Zel'dovich 1978

A superhorizon mode: ¥(7) = sy |F - |

The SW dipole: % — %"-D:-_’._:El [!:- fd‘_,t:
AW — AW ._\T 1 __:
The Doppler dipole: —— _— _— g, |k - 7. }

The Doppler Effect r 3 s




The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,
a superhorizon perturbation induces
no CMB d|p0|e Grishchuk, Zel'dovich 1978

A superhorizon mode: V(r) =~ Wgy F;‘- .Fl

The SW dipole: % = %"DSM [E' ff.lctﬂ!

AW —Av AT ! i3
The Doppler dipole: —— _— _— g, | k- .F{h-.(l
The Doppler Effect ere i e ISV

Since ¥ is constant, there is no ISV effect.



The Dipole Sometimes Cancels...

The SW Effect In an Einstein - deSitter Universe,

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

A superhorizon mode: W(r) ~ Wqy F;- .Fl

The SW dipole: % = %kDSM F f,_h_.t:
AWV — AW _\f 1 S
The Doppler dipole: —— _— _— g, | k- 'Ffi”l
The Doppler Effect r 3 ;

Since V¥ is constant, there is no ISW effect.

Well that’s cute.

But the situation is much more

| comblicated in a Universe like ours!
AN — AN P . B



The Evolving Potential in ACDM
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The Evolving Potential in ACDM

1
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> 0.8
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HETRAU" N it 18" ]
a AT
Radiation at decoupling increases SW effect: T = 0.4W

A increases z4.. and reduces the Doppler dipole.

Evolution of W leads to ISW effect that will partially cancel
. . Lo
the SW anisotropy: AT _ 9 / d_@:f“f—'(f)]df
T . dt

: dec



The Dipole Cancels!

Adiabatic superhorizon
verturbation:

) — s {E f}

emperature
nisotropy:

TT Ex-""') :@“Pﬁll [}'—' + 'Ffi{.‘[':|




The D|pole Cancels'
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The D|pole Cancels'
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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

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

- ~ ()x .
hat if there’s something else? H"(a) = Hj { T Q,x]

(1-3{ 14+w)




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

- ‘ 5% _
hat if there’s something else? H*(a) = H, { =} Q,x]

(1_3{ 14w)

[he dipole terms still cancel for adiabatic perturbations!

s there a physical reason for dipole cancellation in flat universes with
uperhorizon adiabatic perturbations’
special synchronous gauge: metric is FRW + O(A H”

It '|-f

-_.u_.l-. iy W W

galaxies have no peculiar velocity in synchronous gauge
no O(kxgec) temperature anisotropies




Beyond the Dipole

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




Beyond the Dipole

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

emperature anisotropy:

AV A - 5. SINT
—(A) = gy | (k- 0y cosw — (k-T4) 09 (k - :
T M Lq)01 | 1)"025 | 6




Beyond the Dipole

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

emperature anisotropy:
AV

T(fi} = Wgm

; (
ultipole moments: T




Beyond the Dipole

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

emperature anisotropy:

"u Y il
—(n) =¥y | (k-

I
| S
-}

AVE
. —(n) = -"m}rm n)
ultipole moments: T () = )_ aemYem (A

£.m

[ 47 .. COSTT
' | Won(ta)

residual dipole moment
comparable to octupole moment
less restrictive constraint due to

our proper motion




Beyond the Dipole

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

emperature anisotropy:
AVA

. - .2 COSTWO
—(n) = WYgq (k-T — (k- £a)"9; '
T ) SM d i) 03 6
AT( ) Z Yem (1)
_ —in) = ay fm\ N
ultlpole moments: 7T =i
«aTL
3. COSTT 7R :
- E : f | LFT P - 3 p—
”U} ll Ir}i lpb_\l‘ r{l ) Qog = — \Iu'l T"I‘ f!i}“(‘]—,ﬁlll lIF-..,\,.[{f,i
3]

residual dipole moment
comparable to octupole moment [4m 2 . COSTD .

| . . : azp = —\/ —(kxzq) 03— VYsm(tq)
less restrictive constraint due to V 15

our proper motion




The Quadrupole Constraint

—

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

Recall the motivation: A¢) — power asymmetry

A — AV —> AT

AN

AV ~ (kxg)¥sm| cosw




The Quadrupole Constraint

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

Recall the motivation: A¢ — power asymmetry
No'—> AW — AT

he supermode induces a CMB quadrupole:

Ao — — —.A.‘I( Lfi-)
. 20 \/ - (KZq)" 02

AN

AW ~ (kl‘-‘d)q’gl\{‘ COS W




The Quadrupole Constraint

Supermode: U(Z,t) = Ugy(t)sinlk - £ + =
Recall the motivation: A¢) — power asymmetry
AP — AV — AT
he supermode induces a CMB quadrupole

4“ 25" Sin oo
asg = —\/ le LI’SI&[(M)

Quadrupole Constraint:

AT AV¥(kzxq)| tanw| < 5.89

g

Q<S3vVC0C,~1.8x107°
AW ~ (kl‘fd)‘IJSM‘ COS 'CI«"




The Quadrupole Constraint

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

[am . .
— (kzq)? '

v . 5\ i
Quadrupole Constraint:

Ad AV (kzq)@an ) S 5.8Q

0<S3VC0,~1.8x%x1077°

AV ~ (kzq)¥sm| cos | Quadrupole vanishes if T =

sm(ta)




The Octupole Constraint

—

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

he supermode induces a CMB octupole:

S
| 4T 3. COST
azp = —\/ = (kxq) 03—
[ )

Wsnl(ta)

AW ~ U{.L'd)‘lfgl\.[‘ COS CL'|




The Octupole Constraint

bupermode: ¥ (z,t) = Wanm(t) sin[E - T + ooy

he supermode induces a CMB octupole:

L
47

g - COSTWW :
azp = ‘\/ —(kzq)? 03— W¥snm(ta)
l 15

Octupole Constraint:
A¥(kzq)® S 320
O <$3V/C3~27x107°

AW ~ (k‘i?d)‘ljgl\_.[‘ COS T.L'|




The Octupole Constraint

upermode: U(z,t) = Wsm(t )%lll[ﬁl. T+ w 4.,

he supermode induces a CMB octupole:

S e =
a3 = —\/ = (kza)”o 3 sMm(td)
Octupole Constraint:

A¥(kzq)* S 320
O S3VO3~2.Tx 1075
AV ~ (kzq)¥sm ‘ Constraint is phase-independent.

AW




The Octupole Constraint

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

he supermode induces a CMB octupole:

Jm COS =T
azg — Afri 3

15
Octupole Constraint:

A¥(kzq)* < 320

O < 2T 10"

Constraint is phase-independent.

AW ~ (kl?d)‘ljgl\,[‘ COS CZ'|

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

‘]?]<1:>$‘Ijékl‘d




The Octupole Constraint

—

Supermode: ¥(z, t) = ¥gnm(t) sinlk - T + !

he supermode induces a CMB octupole:

nw 9 - COSTWW .
aAzg = — T(A'-Fd)dd.‘i [.H. QSRI(fd)
( 15
e Octupole Constraint:
A¥(kzq)* S 320
O $3y/C3~2.7x107°
AV ~ (kzq)¥sm| cos | AT < [320]'° = 0.095
Recalk —-F oc Adoc Al
Py
e
AV
= 5 0.01
L P\D F




The Octupole Constraint

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

he supermode induces a CMB octupole:

T a - COSTW
A azp = — T_(A'-Fd)d(”:a 15 Wonm(ta)

Observed:

Py

Way too big!




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)Aod

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< Ao oc 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 AV 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.



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 .
Vio) = 5Mz0" with m, < H; ¢(®) and p, < ps




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 .
Viie) = smgoo”™ with m, < Hine(¢) and pr < py

There are quantum fluctuations in both the inflaton and curvaton.

(-OO)I‘IHH = ({)U)rum T lil Lo
LT




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 .
Vo) = 5My0" with m, < H; (®0) and p, < ps

There are quantum fluctuations in both the inflaton and curvaton.

inf

((50 = ({50)1‘1115 = 5

—

) s << 5-

m

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

S | =
] | )

d&+3H&&—[ -+Vﬂ5ﬂda_o



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 5 .
Vio) = 5M,0" with m, < H s(®) and p, < py

There are quantum fluctuations in both the inflaton and curvaton.

—
™,
L

j

I'Is 5
2

Outside the horizon, o and 5 obey the same equation of motion:
g+3Ha+V'(g) =0 For superhorizon perturbations, °Z
is conserved both during and 4
after inflation.

: : k2 :
00 + 3Hdo + |:—;; + V f(@'):| oo = ()

J



1The Curvaton after Inflation

he curvaton equation of motion: 5 + 3H& +m-o~ = ()

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

When m, ~ H, the curvaton oscillates: (6°) = (mZ2c”)
l.o 1 5 5 /
p=0" —m,00 = (p) =0




The Curvaton after Inflation

i ..'}

he curvaton equation of motion: & + 3H& + m-o~ = ()

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

. - ) 3 )
When m, ~ H, the curvaton oscillates: (¢°) = (m,o")

Lo 1 5 5 |
p=56" — M0 — (e

. . . -3
hile the curvaton oscillates, it behaves as matter: p, < a

eanwhile, p, a* so P /| Pr INCreases.




Growth of a Curvature Perturbation

_ 5
urvature perturbation: ( = -V — H —
. - . P .
buperhorizon ¢ is not conserved due to curvaton isocurvature
. 0pi .
uctuation,but (; = —W¥ — Hﬂ IS constant.
o P Pi
- FPrGy T 905Cq 1

> 4p, + 3p,

As p,/pr increases, ¢ evolves.

0.8p

06F/

n the very early universe, the o

urvaton decays into radiation. “ g4
decayat '~ H
residual curvature perturbation

(= Rgr:r | 0




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

Q:RCJ—E% where R:ép—g and R <1

3 p, 4 prir—m




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.
. 3
( = R(, = ——Z where R~=F=

and R 1
3 Po 4 p,

 E— -

- dp, [ 00 do

- ek i p "

urvaton energy: p, = Sm,0° = —— = 2 — )| + [ —
2 Do o




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

) 3
k:RCg:E% where R:—p—g and R <1
3 po Pr \r=H
D s 0o oo A
urvaton energy: p, = —m.o- — — =2 — | + | —
2 Po o a
Quantum - Hing §
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uctuations: 2T




Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

Ré 3
C:RCJ:_—ﬁ where R“_v—p—g and R <1
'5 pC—" _J: [‘]-" I'=H
e 0ps [ 00 A
urvaton energy: p, = —m.0- — — =2 — | + | —
2 Po o a
Quantum (OJ)I.HH _ inf o
uctuations: : 2T

During matter domination, ¥ = — (.
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Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

. 3

( = R(, = ——— Where R:—p—g and R <1
3 Ps 4 prlp—_p

L 0Ps oo oo
urvaton energy: p, = Sn}“g“ — — = 9| — 4k _

Quantum = Hing _
' (()J)rm-; i Lo
uctuations: : 2T

During matter domination, ¥ = ——(.
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Power Spectrum from the Curvaton

luctuations in the curvaton field become curvature perturbations.

) 3
C:RCJ:_Eﬁ where R~ = £2 and R<K1
3 Po 4 prir=m
1 5 5 AN
> o o
urvaton energy: p, = —m-o- —> et (T) - (T>
2 Po o a
uantum - Hing _
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uctuations: LT
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Power Asymmetryfrom the Curvaton

luctuations in the curvaton field become curvature perturbations.
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Power Asymmetryfrom the Curvaton

luctuations in the curvaton field become curvature perturbations.
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Curvaton Supermodes in the CMB

urvaton supermode:
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he curvaton supermode
generates a superhorizon potential

Iuctuatlon but it is suppressed.
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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.
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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
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Constraining the Curvaton Model
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Constraining the Curvaton Model
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Constraining the Curvaton Model

The Allowed Region
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Origins of the Supermode

Could the supermode be a
quantum fluctuation?
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Origins of the Supermode
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quantum fluctuation?
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Origins of the Supermode

Could the supermode be a
quantum fluctuation?
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I'he supermode would be at least a 5-sigma
fluctuation: that's highly improbable!




Origins of the Supermode

Could the supermode be a
quantum fluctuation!’
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Could the supermode be a
quantum fluctuation?
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Origins of the Supermode

Could the supermode be a
quantum fluctuation?
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Origins of the Supermode

Could the mode be a

A pre-inflationary
remnant?

Signature of
“curvaton web?”
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A Scale-Dependent Asymmetry!?

here are |nd|cat|ons that only large scales are asymmetric.
Asymmetry detected for / =5 — 40. Donoghue and
Some analyses see reduced asymmetry for £ 2100 Tl
ow could the asymmetry disappear at small scales?
Only the perturbations from the curvaton are asymmetric;

he inflaton perturbations are still statistically isotropic.
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A Scale-Dependent Asymmetry!

here are indications that only large scales are asymmetric.
Asymmetry detected for / =5 — 40). Donoghue and
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A Scale-Dependent Asymmetry!

here are indications that only large scales are asymmetric.
Asymmetry detected for / =5 — 40. Donoghue and
Some analyses see reduced asymmetry for £ < 100. ~7%7° <=
ow could the asymmetry disappear at small scales?
Only the perturbations from the curvaton are asymmetric;
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Isocurvature modes from curvaton? \

curvaton can produce isocurvature
perturbations
iIsocurvature perturbations

contribute more on large scales
vwork in progress.... O




jummary: How to Generate the Power Asymmetry

present at the 99% confidence level
detected on large scales

Hansen, Banday, _orsu 2004

Eoils s 1004
Eriksen, Hansen, Banday, Gorski, Lilie 2004
Eriksen, Banday, Gorski, Hansen, Lilie 2007

—175 pK

A superhorizon perturbation during inflation

generates a power asymmetry.

also generates large-scale CMB temperature perturbations

no dipole; quadrupole and octupole set limits.
Erickcek, Carroll, Kamionkowski arXiv:0808.1570

an inflaton perturbation is ruled out
a curvaton perturbation is a viable source of the do

observed asymmetry oG
Erickcek, Kamionkowski, Carroll arXiv:0806.0377



jummary: How to Generate the Power Asymmetry

present at the 99% confidence level
detected on large scales
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Hansen, Banday, Gorski, 2004

Eriksen, Hansen, Banday, Gorski, Lilie 2004
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Eriksen, Banday, Gorski, Hansen, Lilie 200

Features of the Curvaton-Generated Power Asymmetry

the superhorizon curvaton perturbation is
not a quantum fluctuation

the produced asymmetry is scale-invariant,
but it is possible to modify that
suppressed tensor-scalar ratio: r o« (1 — &
high non-Gaussianity: fnL < 50
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