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For FRW (@, aem) = Cyge mm/

Claims of violation of statistical isotropy of the CMB
perturbations. A number of "2 — 3¢ effects”, signif-
icance susceptible to statistics used. Some of these
claims concern the largest scale modes, for which ad-
ditional problems due to galaxy contamination

Larger modes (low ¢) probe
earlier inflationary stages

Inflation Matter / Radiation




Cleaned CMB map by Tegmark et al’ 03. WMAP1 # channels
combined to eliminate foregrounds (depending on ¢ and latitude)

Axis from max; Z m? |aem (1) |

m

Low quadrupole ~ 1/20
Planar octupole ~ 1/20
Alignment, A6 ~10° ~ 1/62

00000

Plane of alignment, 309 apart from galactic plane

Anomalous lack of power at large scales outside galaxy
Slightly greater quadrupole than WMAP1 (using galaxy cut)




Land, Magueijo, '05, £ =2 —5 aligned mMaX,, 7 |aem (7) |

WMAP1 and WMAP+H data agree at large scales. #= treatment
Land, Magueijo, '06

L=2 £=3 {=4 £=5 Mean
Map (b, 1) m (b,1) m (b, 1) m (b,1) m  inter-6
LILC1 (0.9,156.7) 0 (63.0,-126.9) 3 (56.7,-163.7) 2 (48.6,-94.7) 3 514
TOHI1 (58.5,-102.9) 2 (62.1,-120.6) 3 (57.6,-163.3) 2 (486,-93.4) 3 224 <= (0.1%
TOH3 (76.5,-134.0) 2 (27.0,51.9) 1 (35.1,-130.6) 1 (47.7,-947) 3  53.8 (expect 579)
WMAP3  (2.7,-26.5) 0 (62.1,-122.6) 3 (34.2,-131.2) 1 (47.7,-96.0) 3  53.7
Model comparison (Bayesian) T
CYy if |m|=14¢ - .
2 /=N (2 - ’
S.M.vs. |agm|*(n)]|° = - i
eCp iflm|#4 — —
Data-set (b ) € Hy HAIC  gBIC 11 B - ]
LILC1 63 -120 .042 6.51 2.01 2.78 1.36 — -
TOH1 61 -113 .032 7.48 298  3.75 1.85 - -
| |
TOHS3 74 -129 018 6.97 247  3.24 1.27 0
WMAP3 64 -123 .043 6.49 1.99  2.76 1.32




North-south asymmetry Erikeen ot al' 04

WMAP1, Q, V, W bands with Kp0O (-25%)

Ecliptic axis
. 164 circles, draw 82 axis, and
compute power in the separate
hemispheres, in Cy = 2 — 63
Dark = high Cy, n/Cys when north

points inside big circle

® Power in that disk > in 80% of isotropic simulations

® Power in that disk < in 20% of isotropic simulations

In the frame in which is maximal, asymmetry > than
for 99.7% of isotropic realizations




Hoftuft et al '09, model comparison SM vs. [1+4+ An-0]s(n)

/ A

WMAPS5 downgraded to 4.5° dipole modulation random
KQ85 (—16.3%): KQ85e (—26.9%) Gordon et al "05 gaussian

Data Mask lod (Ipt, bbt) Ay Significance (o) AlogLl AlogFE

ILC KQ85 64 (2240, —220) +24°  0.072 4+ 0.022 3.3 7.3 2.6

V-band KQ85 64 (2320, —220) +23°  0.080 4 0.021 3.8 - ..

V-band KQ85 40  (224°,-22°)+£24° 0.119 =+ 0.034 3.5

V-band KQ85 80 (235°,—17°) £22° 0.070 £ 0.019 3.7

W-band KQ85 64 (2320, —220) +24°  0.074 £+ 0.021 3.5

1ILC KQ85e 64 (2150, —190) + 28° 0.066 £+ 0.025 2.6

R-band KQ8&5e 04 (2450, —210) +23°  0.088 4 0.022 3.9

V-band KQ8&5e 04 (2280, —180) + 28°  0.067 4+ 0.025 2.7

W-band KQ8b5e 04 (2260, —190) +31° 0.061 4+ 0.025 2.5 . . .

ILC? Kp2 ~ 40 (2250, —270) 0.11 £0.04 2.8 6.1 1.8

WMAP3

1/2 resolution

ILC
V-band
W-band




Groeneboom and Eriksen '08 studied the “ACW model”
Ackerman, Carroll, Wise '07

R . 2
P (k) =P &) ll—l—g* (k- 7) ]
Note: “Taylor expansion” that may be expected for axis (x — vy)

& planar (z «— —z) symmetric geometry. ACVW model is unstable

I \ I I I I
—— Multipole cutoff range 2-400 — Multipole cutoff range 2-400
10— —— Multipole cutoff range 100400 | _| 10— —— Muldipole cutoff range 100-400 | _|
—— Multipole cutoff range 2-100 — Multipole cutoff range 2-100

A Ve, T
| | |
04 0.1 0 0.1 02 03 0.4

g« = 0.10 + 0.04 g+ = 0.15 + 0.04 (3.80)

Increase of significance with ¢ Pullen, Kamionkowski '07




Models 7
Likely, accepted only if it explains N > 1 effects

Perhaps we should learn to compute cosmological
perturbations beyond FRW

Simplest: Bianchi-I with residual 2d isotropy
ds®> = —dt® + a (t)° dz® + b () [dy” + dz?]

Standard formalism for FRW
Bardeen '80; Mukhanov '85

Oguv, 0¢ < v, hy, hx




Anisotropic background

How many Still 3 OGuv , 09 + 11 modes
Gen. coord. transf. —4
i ?
physical modes égo, Non dynamical —4

Coupled to each other already at the linearized

How do level (due to less symmetric background)

?
they behave — UV regime

Decoupled limit of isotropic background

<a€ma’2<’m/ > K 5%’ 5mm’

Signatures ?
Nonstandard amplitude for gravity waves

(# results for the 2 polarizations)




— (14 2®) ax b(&;B—I—BiT)
Guv =— CLQ(].—QW) a,b(Qz—F BZT)
b2 [(1 = 22) 65y + 0 + 0 7 )|

seven 2d scalars 4+ three 2d vectors, decoupled at linearized level

Choose a gauge preserving all dgo,, since they are

the nondynamical fields (ADM formalism)

e Harder to indentify nondynamical modes in standard gauges

e Can be promoted to gauge invariant formulation

- >\ s, X -
<¢:¢+<E) , B=1B be—i—bE,...)




Dynamical Y; and nondynamical N, fields
S = /dSk dt [aij }/1*1/3 —+ (b’&] Nz*)/J —|—hC) + Cij ]\fz>I< Nj
+ (dij Yi*Yj—i_h'C‘) +eij i Y+ (fi Ni*Yj—i_h'C')}

Coefficients background-dependent

0.5
INF

Action for the dynamical (propagating) modes

Solving for N, =0 = ¢ Nj=—bi; Y;— fi;Y;

S /d3k dt [Y Kij Y; + (Y A Y +h-c-) - Y Q3 Yj]
Kij = a5 — (bT)z’k (C 1) b *—__ Eigenvalues indicate
Aij = dij — (bT)zk (C 1
OF = eij — (fT)zk (™

S . . , _ Expect divergency
syr =0 7 K Yit [Kz'j + (Ayj + h-C-)} Y; + (Az'j + szj) Y; =0

>k:m the nature of a mode

if K is noninvertible




. Mg 1 2
Simplest example £:7R—§ (09)° =V (9)

Asymptotic Kasner (vacuum) gs2 = —d¢2 4 t29dg2 4 ¢2° <dy2 + dzz)

solution in the past a+283=1, a?2+232=1
tiso ~ M
. V Vin
b
e b . -
a .-.*"""
t t
1 2
a=1, =0 o= ——, = —
& 3 7 3




Hy

1 * *
S<2>=§/dnd3 [\H ? =Wl H P+ [HL P+ V]2 - (H+,V)§22( U

NN

GW polarizations Scalar (density) mode

Initial conditions from early time frequencies 7

Pbm: w2, Q2 ~p?+ f (H?), and H~ 1, p, ~t1/3, p,. ~ 4

$2/3

H > p in the asymptotic past (mode in long wavelength regime)
4
2 2 2 2 2 2
Wx T 4@ [ 012 + "‘pz] , $%; —a [9752 - Py +pz] 0ij

No adiabatic evolution; w2 < 0

)
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LLarge growth

Strong scale dependency

1e-08

1e-06

0.0001

tHy

0.01

e Analogous to instability of contracting Kasner

Belinsky, Khalatnikov, Lifshitz '70, '82

e Potentially detectable GW, even if V;/* < 1016 GeV

e Tuned duration of inflation. If N > 60, effect blown away




Search for a longer / controllable anisotropic stage

(contrast Wald’'s theorem on isotropization of Bianchi spaces)

e Higer curvature terms Barrow, Hervik '05

e Kalb—Ramond axion Kaloper '91

e Vector field, (A;) =0

—>  Potential term V (A, AH) Ford '89

o Fixed norm Ackerman, Carroll, Wise '07

—>  Slow roll due to A ,A* R
Golovnhev, Mukhanov, Vanchurin '08

Kanno, Kirma, Soda, Yokoyama '08
Yokoyama, Soda '08 Chiba '08 Kovisto, Mota '08




By F2 ¢ ] Nonminimal
S:/d4ﬂf\/—g 7pR—7+§RA2 COUpling

H:%[Ha+2Hb]

— A 2 12 12
h= 2 [Hp — Ha

Ay = (0,aBMp, 0,0) — A% = M7 B?

B+3HB+{-2Hh—-5h*>—2h+ (1-6¢&) (2H*+h*+ H)} B=0
£ =1/6 used for

Primordial magnetic fields Turner, Widrow '88
Vector inflation Golovnev, Mukhanov, VVanchurin '08

Vector curvaton Dimopoulos, Lyth, Rodriguez '08




1 1 1
L= _"F24+ " RA?= —__F?2 4+ H? A%
4 T 12 4 T

+ sign leads to a ghost (not a tachyon )

) | 1
Stiickelberg: A, — B;jf + = O,
H?A?2 — H? BZ BHT + 0, OH o (signature — + ++)

Does not require anisotropy |

Cf. PF mass —m? h,,h*" + m? (hﬁ)2 to avoid ghost




e M?>0. Gointherest frame, k¥ = —k, = (\/MQ, 0, O, O)

. (mW+ kuky/M2> = diag (0, —1, —1, —1)

e M? < 0. Frame with no energy, k* = k, = (O, 0, O, \/—MQ)

— (M + K ky/M?) = diag (1, -1, —1, 0)

Exhaustive computation if Au has no VEV
(no §A, < dguv linearized mixing)




Vector il’]ﬂatiOn Golovnev, Mukhanov, Vanchurin '08

Kanno, Kimura, Soda, Yokoyama '08

L = za: _%FL(LS) pla)p _% (m2 B g) A,S“) nor

AW =gM,BY 5 B4+3HB4+m?’B=0,

2

h
H

(

0guy — 10 —4 =2dyn + 4nondyn

5A£La) — 4N =3Ndyn 4+ N nondyn

\

Simplest case, 3 mutually orthogonal vectors with equal vev

— 18 coupled modes




18 coupled modes, 11 dynamical and 7 non dynamical

We computed the kinetic matrix for the dynamical modes
528 = [ Pkt V7 Ky Y+ ..
det K

0.004 -

0.002

. | | | | | | | | | | | | I I I I Log]()(_)
p

| | |
I ~1.0 0.5 0.0 0.5
~0.002 |- \ \

Two negative
eigenvalues

Singularity expected

-0.004

ki :ky: k3= 100 :80:60




Simplified computation: concentrate on one vector field
Collective effect of the remaining ones = cosmological constant

M? 1 1 R

2 4 2 6
V' Vo 2 H 2 4
A, = (0,aBM,, 0,0)4+0A, — H = +O (B , h=—B“4+0O (B
n= b 0, 0)+54, 730, (B%) S (B%)

B slowly rolling for m < H

vev along x only, can do 2d decomposition

1dyn 4+ 3nondyn 2ds 2dyn + 1 nondyn 2ds
1dyn + 1 nondyn2dv 1 dyn 2dv

7 coupled modes rather than 18




2
Parametrically, det K = B2 — 1;_2 4+

Perturbations diverge when it vanishes

A A A3
Ao Ao Asg

1.0

0.5

* P

H/p




Fixed norm vector fields Kostelecky, Samuel '89; Jacobson,
Mattingly '04; Carroll, Lim '04

M2
2 R Fu P X (A2 =) = Vo

Sz/d4x\/—_g :

Ackerman, Carroll, Wise '07
ds? = —dt? + €21t dg? 4 e2 Mt (dy? 4 d2?)

(Az) =m = i
Hb:<1—|—]\n;—5)Hb

Test field x p

Py, = P ([k]) (1 + g« k)

Assumed ox — oguv
through modulated pertrbations

Dvali, Gruzinov, Zaldarriaga '03

Kofman '03




Complete study (dgu., 6A4,) shows that this model is unstable

Divergency at

Y “horizon crossing”
_1 -
HEOy 2
i 2 m
2} | px:<2—|—2>HaHb
' e Mg

t H

One mode becomes a ghost at that point

Kinetic term vanishes — perturbations diverge

Problems in theories with fixed A2 also pointed out by Clayton '01




So what 7

Linearized computation blows up; maybe nonlinear evolution ok

Linearized computation — CMB

Assume singularity cured, any other problem 7

nonlinear interactions: |0) — ghost-nonghost; UV o

For a gravitationally coupled ghost today, A < 3 MeV
Cline et al’ 03

U(1) hard breaking, A interactions p/m enhanced

Quantum theory out of controlat E 2 m ~ H
whole sub-horizon regime

- |DH|? — +m? A%

Unclear UV completion

Ghost condensation 7




Scalar-Vector Coupling

S = /diu—r_j’ [—P—— ”LJ1@”01—11(01) __lfz((.—"jl

s

1

1

supports anisotropic expansion

due to vector field.

Vi(dy) = m?2 é?/2
Va(da) = m3 d3/2

ma/my < 1

f(o1) =exp

il
M?2

Power Spectrum for

:Iu'_;; — .|E1: [(.:

hux

Fyw F* — 5 On 92 M o — Va(da)
- ~ -~

Isotropic expansion

1, P2

e—folds

4-\
.‘_
1 1

£=1/10, £=5/10,

11: 1l 20
e—folds

15
o
=
=
o
o
= 10
. .
-10 o 1.0

L Og(k."lvkisc]




Conclusions

e Some evidence of broken statistical isotropy

e Full computations in simplest nhon FRW
scalar-tensor coupling; Py #= Py«; Nondiagonal Cyppny

Easy to extend further

e Problems with specific realizations




