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Abstract: <span>We observe a finite subvolume of the universe, so CMB and large scale structure data may give us either a representative or a
biased sample of statistics in the larger universe. Mode coupling (non-Gaussianity) in the primordial perturbations can introduce a bias of
parameters measured in any subvolume due to coupling to superhorizon background modes longer than the size of the subvolume. This leads to a
"cosmic variance" of statistics on smaller scales, as the long-wavelength background modes vary around the global mean. We study this bias for
local non-Gaussianity and quantify how observed statistics such as the power spectrum of the primordial perturbations, spectral index
(scale-dependence in the power spectrum), amplitude of non-Gaussianity, dark matter halo power spectrum, and primordial tensor modes, can differ
from the same quantities averaged throughout a volume much larger than the observable universe. More general kinds of mode coupling can change
the relative sensitivity to different background modes. Finally, we consider what observations can tell us about the possibility of biasing from
superhorizon<strong> </strong>modes."</span>
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Local Ansatz: Strongly Non-Gaussian
((x) = (&%) = ()

Strongly NG field can appear nearly Gaussian:
/'I! rp—2

WWH (Cé{'s(x) - <k3:.q)) + ...
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— Recover statistically natural, nearly Gaussian series, in
: - 2 \1/2
typical subvolumes; series controlled by ((é:) /2 /Cen

obs p—1
(P (x) = pCly T Cas(x) +

o

[EN, S. Shandera, 1212.4550; LoVerde et. al., 13
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Local Ansatz: Strongly Non-Gaussian
((x) = (&%) = ()

Strongly NG field can appear nearly Gaussian:

Pl p-2
2N(p— 2! el
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— Recover statistic'ally natural, nearly Gaussian series, in

; : 2 \1/2
typical subvolumes; series controlled by ((é) ' /Cai

Cobs(x) = m;;,"u.-.,(x) + (G2 (%) — (CB)) + ...

Minimum level of NG in subvolumes:

p—1 Observed NG of 1 partin 10” as
2pCE, background becomes nonperturbative

v

tl}i"\ S~
/f\l ~

= Constrain superhorizon cosmic variance

by tightening f“"‘* bounds

[EN, S. Shandera, 1212.4550; LoVerde et. al.,
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Statistical Naturalness for Local NG

, . . . - . - pobs
Numerical realizations: Suppression of fyy
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Local NG: Parameter Space

- 3 . 92 2
Single source, scale-invariant: ¢ = (¢ + —NL(¢G — (C&))
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No fn1, detection...a good thing?

-
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Running of Mode Coupling Constants

* Letting the subvolume scale M run, non-Gaussian coup]ings
change with the local background: [SoUbekeut. < by, 050506]

[L}-“th, 0707.0361)
INL(Ca) = InL(Can (M, x))
gNL(Car) = gnL(Can (M, x))

etc.

~

* Running towards weakly NG series with |1 > fnr. \/<L;)) > gn ;,(gé)*,-)
(C(x)™)
(C(x)?)n/2

; : =2
runs towards hierarchical, M,, ~ M

* Scaling of moments M,, =

&

...But local shapes (squeezed limits) are preserved
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Scale-Dependent NG: fnr(k)

* Generalized Local Ansatz: L 9
(k) = 06 (k) + 76 (k) + Z(NL(k)[oE] (k) + S one () [0&] (k) + ..

Weak scale-dependence:

o\ 2, ne (k) | AN
N ) = fN v im v) = R = &m ;";
./I\ll.(/) ./.‘\IJ(/{’) (/I-i)) (/) l)é(!") ( ‘f) (/" )
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Scale-Dependent NG: fnr(k)

* Generalized Local Ansatz: L 0
C(k) = oc(k) + 0 (k) + Z(NL(k)[od] (k) + S-axt(k)[og]) (k) + ...
Weak scale-dependence: (m)
| _ N enak) (R
N v) = ] vy - im k)= ——— = i.-m ;"3 T
/\l.(/) ./.\IJ(/{) (/.'P) ( ) l)(‘(!') ( I) (/"p)
2 J

Running in global bispectrum — observed runnings biased

- be , 12 NL(k)oat + 2 f&; (k) (02 — (02
/)&»l)h(/.,) - ])L'{A) I A _*(-\}H(/'}/\“ ) (T( f “:/\)“J( )((‘T‘()” <(T(-f>)
iy L + 52 /R k)(agg)

n f > () Less sensitive to g ¢y

\ More sensitive to ¢y

12 m 6
Ang(k) =~ ?fm(k)fNL(k)dcz(nf + n! )), E./M,(/.')rr(,r; < |

How large can this be?

Clliot Nelson, Penn State

[J. Bramante, ). Kumar, EN, & S. Shandera, 1307.3549]
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Scale-Dependent NG: Parameter Space

(n¢ =1, n;=01) (e = 0.96, 1y = 0.1)
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Scale-Dependent NG: n2" # n,

Observed red tilt nS™ < 1 consistent with globally flat or blue tilt g > 1
Or, global red tilt can vary among Hubble patches

For |[Ang(kobs)| 2 0.04 on observable scales, need

*  Sufficient power for background modes: red tilt on larger scales
* Background (; dominated by non-Gaussian source

* | Blue tilt to /NL for weakly NG, perturbative global statistics

=> Probe smaller scales observationally

In P
o Example of red-to-blue tilt
P, Lo ™ ne = 0.95, np = 0.05, fnL(k) () =3
= ' I FO. 1o background
‘ P )
7,! loop 1,“- ) —
Hy Al,,
In k
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Non-Gaussian Effect on Halo Bias
Halo power spectrum attected by primordial bispectrum
Constant INL: Be(ky, ks, ks) = IT,“)}‘M Pe(kyp)Pe(ks)
on(ky) = S8o(ky) + ﬁ%,/'NLC(kL.)
~ (())}: D J(II)J)-}’H "I":ifl\l“f'l"f"> O(Kp)e—5 ~ k*®

,/--\—/\-/.‘\_ [(Dalal et. al., 0710.4560]
y ~0(kr)
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Shift to the Bispectrum: ny. # -n.;’)_l’_‘“"

§
l))g(/‘l . /"'.3- /".'i) = T)./'.\'].(I"-'i)*im(l“l )'f.n.r(/"'l)ljﬁ(l‘jl )[L(/'.E) + 2 perms. + - -
. 6 E* (k) PEPS (ky) &% (ko) PEPS (ko)
B (ky, kg, hg) ~ = fur, (ks “ : +2 perms. + -+
) 5 1+ 2fnu(kr)oci 1+ S fnn(ke)oa

gy =0
Additional k-cdependence (gNL )

* Squeezed-limit (k) < ko, k3) running:
(/ |” ]),Q(/‘L 5 /1'}{. /1'}-,')

Nsq. = - (”s — I) = =3 + ”(f;”

(/ ||| /1’[1

v)

(Large Volume)

* Infrared background breaks relation between B¢ and P
* Single source can mimic multi-source statistics:
_ sinu(k)Cany

1+ 2 fnn(k)Ca

" . . iy s
* Shift comes from global trispectrum:

/.' ‘ "\ / -1 I"H
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Non-Gaussian Effect on Halo Bias
Halo power spectrum attected by primordial bispectrum
Constant fx1.: Be(kp, ks, ks) = 22 fnnPe (k) Pe (k)
on(ky) = S8o(ky) + ﬁ%,/'NLC(kL.)
~ ((f))?: 9 J(‘.)J}-_’PH "I":éfl\l“}“l;f“> o(kp)e—¢d ~ k2P

'/\_/\/“ (Dalal et. al., 0710.4560]
i ~0(kr)

~

N

- .
SAT
Two sources, scale-dependent:

];(‘(}1'[ l\',s"., !\'_C,‘) — %‘/.N'I'J(;\'_H’)im ( /1'[1_ )t,,, ( /n'}.‘ ) P‘-.(}"[)P‘-. (!1'}‘;)
—> Al Pe(k) = 2 fnn (k)& ()Em (kL) (kL)

S nawer chectt —2
In halo power spectrum, k

[Shandera et. al., 1010.3722]

Clliot Nelson, Penn State Perimeter Institute - Thursclay, January 23, 2014 20/26

Pirsa: 14010107 Page 23/29



Shift to the Bispectrum: ny. # -n.;’)_l’_‘“"

8
l))k(/'l ’ /"'-3' /"3) = T)./'.\'],(I"-'i)*im(l“l )'f.:i.r(/"'))lt(l“l )[L(/-g) + 2 Peris. R
6, EorS (ky ) P8 (k) 005 (ko) PP (ko)

/),l-.llhl(/l' . /»'_2 /l'j ) ~ __/, ,(/‘.:
6 . ‘ 5o NLAS 1+ ngL(kl)dcz Lok ngL(kQ)UGl

Additional k-cdependence

+ 2 perms. + - - -

(gnL = 0)

* Squeezed-limit (k) < ko, k3) running:
(/ |” ]),Q(/‘L : /1'}{. /1'}-,')

Ngq. = - (”s — I) = =3 + ”(f;”

dlnkyp,

v)

(Large Volume)

* Infrared background breaks relation between B¢ and P
* Single source can mimic multi-source statistics:
_ sinu(k)Cany

1+ 2 fnn(k)Ca

" . . iy s
* Shift comes from global trispectrum:

/.' ‘ "\ / -1 I"H
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Non-local Mode Coupling: ¢ = ¢ + F' x ¢,

> d*p1 d®po
= (g k + : :
Ck = GGk fL'l (2m)? (21)3

Factorizable kernel with power laws; squeezed-limit bispectrum:

| lr my, /. ms
Be(ky. ks ks) = AFPe (k) P (kg) [ £ —
/- /»'P ;I'H'

e P
Shift to observed power spectrum, ki

. 9 )
yobs : k™ (mr,) ks
IQ. — [C l + H:\IL T Q(:I
|!|

Weighted biasing from superhorizon modes:

M 3 nmy

k:m;,;_ / d P (l’) f
Gl = aaspl 7
. [. 1 (2” ){ /Il,

* my, = 0:local ansatz, equal sensitivity to all background modes

(27)35°(p1 + p2 — k) F'(p1, P2, k)G p, Ca,ps + -

* my > 0: weaker coupling of Iong—to—slmrt modes, cannot regenerate

nearly Gaussian statistics

* my < 0:stronger long-to-short coupling than local NG [Schmidt & Hui, 1210.2965)

11/26
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Non-local Mode Coupling: ¢ = ¢ + F' x ¢,

. ) mi, l"h' ms
,;g(/nj‘fm‘-{lr‘-,') — '-]:] [)L(I'!)IL(!'H')(!!> (/)
1 ‘P D

M 3 my,

(my) _ / ( P ¢ (;;) i
Sal = aasel 7
. L 1 (..?.n ){ /l})

Equilateral Non-Gaussianity
‘ o, 9
* my =2, local power spectrum only sensitive to V(g
* Single-field consistency relation:
“g(/"l.- ke kg) >~ —(ng — 1+ O(ky /H ]3)]&(/,-,‘ )]t(/,-..;) [Creminelli, 0407059]
— No sensitivity to background Cai from
single-tield intlation
* [Equilateral squeezed-limit protected from background modes?
Observe:

Lo.
’ l\- ’ N
M : " ks

b

ra
L2
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Tensor Mode Coupling: ny" # n, ¢

Sign of 1; to test inflation vs. alternatives? Red tilt ny < 0
characteristic of inflation...could bias change sign? Any/ny = O(1)

* (Yt Vs Xks) squeezed-limit coupling from v = v + fr Yo X

/._ ey, /.. . ms
Syyx (L. ks hg) = 4fsy P (kL) Py (k) (/—I) (l’_%)

P P P
* Shift to observed tensor power,

yobs ) . k™ (mp.)
Py = Dy |14 fyyx = \Gi
1;,
M 3 mi
: (mr) — ’p P
with X7 = o—a\p | 7~
) JIL-1 (...n ) /II])

and running,
Ang (k) = 2f (k) \i:"f”‘)”’*"

2

—> Possible for inflation models?
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Summary

* Local statistics biased by superhorizon background modes

Constraints on global statistics ( Pe, fNL, ns, 1, neq,) are probabilistic
Local and global statistics can be qualitatively different

Parameters from models need only render our observations typical among
Hubble volumes

Bias grows with size of universe (~length of intlation)
* Nearly Gaussian Hubble volumes in a NG universe

Strong NG on superhorizon scales with strong squeezed limit can be
consistent with observed Gaussianity

Statistical naturalness of weakly NG local ansatz
* Squeezed-limit behavior controls IR sensitivity
Observations could tell us if this uncertainty is relevant to
our interpretation of data
* Non-Gaussianity <= Statistical Inhomogeneity  [Bymeset.al, 1111.2721]
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Future Work

* Nonlocal mode coupling: work in progress iscoccimaro et.al,, 1108.5512)
Statistical naturalness? Can local-type NG be induced in subvolumes?

Equilateral non-Gaussianity protected from infrared mocles?

* Background mode biasing from models of inflation

[LoVerde 1310.5739], [Bartolo et. al., 1210.3257], [M. Thorsrud et. al., 1311.3302],
[Linde & Mukhanov, 0511736]

* Anomalies in CMB from superhorizon mode coupling?
[Schmidt & Hui, 1210.2965]
* Superhorizon bias at the level of the action...fixed classical
configuration for superhorizon modes

-
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