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two-point function:

% single-field, slow-roll inflation predicts this
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observations suggest ICs are nearly
Gaussian

BUT small departures may exist
and could provide one of few
observational handles on physics of
inflation




Example mildly non-Gaussian initial conditions
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skewness ~ faL
d(x) ~ da(X)+ fn O00(x)?

Salopek and Bond 1990; Gangui,
Lucchin, Matarrese, Mollerach 1994;
Komatsu and Spergel 2001

kurtosis ~ fni.2
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NL probability

d(x) ~ 00(x)+ fan 00(x)?
Salopek and Bond 1990; Gangui,

Lucchin, Matarrese, Mollerach 1994;
Komatsu and Spergel 2001

here, 00 is a Gaussian field.
the non-linear terms in 00
make ® non-Gaussian

® value

skewness ~ fnL

kurtosis =~ fni.2

this map
completely
specifies ®

statistics
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(Okamoto and Hu 2002; Enqvist and Nurmi 2005)
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gNL probability G CERE

Kurtosis = gnL

D(x) ~ 00(x) + g 00(x)° + .

(Okamoto and Hu 2002; Enqvist and Nurmi 2005)

B(x) ~ SP(X)+ DT(X) + FuOT(X)? +e o bt

ﬁ\JL = fa(l + pcpcp/pfm )? skewness ~ fnL
Tne= Fnc?(l + pcpcp/ Poc ) Kurtosis = T
and Pys =0

(®=primordial gravitational potential)
(Lyth and Wands 2002; Ichikawa, Suyama, Takahishi, Yamaguchi (2008); Tseliakhovich, Hirata, Slosar 2010)




Those were the non-Gaussian (1-point)
probability distributions functions

but

more generally, non-Gaussianity introduces
non-trivial multi-point correlation functions
(or polyspectra)




Bispectrum:

(D(K)D(KID(K™)) = 2fne (Po(K) Po(k’) + . . .) (2m)® d(k+k'+k")
— —

function of largest in the K
triangle “squeezed” limit K’

(®=primordial gravitational potential)
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(®=primordial gravitational potential)




Helpful fo consider how polyspectra
couple different physical scales scales
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<¢shor’r2> = <0'G,shor’r2> (1 + 4 FNL UG,Iong(x))

“

small-scale power depends on large-scale fluctuations!

(Cbzprlmordlal ng”ahonal pOfenhal) Slosar, Hirata, Seljak, Ho, Padmanabhan 2008
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<¢shor’r2> = <0'G,shor’r2> (1 + 4 FNL UG,Iong(x))

“

small-scale power depends on large-scale fluctuations!

® ~ 00 + gndO”® + . . .

2 2
(DPshort®) = 18 gne TG short?) Oailong(X) = e (X) {06 short2)

small-scale skewness depends on large-scale fluctuations!

(®=primordial gravitational potential)




“FuL? © -~ 8o+ fy 02

<¢shor’r2> = <0'G,shor’r2> (1 + 4 FNL UG,long(x))

W 4

gNL @ ~ 00 + gndo® + ...

2 2
(DPshort®) = 18 gne TG short?) Oailong(X) = e (X) {06 short2)

W /4

TNL -~ 5+ 80 + FudO? + . . .
(D2) = (Doshort?) (1 + 4 ?NLO-G,long(x))

Wq’:q’”

(®=primordial gravitational potential)




These are cartoon examples
but these types of initial conditions can
arise from real models




For instance
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potential ~ V(®p,0)

curvaton

%

inflaton

Linde and Mukhanov 1997; Lyth and Wands 2002




For instance

inflaton dominates energy density,

drives exponential expansion
potential ~ V(®p,0) P P

, = 8nG/3 (1/2 p? + V(p))

curvaton

\

curvaton is an additional light (mcury. << H) inflaton
field that gets excited and eventually
generates curvature perturbations ®

Linde and Mukhanov 1997; Lyth and Wands 2002




For instance

total energy dominated by inflaton:
potential ~ V(¢p,0) .~ H2 = 81G/3(1/2 @? + V(o))

-’
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perturbations from
inflaton Gaussian

curvaton

%

inflaton

curvature perturbations from curvaton can be non-Gaussian
P ~ do + b0

b -~ 00 + 003 + ...

“TNLD ~ O+ OO + OO° + . .

Linde and Mukhanov 1997; Lyth and Wands 2002
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Yo - 80 + do?
Qido + 0T+ .

“TnL D ~ 0+ 00 + 00° + . . .

But local models (i.e. Dns(x)=F(Tgs(x))) of non-

Gaussianity is not the only option




Single-field inflation with strong self-interactions
can also generate detectable non-Gaussianity

skewness, bispectrum amplitude largest in the.
(D3) (DK)DK)DK”)) o 1/C52 equlla’reral limit

shape ‘\\

k kn

Y;:Ei>? or “orthogonal”
shape

see Babich, Creminelli, Zaldarriaga 2004; Chen, Huang, Kachru, Shiu 2006; Senatore, Smith, Zaldarriaga 2011

(e.g. Dirac-Born-Infeld inflation, k-inflation, ghost inflation, inflation w dissipation)

LA

Alishahiha, Silverstein, Tong 2004; Armendariz-Picon, Damour, Mukhanov 1999; Arkani-Hamed, Creminelli, Mukohyama,
Zaldarriaga 2004; Nacir, Porto, Senatore, Zaldarriaga 2012




Single-field inflation with strong self-interactions
can also generate detectable non-Gaussianity

skewness, bispectrum amplitude largest in the

($3) (DK)D(K)DK")) 1/cs2 “equila’riral” limit

where, vanish
means

O+O(kL2/k52)

see Babich, Creminelli, Zaldarriaga 2004; Chen, Huang,
(e.g. Dirac-Born-Infeld inflation, k-inflation, ghost inflation, inflation w dissipation)

LA

Alishahiha, Silverstein, Tong 2004; Armendariz-Picon, Damour, Mukhanov 1999; Arkani-Hamed, Creminelli, Mukohyama,
Zaldarriaga 2004; Nacir, Porto, Senatore, Zaldarriaga 2012




a single-field that violates slow-roll can also
generate observable non-Gaussianity
V(e) V()

\/‘\
P ¢

shape complicated!
skewness, bispectrum amplitude
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Chen, Easther, Lim 2006; Chen, Easther, Lim 2008; Flauger & Pajer 2010

(e.g. Axion monodromy: McAllister, Silverstein, Westphal 2008; Flauger, McAllister, Pajer,
Westphal, Xu 2009)




single-field with modified initial vacuum state
generates observable non-Gaussianity

skewness, bispectrum amplitude
(03 (@R)PK)P(K) o By ~ @K/ Ko

shape
k largest in “flattened”

”
Holman and Tolley 2008 K configuration

kl

but, may have non-vanishing contributions
in a limited, observable k-range

Agullo & Shandera 2012; Ganc & Komatsu 2012




single-field inflation predicts
~f
Ay NL
<d>(k|2¢(k')d>(k"-->0)> = (ns-1)(2m)° O(K+K") Pa(k) Pa(k”)

C—— V kn

K’ where ns = dlnPo(k)/dlnk + 4 =1

the so called “consistency relation”

so fn. 2 few rules it out

o~

Acquaviva, Bartolo, Matarrese, Riotto 2003; Maldacena 2003; Creminelli & Zaldarriaga 2004

(see also Tanaka, Urakawa 2011)




Nofte:

single-field consistency relation

oln k*Po _ (. _
dlin k (ns-1)

fa =

also applies to gne and T
. 0ln k®Bo
~ =40
I oln k 4

TN = (ns-1)2

e.g. Chen, Huang, Shiu 2008; Leblond & Pajer 2011
(see also Tanaka, Urakawa 2011)

in terms of physical observables these are strictly zero

also have,

™G > Fa®

Suyama & Yamaguchi 2008; Sugiyama, Komatsu,
Futamase 2011; Smith, ML, Zaldarriaga 2011




Single-field models do not generate such
extreme couplings of perturbations on short
and long length scales

<¢(ks)¢(-ks-k|_)¢(k|_)> ~ <pq>(ks)q)(|(|_)> ~ FNL ks'3 k|_'3

HM

d(k.)




Mother fields >> H ——--> single-field (@ )o(-ks-k)d(k)) - 0

Mother felds << H ----> other fields relevant
can ge’r <q)(ks)cb(-ks-k|_)q)(k|_)> N A

Mother fields ~ H ? ———-—D qua5| Slngle-ﬁeld

Chen & Wang 2010; Baumann & Green 2011




Mother fields >> H ——--> single-field (®k)o(-ks-k)ok) =0

Mother felds << H ----> other fields relevant
<¢(ks)¢(-ks-k|_)q)(k|_)> = FNLKS—3KL—3

Mother fields ~ H ? ———-—D qua5| Slngle-ﬁeld

Chen & Wang 2010; Baumann & Green 2011

KL 3/2-v

(D(ks)P(-ks-kL)P(kL)) ~ <Polks)P(ki)> ~ fa ks ki3 k_s)

intermediate scalings /

possible!

V = J94 - mé/H?




How does primordial non-
Gaussianity show up in large-scale
structure?

curvaton




HALO ABUNDANCE

dark matter halos form in peaks of the density field

probability

Lucchin & Matarrese 1988; Chiu, Ostriker, Strauss 1998; Robinson, Gawiser, Silk 2000




HALO ABUNDANCE

probability

seems to work
S%G C?—,\r/l\G in comparison to

N-body!

(with caveats about how you
approximate the PDF)

Y 1 = = 2 8 TTTTTT T T TTTTTT T T T TTTTT T T
6 sS1umns, fNL +500, TNL (%fm.) 8 1 ||.|||| T T TTTTT T T T TT1I1T 11 L . Sinlls. fNL=:t500, T,lu,=2 (ngL)z I |
-- Edgeworth, f,=+500, 7,=(6f,)? - o sims, g, =+5x10° . i 5 )
— = 2
(65 ) | - Edgeworth, g, =+5 x10°¢ | -- Edgeworth, f=+500, 7,=2 (%fm)
— log Edge., f;=+500, 7, =(6 1) _ 6 - E
s NN | — log Edge., gy,=+5%10 6 |- — log Edge. =500, Ty=2 (8.1y)* |

anL,TNL( M ) /nGaussian(M)

non-Gaussian correction
ngNL(M)/nGaussian(M)

O IIIIII| L ) L IIIIIII| L L1

O | I I I I | IIIIIII| | |
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see also Dalal, Dore, Huterer, Shirokov 2007; Grossi et al 2009; Kang, Norberg, Silk 2009;

Pillepich, Porciani, Hahn 2009 ; Desjacques and Seljak 2010; Wagner, Verde, Boubekeur 2010

ML & Smith 2010



HALO ABUNDANCE

Pros: ingredients just <dm®>, <dm3>, <Om*> --
insensitive to “shape” of bispectrum trispectrum. in
principle <0m®>, <Om*> effects not degenerate in dn/dM

Cons: cosmology with cluster abundance is really
hard (mass-observable, degeneracy with 03z etc)




SCALE-DEPENDENT HALO-BIAS

a dark matter halo forms when 0p/p is larger than the collapse threshold

W




6p/pu

SCALE-DEPENDENT HALO-BIAS

a dark matter halo forms when 0p/p is larger than the collapse threshold
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which is easier to reach on top of a long
wavelength density perturbation

o o
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SCALE-DEPENDENT HALO-BIAS

a dark matter halo forms when 0p/p is larger than the collapse threshold
6p/pu

which is easier to reach on top of a long
/\ wavelength density perturbation

o o

e

so the number of halos fluctuates
depending on O




SCALE-DEPENDENT HALO-BIAS

the number of halos fluctuates depending on Oy

op/p] “

BUT with fnu, the small-scale
power fluctuates also

depending on @

| i

[}

Dalal, Dore, Huterer, Shirokov 2007

Matarrese & Verde 2008; Slosar, Hirata, Seljak, Ho, Padmanabhan 2008; Afshordi & Tolley 2008; McDonald 2008
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SCALE-DEPENDENT HALO-BIAS

the number of halos fluctuates depending on Oy

“ BUT with fnu, the small-scale
power fluctuates also

O depending on @

op/p]

|
VIV

on on
On ==— O + 4f\ — D,. . .
n 36 | + NLaps l

Poissons

on | 4w 9
n ~ (55 + T5p,) B

Dalal, Dore, Huterer, Shirokov 2007
Matarrese & Verde 2008; Slosar, Hirata, Seljak, Ho, Padmanabhan 2008; Afshordi & Tolley 2008; McDonald 2008




SCALE-DEPENDENT HALO-BIAS

a dark matter halo forms when 0p/p is larger than the collapse threshold

5p/p with gne non-Gaussianity, the
small-scale skewness

fluctuates with P,

/

\v4

so the number of halos fluctuates Sn _O_n 5, on o,

+ 18gN|_ g

depending on O and P 30 0S3

Desjacques & Seljak 2009; Smith, Ferraro, ML 2011




SCALE-DEPENDENT HALO-BIAS

a dark matter halo forms when 0p/p is larger than the collapse threshold

5p/p with gne non-Gaussianity, the
small-scale skewness

fluctuates with P,

/

\v4

so the number of halos fluctuates Sn _O_n 5, on o,

18 po
depending on O and P 3o . s,

_/on on
/y“' ( 0_6+ 189NLaS3 k=) oi(k) . . .

Desjacques & Seljak 2009; Smith, Ferraro, ML 2011




SCALE-DEPENDENT HALO-BIAS

local non-Gaussianity
D(x)=Ds(x)+ e (Pe(x)2-<De?>) + gui(Pe(X)>-Pe<Ds?>)

— scale dependent halo bias

bFNL,gNL (k) oo FNL; X constant

k2

i
Ll

Impossible to generate
with single field inflation!

e.g. Creminell, D’Amico, Musso, Norena 2011

Smith, Ferraro, ML 2011
(Desjacques and Seljak 2010; Desjacques, Jeong, Schmidt 2011; Scoccimarro et al 2012
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local non-Gaussianity
D(x)=Ds(x)+ e (Pe(x)2-<De?>) + gui(Pe(X)>-Pe<Ds?>)

— scale dependent halo bias

bFNL,gNL (k) oo FNL; X constant

k2

i
Ll

Impossible to generate
with single field inflation!

e.g. Creminell, D’Amico, Musso, Norena 2011

observational systematics may be hard!

precise values of fn., gne Will require care -- but seeing 1/k? is

the mOSf eXC"“ng Pdl"f Smith, Ferraro, ML 2011
(Desjacques and Seljak 2010; Desjacques, Jeong, Schmidt 2011; Scoccimarro et al 2012
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SCALE-DEPENDENT HALO-BIAS

gnp =2 x10°
gy, =0

F i g B T RS

z2=0
1.15 x10" <M <2.32 x10"?

M>(1.02 x10") K" M, 0.03

0.01 0.02 0.03 0.04

k (h/Mpc)

halo bias ~Pns(k)/Pss (k

Dalal, Dore, Huterer, Shirokov 2007
Smith, ML 2010 Smith, Ferraro, ML 2011

Pillepich, Porciani, Hahn 2008; Desjacques, Seljak, Iliev 2008; Grossi et al 2009
Shandera, Dalal, Huterer 2010

(Desjacques and Seljak 2010; Desjacques, Jeong, Schmidt 2011; Scoccimarro et al 2012)



SCALE-DEPENDENT HALO-BIAS

bias coefficient for gn. in terms of mass

3gndlnn(M)

contrast w/fn. where coefficient in terms of bias

2 0c fau (b-1)

bf:NL(k)= b + k2




SCALE-DEPENDENT HALO-BIAS

bias coefficient for gn. in terms of mass

3gndlnn(M)

contrast w/fn. where coefficient in terms of bias

2 0c fau (b-1)
K2

ben(K)= b +

we have a fit for gn in terms of bias:

non-linear function(b)

bonL(K) ~ b +gnL e

Smith, Ferraro, ML 2011

form will depend on selection of population in M, z




SCALE-DEPENDENT HALO-BIAS

bias coefficient for an in terms of mass

but! exact 1/k? not
necessarily expected!

contrast

we have a fit for gn in terms of bias:

non-linear function(b)
k2

bonL(K) ~ b +gnL

Smith, Ferraro, ML 2011

form will depend on selection of population in M, z




SCALE-DEPENDENT HALO-BIAS

generalized local ansatz
<¢(k5)¢(-ks—|(|_)(b(k|_)> ~ E_,c(ks)ks'3 k|_'3
(D(ks)P(-ks-K)P(KL))  ~ Eop(ks) Eaplki)ks™ ki

Shandera, Dalal, Huterer 2010




SCALE-DEPENDENT HALO-BIAS

generadlized local ansatz

. kslow-roll

b(k) ~ Eoo(K) k-2 _ k-2+slow-roll

— Local ansatz
— —- single-field, n,'= +0.6
f ), : S ~ - - multi-field, "= +0.3
<~ - multi-field,n, '=-0.3 .
— - — - multi-field, n(;“’= 03

M/(h'M )

Sun

~ (p/M)/3

Shandera, Dalal, Huterer 2010




SCALE-DEPENDENT HALO-BIAS

quasi-single field models?

K 3/2-v
(D(ks)D(-ks-K)D(KL)) ~ <Polks)P(KL)> ~ fnu ks ki3 _L)

Ks

fnL(M) ~ fiae ke 2+
ks ~ (p/M)¥3

b(k) ~ k-2+3/2-v
O<v«<3/2




MORE:

scale-dep bias only probes a particular configuration of
bispectrum (or higher)

HM

d(k.)

and, its one that vanishes in single-field models




MORE:

scale-dep bias only probes a particular configuration of
bispectrum (or higher)

HM

d(k)

and, its one that vanishes in single-field models

FULL bispectrum, trispectrum sensitive fo more general
models, contains more information

B(ki,kz2,k3)

\\k

T(k1/k2/k3/ k4) K’




Summary

Lots of different kinds of non-Gaussian initial conditions

qualitatively different shapes & scalings of non-
Gaussianity from qualitatively different models

halo abundance sensitive to local statistics of Om

halo clustering (scale-dep bias) probes squeezed limits
of bispectrum, trispectrum -- power to rule out single-
field inflation

analytic description for the halo mass function looks
good compared with N-body so far

Analytic descriptions of halo bias agree well with sims




First theory breakout session summary:

scale-dep bias only probes a particular configuration of
bispectrum (or higher)

HM

Every bispectrum has a squeezed limit
It just might be very small

Seeing anything in scale-dep. bias/squeezed limit is
indicative of new physics incredibly exciting

the current limits are already interesting




First theory breakout session summary:

Since every bispectrum (i.e. models other than fy. local) has a squeezed
limit, scale dependent bias constrains a broad space of theories.

However, scale-dependent bias in other theories will not have the
usual form: bo+20. fan(bo-1)/k?

more powerful to fit:
b(k)=bo+f(M)/k*

where f(M) is a function of mass (that can be calculated from a non-
Gaussian model) that is proportional to the amplitude of non-
Gaussianity (e.g. « fa., gn) and it's probably safe to assume O ¢ « < 3

special values of «:

0 ¢ @ £ 2 : quasi-single-field
o = 2 : exact local model (fa, gni)
2 + € : two fields contributing fo primordial perturbations

3: modified initial state

X
X




First theory breakout session summary:

AGAIN, seeing anything in scale-dep. bias/squeezed limit is
indicative of new physics incredibly exciting

A detection would mean there are other signatures to go
after and help distinguish between models

the current limits are already interesting

There are non-Gaussian models that have vanishingly small
squeezed limits (and therefore vanishingly small scale-dep
bias) BUT detectably large signals in other, non-squeezed
configurations. SO we should continue to explore other
observables (e.g. galaxy bispectrum in non-squeezed
configurations)




