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@ the primordial level

* Inflation = paradigm to explain observed density fluctuations

Stretching due to

inflation i
BOOADS ﬁ or W
Quantum
Fluctuations j o g 7 A
® Standard Inflation ... Require slow-roll %] l/
off -
to satisfy the horizon and flatness -
problemes. d By
: amm
L L R L L
® Prediction... Gaussian primordial
fluctuations
° Conditions of standard case:
(a) Single scalar field (b) Canonical kinetic energy
(c) Slow roll (d) Standard vacuum state
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Break any of these M Non-Gaussianities

Skewness ... Bispectrum

D ke |

Negatively skewed

(Gaussian distribution

Kurtosis ... Trispectrum

Positively skewed

(@ (k;)D (ko) D(k3)) = (27)35(ky + ko + k3) Bo (k1, ko, kz)

Trispectrum-= (connected) 4-point correlator
(D (k) D (ko) B(ks)D(Ka))e = (27)%6 (ks + ks + ks + ka) T (kr, ko, Ky, Ky)
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Local Bispectrum ... superhorizon evolution

B(k1, ko, ks) = 2fnwL [P(k1)P(k2) + P(k2)P(ks) + P(ks)P(k1)]

Uniform energy
XX AN density
/\/\ hypersurface at.
! ® ® t—f
@ =Fu N N+ON
\
|\, ‘ 0
Spatially flat.
Superborizon scale bypersurface at.
t 2
I,

N@IESS @V EEZED SIHAPE
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Many more examples...

o DBI inflation.

. Ghost inflation.

. Second order corrections to single field inflation.
. Warm inflation.

* Inflation with non-standard vacua (&/or bigher order kinetic

terms)
o Inflation with a step in the potential
° Infation with oscillatory modifications to the potential

. Non-local inflation.
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@ the CMB level

Primordial to CMB via
transfer function

Uy = 47r(—z')l/ ol A(k)D (k)Y (k)

CMB Bispectrum. e Primordial Bispectrum.

B’ll’l}b?rf’i;m:g B <a’l1m1 a'l2m2 a’l3m3>: girlbi%nl:;msbllblg (CI)(kl)CID(k2)CI)(k3)> o35 (27‘-)35(1{1 + k2 an k3)B<I>(k17 kQ; k3)
9 3
o e (;) / dhoy dhoadslSy, (Ken) Ay, (R Ap, (s)S (R, iz Ks)

X / dx'erh (klx)jb (k2x)jl3 (k3$)7

(kikoks)?
Ag

S(kb k?) k3) — B(I)(kla k2a k3)
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@ the LSS level

At late times fluctuations grow & non-Gaussianity Is
induced by gravitational evolution

“on Millepniu -S'_imtﬂatiOn
1o.07_7.696;ooo,.partictes  _

Need N-body
simulations, e.g. Gadget3

Video: http://www.mpa-garching. mpg.de/galform/virgo/millennium

Advantage: More information (z dependence)

Drawback: Non-linear evolution...difhcult to distinguish
primordial signal
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Primordial non-Gaussianity and N-body
Simulations

Searching for non-Gaussianity in large scale
structure

e.g. Use clustering of rare peaks to get a constraint on fNL
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(0710.4560 Dalal et al)

The primordial bispectrum gives a
contribution to the galaxy power
spectrum
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State of play of non-Gaussianity in N-body

simulations

Until recently only the local type was simulated

Then... Verde, Wagner, (Boubekeur) arxiv:1006.5793, arxiv:1102.3229
Scoccimarro, Hul, Manera,Chan arxivi1108.5512

However, they still require the underlying shape to be
separable

Also, analysis still 1s still done on slices at

particular redshifts.
Diffecult to be sure you're JeeLing euer_yté}ing /
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Initial Conditions for N-body
Simulations

1 1
® = 0% + ZFn, ®° + — 7y @7
NiE 6 INL - 24TNL
9P (k) = / THd kT — K — k)20 (k)2 S (') Bl
2 P(k)P(k') + P(k)P(k") + P(k")P(k")

Complexity of N6 (N=512!)

Problem 1s non-separability...

arXiv:1008.1730 Fergusson, DMR Shellard

B(k, k', k") i ;
P(k)P(k/) —|—P( ) (k//) _|_P(k/) k” Z TstQ?“ Qt(k )

ozgq /d?’erk’XMS (%) M (x)

n

rst

M, (%) = / TE 56 (k)q, (k)e ™
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Application to Estimation

o / d’ky d’ky d’ks (2m)°0p(ky + ko + k3) B(k1, ko, k3) [62°622650° — 3(s5im s5imy52bs]
(27)7 (2m)* (27)° P (k1) P (k) P(ks)

Modal approach to the rescue!

B(k1, ko, k3) v(k1)v(ks)v(
v/ P(k1) P (k) P(ks)

k
d = Z oy Qn ki, ka, k3)

»8 =B .= =nwihicre 07— /dgi’? M, (x) Ms(x) Me(x) FFT &

o [ i@ fasinglesD
p(X) = V0] integral

Similarly can define a correlator between shapes
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A BIT OF VISUALISATION..

S<k17 k27 kS) = Z aprsqp(kl)QT(kQ)QS(k?))

prs

equilateral (inside the volume)

ks
(07 kmaxa kmax) k2 l
small scales :
s (large k)

N (Fmax; e, 0)
large scales

(small k)
0 Kmax k1
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* What does the Gravity Bispectrum look like!

EqUiIateral k]_ + kz + k3 - 0, |k1| == |k2| == |k3|

—T(k3)

arXiv:1 1075431 Lewis
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* What does the Gravity Bispectrum look like!

EqUiIateral k]_ + kz + k3 - 0, |k1| == |k2| == |k3|

—T(k3)

arXiv:1 1075431 Lewis
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1+ ke +ks=1h/Mpc

0 0.05 0.1 0.15 0.2 0.25

0 : . : 0.2 0.25

Figure 4. Bispectrum weights [Ps(k1)Ps(k2) + 2 perms]—!
(top) and \/k1k2ks /[Ps(k1)Ps(k2)Ps(ks)] (bottom) evaluated with
CAMB [30] at redshift z = 30 on slices with k1 +k2+k3 = 1h/Mpc.
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Lots of results - the evolving bispectrum

Getting the N-body 1nitial conditions

(A) Poisson equation to convert to density perturbations

() = M(k; a) Py Mlka) =~ o D (o)

(B) 2nd order Lagrangian perturbation theory to get the
positions and velocities of the particles... must decide
whether to use a glass or a grid conﬁguration.

(C) Other things to choose: Boxsize

Number of particles

Initial redshift
plus the ‘gas softening length’
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Name NG |fnn |L[®ES]|N, |z |Ls[*2%]| N, glass
R shape
G512\— — [1600 |[512 |49 [156 |3 |no
Gb12g )— — 1600 |512 |49 |156 3 |yes
G768 - — 2400 |768 |19 |90 3 |no
&1%/— - 1875 1024 {19 |40 2 |no
Locl0 local |10 1600 (512 (49 |156 3 |no
LoclOg |local |10 1600 |512 (49 |156 3 |yes
Gravi t'y quOO equ?l 100 |1600 (512 |49 [156 3 |no
ql00g |equil 100 [1600 |512 |49 [156 3 |yes
only Orth100 |orth |100 |[1600 |512 (49 |156 3 |no
Orth100g|orth |100 |[1600 |512 (49 |156 3 |yes
Orth1007|orth |—100({1600 |512 {49 |156 3 |no
Flat10 [|flat |10 1600 |512 |49 |156 3 |no

initial field with
primordial non-
Gaussianity

initial particle
positions

reconstructed
bispectrum and bispectrum estimator

B
INL

late time density
perturbation
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Evolving ‘Gaussian’ Bispectrum

lzg density

(b) Bispectrum signal, z = 4

(a) Dark matter, z =4

carly blob-like > Flattened bispectrum

structure
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laments and
‘ers appearing

log density

-1.5 <
=2
k,[WMpc]
2 k [hMpc]
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(d) Bispectrum signal, z = 2
\ 4
—0.5 jg 1
z L ooking more and
-1 15
3 more equilateral
i 0.5
=2
L BT k [hMpc] . o
2 . k,[hMpc]
HE e
1T== 50 100 150 200 250 300
(Ie) Dark mattellr, 7= (f) Bispectrum signal, z =0
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Gravitational bispectrum, Gaussian initial conditions

i z =49 SR =3.499 £ 0.045 |
10000 Cla, ) = 95.5%
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3 realisations of 512° particles in a L = 1600 Mpc/h box with zinit =49 and k = 0.004 — 0.5 h/Mpc
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Non-Gaussian initial conditions fax® = 10, plot (ot )frréén ol and (BEY — ((BE) Ganssian)

z=10 Fhee=19.61+0.40
100 Cla,B) =99.8%
C(a, B*™™ =96.5%

50 T

—50 &

0 20 40
z=1OJ
plot \/k1koksBs(k1, ko, k3)// Ps (k1) Ps(k2) Ps(k3) |
z=10 Theory Separable expansion of theory Estimated from N-body

0.0% 0.1 0.15 0.05 0.1 0.15 0.05 01 015

3 realisations of 5127 particles in a L = 1600 Mpc/h box with zinit =49 and k = 0.004 — 0.5 h/Mpc
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. . ey .. local R\ primordial R R
Non-Gaussian initial conditions fNT.~ = 10, plot ()1} and (5,)) — ((8,)) Gaussian)
2=0 Theory Separable expansion of theory Estimated from N-body

0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25 0.05 0.1 0.15 0.2 0.25

plOt klkgkng(kl,kQ,]Cg)/\/P5(k1)P5(k2)P5(k3)

00
z=0 FNf#=45.99 £2.96
00 | Cla,B) =58.6%
Cla, B'™™ =96.5%

00 |
00 |
0

0 20 40

3 realisations of 512° particles in a L = 1600 Mpc/h box with zinit =49 and k& = 0.004 — 0.5 h/Mpc
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@EParing to the tree level result
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COMPARISON AGAINST LOOP
LEVEL RESULTS &
PHENOMENOLOGICAL MODELS

Gaussian case

Tree level
BE™ (ky, ko, k3) = 2PF (k1) PF (k) F™ (k1, ko) + 2 perms

St k1°k2 kl kQ 2 kl.kz i
i) = == P
where ) el 7+2 k1ko <k2 +k1>+7< i Foo >

Phenomenological fit (Gil-Marin et al arXiv:| | | 14477)

s)e 3
F2( ) H(kl,kg) — ?a(nl,kl)a(ng,kg)

1 ky-ky [k ko
= b k)b k
-+ DA (k2 oE /ﬂ) (n1, k1)b(n2, k2)

B (T e T |
e ( ;lk;) c(n1, k1)e(ng, k2), 999% correlation to N-body result
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Non-Gaussian case

Tree level  BP™(ky,ko, k3; 2) =
M(k‘l, Z)M(k‘g, Z)M(k‘g, Z)qu(kl, ]{72, /{73)

.. < 60% correlation for k>0.| h/Mpc

Loop Level Result (Sefusatti et al arXiv:| | 11.6966) B = Bii, + Bi,, + Bil, + B{;5 + Bii;
BH :/ dgqF( ks — q)TF (ki ko, q, ks — q)
112 (273 2(Q, K3 —q)Ls (K1,K2,q,K3 —q),
(17)
Biyy =F3” (k1, ko) [PF (k1) Pra(k2) + k1 > ko)
+ 2 perms, (18)

dPq (s ]
Bi =4/ Ok Fy” (g, k2 — @) B3 (k1 + g, ks — q)

By (k1. ¢, k1 + q|)P5* (k2 — q|) + 2 perms, (19)
g
Blll?, :3B5L(’I€17 k27 k3) / (27_‘_)3F3( )(k37 q7 _q)P(SL(Q)
+ 2 perms, (20)
e
Blfy =3PE(h) [ 75 Fs” (e 0. ka — )

B({J(k% q, |k2 [T Q‘) + (kl v k2) + 2perms, (21)

where

d’q s) L
P12(k) =2 (27_‘_)3F2 (q,k—q)B5 (ka%‘k_q’)
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Model |z Tree kmax = 0.5|Tree+Loop (0.5) || Tree kmax = 0.25|Tree+Loop (0.25) || Tree kmax = 0.125| Tree+Loop (0.125)
Local |0 58%, 66.6 79%,12.3 84% 84% 94%, 11 98%, 10.2
1 87%,29.2 87%, 8.5 95% 98% 96%, 10.6 97%,10.5
2 89%, 25.9 92%,13.8 98% 99% 96%, 10.5 97%,10.4
3 96%, 20.8 96%, 13.8 99% 100% 96%, 10.3 97%,10.3
Equil |0 78% 84% 91% 95% 96% 96%
Il 87% 91% 96% 97% 95% 97%
2 92% 96% 98% 98% 95% 95%
3 96% 98% 98% 99% 95% 95%
Flat 0 48%,47.45 88%, 11.1 76% 98% 90%, 10.3 95%, 9.8
1 66%, 30.3 94%,11.8 90% 98% 92%,10.2 93%, 10.1
2 83%, 22.9 98%,12.1 94% 97% 94%,10.3 94%,10.1
3 92%,19.1 99%, 12.2 95% 97% 92%,10.2 93%, 10.1
Orthog |0 47% 70% 87% 87%
1 74% 85% 95% 96%
2 90% 95% 96% 97%
3 96% 98% 96% 96%
- - 1000 > ]
Previous analysis only f Difference B(f1.=100) — B(fx1.=0)
' | - 500 - z=1
particular slices=> |
O U
Q z
1 200+ ]
@) A\
CQZ N\ -
100 - AN 1
I AN
50 N, ]
L \\\
[ | | | LN
0.01 0.02 0.05 0.10 0.20

Wednesday, 22 August 2012




* Beyond perturbation theory.. he Halo Model

Assumes all dark matter resides in halos

Ingredients: (1) Halo mass function

(2)
(3)

d
d

o density pro
O bias functio

(Figueroa et al arXiv:1205.2015)

B(ki1, ko, k3) = Bsp(k1, ko, k3) + Bap(k1, k2, k3) + Bip(k1, k2, k3)

f g’
By (k1,m1; ko, ma; ks, ms; z) LA’

/d m’ n(m’, 2) p(m’, z, ko) p(m’, 2, k3)

3
1 X
Bsp(k1, ko, k3, 2) = E[H/dmm(mi,z)P(mi,Z,ki)
i=1
1 R
Bon(k1, k2, k3,2) = — [dmn(m,z)p(m, 2, k1)

p

x Pp(k1,m,m’, z) + cyc.,

1

Bin(k1, ko, ks, z) = — [dmn(m,z)p(ki,m,z) p(ka,m, z) p(ks,m, z).

73

where  Bu(ki,m1;ka, ma; ks, ms; 2)

file

NS

n(m, z)

ﬁ(klama Z)

bl (ml)

= b1 (ml) b1 (mz) bl (m?,) B(kl, /CQ, kg)

+ [b1(ma) bi(mz) ba(ms) P(k1) P(k2) + cyc.]
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Gaussian case:  Correlation > 99.2% out to k=2 h/Mpc
(z=0,1,2)

L ocal non-Gaussian case:

Correlation > 9/7.5% out to k=2 h/Mpc
(z=0,1,2)

but ... overestimates amplitude beyond k=0.5h/Mpc.
Need to divide the |-halo term by factor of 4.
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Simple phenomenological [itting formulae

Bgt(kl, kg, /{3) =5

where

grav
5, NL

E Clb(Z)dl B5

const

BgonSt(kla k27 k3) = (kl E k2 e k3)_1.7

99.3% correlation to halo model at 2h/Mpc

Simulation c1 d1 ZIIéiQI(l)(CB,a) Comz 1)
Cti 1.0x 10" 8 99.8% 99.8%
G512g  4.1x10° 7  99.8% 99.8%
Locll 24 10 06 0% 99.7%
Eql00 8.6 x10° 6  97.9% 99.4%
Flat10 1.1 x10* 6 98.8% 98.9%
Orth100 —2.6 x 10> 6  90.5% 90.5%

Wednesday, 22 August 2012




Primordial Non-Gaussianity
lime shifted model? e (, k, ko). = c1 D™ (2) (b + k2 + ks)”

d,cons
Constant component of primordial < > One-Halo term
bispectrum
q Faster growth of structure than tree-level
dD(z)

DI (7 < /i) e I ) e DI Az.

dz

(fRE*)causs(2 + Az) = (fRT*)na(2)

q By (k1, k2, ks) = fr [Bint, + Bheonst)

— _prim

BRI (Fy, ko, ks) = e D™ (2) (k1 + ko + ks)f

d,const
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grav
HBNG (Zlate) H X C(BNG (Zearly) ’ B(S,const (Zearly))
X || BNG (Zearly) ||
45 ' ' '
O Local 0O Local
0 Equilateral 500r o Equilateral
o 40~ Flattened A Flattened
— Orthogonal Orthogonal ,
= 35! 400t
| =
N o
— 30} T 1 Il L
CZD - ® 300
i 25 B B - - e LZD
; - “P <E 200_
= 20t - =~
I -7 Z
\N/ 15_ % _ > 1 \E 100_
O o0
Z _ - wn
<i 10 | ) _ ~ 0
5t - g A
- -100
0 1 1 1 1 1 1 1 1 1
0O 01 02 03 04 05 06 07 08 09 1 -40

Message: [o predict
only need to corre

|C(Bna, B§O™Y | at 2z = 10

I

sgn(fx1) | Byc(z = 10)]

the relative growth of the bispectrum
e to constant model at early times
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CONCLUSIONS

Can efficiently produce reliable general non-Gaussian initial conditions
for N-body simulations

» Can more accurately analyse the results of N-body simulations

More complete comparison to tree-level, loop-level and phenomenological
predictions

Next step... application to the galaxy bispectrum
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