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Abstract: Standard inflationary theory predicts that primordial fluctuationsin the

universe were nearly Gaussian random. Therefore, searches for, and limits on, primordial nongaussianity are some of the most fundamental tests of
inflation and the early universein general. | first briefly review the history of its measurements from the cosmic microwave background anisotropies
and large-scale structure in the universe. | then present results from recent work where effects of primordial nongaussianity on the distribution of
largest virialized objects was studied numerically and analytically. We found that the bias of dark matter halos takes strong scale dependence in
nongaussian cosmological models. Therefore, measurements of scale dependence of the bias, using various

tracers of large-scale structure, can - and do - constrain primordial

nongaussianity more than an order of magnitude better than previously thought.
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Universe becomes
transparent
(t=380,000 yrs)

® Radiation finally free to propagate -
universe has become cool enough
for atoms to form
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® [he Cosmic Microwave
Background radiation we observe
has been released at this time

® Temp = 3000 Kelvin (2.725 Kelvin
today)
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Fluctuations 1 part 1n 100,000 (of 2.725 Kelvin)
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Ag ceen by Wilkinson Mierowave Anisotronv Probe (2003-precsent)



The cosmic Rosetta Stone

Multipole moment
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Class Parameter WMAP G-vear ML® WMAP-BAO-SN ML WMAP 5-vear Mean® WMAP-BAO—S5N Mean
Primary 1009,h- 2,268 2.263 2.273 = 0.062 2.265 = 0.059
Q_h* 0. 1081 0.1136 0. 1099 = 0.0062 (.1143 = 0.0034
Qy 0.751 0.724 0.742 = 0.030 0.721 = 0.015
. 0.961 0.961 o.963° 1) Y5 Rt
T .089 0.080 0.URT = 0.017 0.084 = 0.016
AZ (ke 2413 1" 2.42 x 10—* (2431 =011} x 16—* (2457 ey % 10"
Derived o= 0.T87 U.=s11 0.796 = 0.036 U817 —0.026
H 72.4 km/s/\lpc 0.3 kmm /s Mpc 1.9 ff'_"-' kin/s/ NMpc TO.E £ 1.3 lan/s/ Mpe
Q. 0.0432 (0.0468 0.0441 = 0.0030 0.0462 = 0.0015
Q. 1. 206 0.230 0.214 = 0.027 0.233 = 0.013
Q. h* 0.1308 0. 1363 0. 1326 = 0.0063 0.1369 = 0.0037
2 i 11.2 105 H O+ 1 IE=14
tiy * 1368 Gyr 13.69 = 0.13 Gyr 13.73 = 0.12 Gyr

13.72 Gyr
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Class Parameter WMAP G-vear ML* WMAP-BAQ-SN ML WMAP S.vear Mean® WMAP-BAO—SN Mean
Primary 1009, h- 2,268 2.263 2273 =10.8652 2266 =0.068
Q. h* (. 1081 01136 1. 10899 = 0.0062 01143 = 0.0034
LeN 1.751 .7214 0.742 = 0.030 6.721 =0.]5
" 0.961 0.361 0.963 5 1 ogeoty
T ). =5 (.08 0.087 — 0017 0.084 —10.016
2 (k") 241 x 10—° 2,42 x 10— (241 = 0.11) x 10—2 (245770 Tay) x 107
Derived o= 0.T87 0.811 0.796 — 0.036 U.81T —0.026
Hy 72.4 km/s/\pec 70.3 kmm /s Mpc T].E,lf"_f:'_r:' ki /s/ Npe TO.1 £ 1.3 lan/s/Mpe
.78 00132 (.0458 002311 = 0.0030 OUHG2 = 0.0015
.8 = 0.206 u.240 0214 = 0.027 0233 = 0013
Q. k" (3. 1308 0. 1464 0.1326 = 00063 0.1369 —0.0037
R 11.2 L5 IO+ EL I8 —-14
fiy * 1369 Gyr 13.72 Gyr 13.69 = 0.13 Gyr 13.73 = 0.12 Gyr
Section Name Cype WMAP bovear WAMAP+BAOG+SN
§32 Gravitational Wave® No Running Ind. r< 043" r< 0.20
§3.1.3 Running [adex No Grav. Wave —0.0HW < dn,/dink <0019 —QUT28 <dn,/dlnk < 0.0087
§ 34 Curvarure® —-0063 < 2, < 0.017" —0.01753 < 2 = 0.0085
Curvarure Hadius® Pasitive Cury. Rww > 12 h "Gpe R >23h 'Gpe
Negative Cury. B...>2h "Gpe B >33 h 1Cpc
§ 35 Gausgianity Local IS e § E NiA
Equilateral 057 (U NSt N/A
§ 3.6 Adiabaticity Axion ay < 016/ o < D.OBT™
Curvaton te gy < ELETE .y < 8.0037
§ 4 Parity Violation Chera-Simons™ —a.89¥ < Ao« D 4" NAA
§5 Dark Energy Constant " Pl = — w2 U1

Pir%:g(:)éIOOOZ

Neutrino Mass?
Neutrino Species

Evolving w{z}%

137 < | —w < 032F

N/A
1

0.35 < 1+ wo < 0.147
3 m, < 061 eV
‘\'Iv':! =44 =15H"% fﬁﬁ':'fffge 7/63




Initial conditions in our universe

inflationary predictions:

= Nearly scale-invariant spectrum of density perturbations
» Background of gravity waves
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' Principal measure of NG: three-pt correlation function

/\xz /\kz
X3 k3
Docal” A /\“equﬂateral”




Nongaussianity is proportional to slow-roll

parameters, V' and V'/\

' Reasonable and commonly used approximation:

the “local” model of primordial nongaussianity

Inflation predicts fxi~O(0.1), which is basically

extremelv small

More exotic inflationary models can produce

observable NG, however
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1998; COBE: claim of NG at |=16 equilateral bispectrum
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TABLE 6

NULL TESTS. FREQUERNCY DEPENDENCE. AKD
RAW=AMAXP ERSTIMATES OF THE LOCAL FORM OF
PRIMORDIAL NON-Gavssianimy, flesal por

"-l[u.':l.x = HiM)

Band Foreground Mask f‘l«.:.f Lf:‘]
Q-W Raw KQ75 053 =022
N=W Raw KOQ75 a1 =823
Q- W Clean KQ75  0.10+0.22
V-W (Clean AHQ75 (1LO6 + 0.23

0 Raw RQ7:pl" LE

Vv Raw KQ75pl 38+ 31

W Raw K(Q75p1 55 S s

Q Raw KQ75 2 =44

v Raw KQ75 11+ 35

W Raw KOQ75 16 = 35

Q Clean KQ75p! =45

V Clean KQT5pl 17+ 34

W C'lean KQ75pl 6l + 33

0 C'lean AQ75 1) + 18 .

V ('lean KQ75 50+ 35

W ('lean K75 62 £ 35
V+W Raw K35 9 + 26
V+W Raw Kpt I8 + 26
V+W Raw KQ75pl I+ 28
V4+W Raw KQ75 13 =30

“This mask replaces the point-source mask in
K()75 with the one that does not mask the sources

Pira: 10010002 identified in the WALAP K-band data 500
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Constraints from future LSS survey




 ots of interest in using halo counts as a
cosmological probe.

Mass function can be computed precisely (~5%!} and

robustly for standard cosmology (Jenkins et al. 01, Warren

et al. 03

dN/dM appears universal — i.e. flo) — for standard
cosmologies
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5 time steps

X 50 time steps :
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Mass function, usual analytic approach

Press & Schechter 1974:

dn par | dF | | = 7
—dM = dM Fl>M)=2 P (v)dy
dM M | dM Jé. o (M)
 dn par 0. | dlneo :
— 2 ' P . .".Ir "'
therefore (d mu)w M o |dimar| ¢

irsa: 10010002 Page 18/63



Mass function, usual analytic approach

Press & Schechter 1974:

dn v | dF -
Ly AN F(>M)=2 /
dM M | dM Jé./a(M)
dn p Al d d Ine =
P o/
therefore (d mu)p M o |amar| ¢
“Extended Press-Schechter” (EPS): Pc(v) — Png(V)

Matarrese. Verde & Jimenez (2000: MVJ):
follow EPS. then expand Px¢ in terms of skewness. do the integral
(also LoaVerde, Miller. Shandera & Verde 2008}

However, no convincing reason why either should work!
Need to check these formulae with simulations
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fae=-5000

fn =-500

fr\.n_=+500

fNL=+5000

#Same initial conditions, different fa
uSlice through a box in a simulation Npan=512", L=800 Mpc’h

= Under-dense region evolution
decrease with fa

= Over-dense region evolution
increase with fy

B0 Mpe/h

. 1 I B —— ¥ B = ¥ + 1 " . =" - N Y Fs w»



a
i

The measured halo mass func
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5127 (1024°) particle simulations with box size 800 (1600) Mpc/h

} Gracos code (www.gracos.com); add quadratic Phi term in real space; apply transfer

runction in Fourier space




fni=+5000 fne=+500
M=1.2 10" Mo | O g M=5.9 10" Mc

T-m_:[-] S I-\.LI-SUU

110" M f o M=43 10" Mg

M=

D

Most massive cluster in our simulation
For small enough f~;, same peaks arise, with different heights (implving different masses
) L i . ™

an we extend to any o lucster?



fne = 500

? |dea: identify the cluster for different fuxi, keep track how its mass changed!
' Significantly saves computational expenses




The measured halo mass ft
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' 512° (1024°) particle simulations with box size 800 (1600) Mpc/h

B Gracos code (www.gracos.com); add quadratic Phi term in real space; apply transfer

tunction in Fourier space
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M=5.1 10" Mc f o M=4.3 10> Mc

Most massive cluster in our simulation
For small enough fy;, same peaks arise, with different heights (implying ditfferent masses

Can we extend to any clucster?



Building the P(M¢|My) distribution

fne = 500

' [dea: identify the cluster for different fx., keep track how its mass changed!
' Signiticantly saves computational expenses
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If the mapping My—M is described by a PDF dP/ 0.01 - ——
dMiMg), then the non-gaussian mass function is a
convolution over the (known) gaussian mass :
function
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Mean and variance of PIM¢My) are well fit by:
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Building the P(M¢|My) distribution

L

i

fne = 500

* Idea: identify the cluster for different fui, keep track how its mass changed!
' Significantly saves computational expenses




fni=+5000 fn=+500

M=1.2 10'® M. o CL M=5.9 10'5 M.

fne =0 i fnr=-500
M=5.1 10" Mc ! s M=43 10" Mc

Most massive cluster in our simulation
For small enough fy;, same peaks arise, with different heights (implying different masses

Can we extend to any o lucster?



Building the P(M¢|Mo) distribution

fne = 500

¥ |[dea: identify the cluster for different fu., keep track how its mass changed!
' Significantly saves computational expenses




The measured halo mass function

M [A™'M,]

' 512° (1024°) particle simulations with box size 800 (1600} Mpc/h

8 Gracos code (www.gracos.com); add quadratic Phi term in real space; apply transfer

runction in Fourier space




fne=+5000
M=1.2 10'®* Mc

fne=0

M=5.1 10" Mc¢

Most massive cluster in our simulation

For small enough fy;, same peaks arise, w

Can we extend to any o luster?

ith different heights l:{‘:‘:ph ing different masses

f:\.1:+500
M=5.9 10> M

fnar=-500
M=43 10" M
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' 512° (1024°) particle simulations with box size 800 (1600) Mpc/h

I Gracos code (www.gracos.com); add quadratic Phi term in real space; apply transfer

runction in Fourier space




I_\.[:+5000 fx1:+300

M=1.2 10"® M. p . i M=5.9 10'5 M.

far =0 e fnar=-500
M=5.1 10" Mc ’ ﬁ* s M=43 10" Mg

Most massive cluster in our simulation
For small enough fy;, same peaks arise, with different heights (implying different masses

Can we extend to any o lucster?



ling the P(M¢|Mo) distribution

fne = 500

' |[dea: identify the cluster for different fui, keep track how its mass changed!
# Significantly saves computational expenses




' [f the mapping My—M; is described by a PDF dP/
dMi{Ma), then the non-gaussian mass function is a
convolution over the (known) gaussian mass
function

T )

Allog M) /1
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Mean and variance of PIMy

Mp) are well fit by:
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Cosmological constraints -
dark energy and NG




Moreover. it 18 not much harder to run a stmulation

than evaluate Extended Press-Schechter n(M)




Cosmological constraints -
dark energy and NG




how to constrain primordial NG

much more accurately
from the LSS
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cosmologists
measure

usually nuisance
parameter(s)

theory predicts

Simulations and theory both say:
large-scale bias 1s scale-independent




Bias of dark matter halo

S

b

OL/O0DM

Simulations and theory both say: large-scale bias is scale-independent

(theorem 1if halo abundanece 1s function of density)
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Halo clustering with NG: Analytic confirmation
Rigorous derivations exist, but here’s back-of-envelope:

Ong = ¢+ fan(o” — (¢7))

Then, near the peaks of the potential

Viene = Vo+2fn (0V 0 +|Vel)

U

V26 (1 +2fNL0)

And 1n particular ING = 5(1 + 2fNL@)
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Halo clustering with NG:  Analytic confirmation

Definition of bias: 0, = br 0
With NG. for peaks: 0 — 0 + 2 fNL© 0

Remterpretingas 5. _ p, (5 + 2fnp.08) = (b + Ab) 8

change in bias

Using Poisson Eq. (to replace ¢ with 0) and including
late-time perturbation evolution, you immediately get

| | 3 Gl
Abk) = 2br 1 0. — ‘
%) LINLOe 2 T(k)D(a)k?>

irsa: 10010002 > _ 15 = Page 50/63
Dalal. Dore, Huterer & Shirokov, arXiv:0710.4560
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Analytic and numerical results agree
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Constraints from the bias of DM halos
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Constraints from current data - Canada team

Pirsa:‘10010002

tNL =236 +/- 127 (68%)
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Future NG from measurements of b(k)

= Numerous cosmological probes, such as the baryon acoustic oscillations IBAO! or
probes of Integrated Sachs-Wolie eifect igalaxy-CMB cross-corri can be used to measure

biki

® The eftect (going as k °! provides a fairly unique signature and a clear target; almost no
degeneracy with other cosmological parameters

sExpect accuracy of order sigmaiix <10 or even ~1 in the future

FABLE 1
GALAXY SURVEYS CONSIDERED
survey Z range =q deg mean galaxy density (h/Mpel®  Afxe/q LSS

SDSS LRG s 0.6 < =< 047 TbHx 10° 1.36 x 10— 10
BOSS < o< 07 10? 2.66 < 10 1=
WEMOS low 2 PS5 < <13 2 x 10? LRR x 10— 15
WFEAIOS high z P AL e R 3 = 0= 1.55 x I~ | g
ADEPT lo=<?2  28x 108 037 x 10— 150 !
EUCLID s = <2 2 x 1ot 1.56 x 16—
DES (2= 1.3 5 x 107 1.85 x 10— =
PanSTARRS D<z< 12 3 % 10% 1.72 x 10— 3.5
LSST D3 < =< 36 3 x 104 277 x 10— 0.7

PirSa: T0010002 =————=Pdge 55/63

Carbone, Verde & Matarrese 2008; Alshordi & Tolley 2008



Nongaussianity form galaxy clusters

®» For dark energy/dark matter constraints, counts of clusters are most important; probe
the volume and distance; d-N/dzdQ = r-1z/H(z)

sFor nongaussianity, variance of cluster counts improves constraints on NG by an order
of magnitude, since it is proportional to (integral over} power spectrum
Pf:_‘:gfpr{kffl}l' I’\IP'lk'.

sHowever, we found that covariance of cluster counts improves those constraints by
nearly another order of magnitude, since basically covariance you get correlation across
large distances (or small ki; recall, the eftect goes as b-tkiock™

L S -
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v
b-..____ °
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. ) y 4]
Pirsa: 10010002 Page 56/63

e i et Ren R e L e Tl - R AR T e LI,



NG form covariance of galaxy clusters

15

o(fy,) — Unmarginalized
10

0
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Nongaussianity form galaxy clusters

» For dark energy/dark matter constraints, counts of clusters are most important; probe
the volume and distance; d-N/dzdQ = r-1z//H(z!

sFor nongaussianity, variance of cluster counts improves constraints on NG by an order
of magnitude, since it is proportional to (integral over! power spectrum
Pr::_;-;fr-._r{ [(':'I}J I'\ | P'l k {55

=However, we found that covariance of cluster counts improves those constraints by
nearly another order of magnitude, since basically covariance you get correlation across
large distances (or small kJ; recall, the eftect goes as b-tkiock™
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NG form covariance of galaxy clusters
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Future NG from measurements ot b(k)

= Numerous cosmological probes, such as the baryon acoustic oscillations (BAO! or
probes of Integrated Sachs-Wolie eifect igalaxy-CMB cross-corri can be used to measure

bik!

® The effect (going as k~! provides a fairly unique signature and a clear target; almost no

degeneracy with other cosmological parameters

sExpect accuracy of order sigmaiixii<10 or even ~1 in the future

TABLE 1
GPALAXY SURVEYS CONSIDERED

survey Z range =q deg mean galaxy density (h/Mpe)®  Afxp/q LSS

SDSS LRG's u.uj <z« 047 7T.6x10° 1.36 x 16— 10
BOSS 0< <07 10 2.66 x 10 I8
WEAMOS low 2 BRI 2 % 160° 188 x 10— -
WFAILOS high 2z ok ARl i 3 % 102 155 x lo—1 17
ADEPT loz<?2  28x 108 937 x 10— 5|
EUCLID Bs=<? 2 x 104 1.56 x 103 L7
DES 02w 3 5 x 107 1.85 x 107 =
PanSTARRS D< z< 1.2 3% 10t 1.72 x 10— 15
LSST 0.3 <z <36 3 x 10t 277 x 107 0.7
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Open questions = current research

= What is the effect on large-scale structure {(and bias) of other models of
nongaussianity? {problem: NG = “non-dog”; could be anything)

s\What systematic error control (e.g. atmospheric blurring; pixel response;
astrophysical effects) is required not to degrade the projected future constraints?

sHow best to design a survey to measure primordial nongaussianity?
s\What galaxies and clusters are best to use (mass, color, etc)?
sDo you still get the same theoretical bik) result as k''—=Hq ' ?

#\What about the fxi model where f. depends on scale, fui=fa(k)?
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LONCIUusIons

Searching for primordial nongaussianity is one of the most
fundamental tests of the early universe cosmology

'CMB bispectrum traditionally most promising tool; current results
favor fn >0 but only at 1-2 sigma

'Mass function of cluster counts is in principle sensitive to NG, but
not competitive with the CMB

theory and simulations
appear to be in remarkable agreement on this

# Therefore, LSS probes (baryon oscillations, galaxy-CMB cross-
correlations, etc) are likely to lead to constraints on NG
than previously thought

(DES, LSST,
JDEM etc)



