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Initial Perturbations

Current Model: Inf3ation

¥ period of accelerated expansion - quantum Ructuations in beld stretched beyzt
the Hubble radius

¥ re-enter during matter domination

¥ grow by gravitational instability to give large scale structure today

Physics behind Inf3ation?

Various completing models which make different predictions about the characte
of the spectrum of initial perturbations

® spectral index

& adiabaticity

@ Gaussianity

Simplest models (in number of DOF) make predictions within limited range

—— S0 to distinguish between them, need a way of studying the interaction of
guantum Pelds and evolutions
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Non-Gaussianity as a probe of Inf3ation

N\

: . ) 5 « (Gangui et al. 1994,
Parameterization: | (x) =1 g(X)+ fu ! “(X)!" ! (X)# Verde et al 2000,

Komatsu & Spergel 200
(LOC&| mOdeI) gravitational potential Gaussian random Perg

before m-r equality variable

@ describes non-linearities induced on super-horizon scales enter at the end c
Inf3ation
(multi-Peld(Bernardeau & Uzan, 20QZurvaton (Lyth et al. 2003)inhomogenous
reheating(Dvali et al. 2004)..)

At later times (matter domination):
2 a k?
'k (a) =

AN 2
density perts 3 m H()

grav potential perts

' «(a)

Poisson Equation:

— . 2
I = M(k,a)! P M (k@) = ! nggf‘)k T(K)
0 m

o If we measure non-linearity in density beld, then can measure non-linearitie
In the infl3ationary dynamics
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Bispectrum as a probe of non-linearities

Fourier transform of 3-point function

M ko tks " = o (ke + Ko + k3)B (kp, ko, k3) «

_ ’ 2
Using Poisson Eq:!k = M (k,a) Lk + fnl | K

In GaussiatJniverse:

M (k1, @)@ (K1)] [M (K2, @)@ (K2)] [M (K3, @) ® (k3)]"

which leads to

Bng (k11 k21 k3) — O
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Bispectrum as a probe of non-linearities

Fourier transform of 3-point function
!!k1!k2!k3" = !D(kl + k2 + kg)B (kl,kz,kg) k1

_ ’ 2
Using Poisson Eq:!k = M (k,a) Lk + fnl | K

In Non-Gaussiatdniverse:
|

I'M (kg,a)(! (kq)+ ! 2)"!I\A(kz,a)(! (ko) + ! Z)II!M(kg,a)(! (k3) + ! 2)""
which leads to

Bng (kl, Ko, k3) =2 Kng (kl, k2) P(kl)P(kz) + CyC|.

® largest contributions from squeezed tria% ka! k2" ki
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The LSS Bispectrum

...but large scale structure is a highly non-Gaussian Peld

® Even in case of Gaussian initial perturbations, there is a contribution to
bispectrum from gravitational instability

On scales relevant for LSS tracers, tsel order perturbationtheory to study

non-linear evolution: = 1@ 4 1-| (2) 4 O(! (3))
2

In Fourier space: :
'k # !S) + dPqpdip!p (kS qlz)Fz(ql,qz)!(ll)!(lz)
q1 "¢

where

“ Y
Fz(kl, kz) = + 2 COS2 (#12) + } ﬁ + Q COS(#12)
2 ko ki

Gravitational Bispectrum:
Be (K1, ko, k3) =2F5 (kq, ko) P(k1)P (ko) + cycl.
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Bispectrum as a probe of non-linearities

Fourier transform of 3-point function
!!k1!k2!k3" = !D(kl + k2 + kg)B (kl,kz,kg) k1

_ ’ 2
Using Poisson Eq:!k = M (k,a) Lk + fnl | K

In Non-Gaussiatdniverse:
|

M (kg,a)(! (ky)+ ! 2)"! M (kz,a)(! (kz) + ! 2)"! M (ks,a)(! (k3)+ ! 2)""
which leads to
Bng (K1, K2, ks) =2 Kpng (K1, k2) P (k)P (kz) + cycl.

M (lk[)

Kng (K1,kz2,k3) = fq
where g (K1,Kz,Ks) "M (Ik2))M (Ik2]))
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The LSS Bispectrum

Total Bispectrum foiNon-GaussiatJniverse:

B (ki, k2, ks) = 2K (kq,k2) P(ki)P (k2) + cycl.

where
K (k11 k2) - FZ (k11 k2) + Kng (k11 k2)

—— nheed to disentangle the different contributions

B (ki, Kz, ks)

Reduced Bispectrum: Q (ki1,ka,Kks) = P(ki)P(k2) + cycl

® less sensitive to the cosmological parameters
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The LSS Bispectrum

Total Reduce@ispectrum forNon-Gaussiatuniverse:

Q (ki,ka,k3) = Qg (K1, k2, ks) + Qng (K1, Kz, K3)

where B (ki, ko, k3) Bng (K1, Kz, K3)
_ y A2, ng (K1, K2, Kk3) =
Qo (K1, Kz, K3) = P(k1)P(k2) + cycl. Qng {f, Kz, o) P (ki)P(k2) + cycl.
1
M (k,a)

1 ©Onlarge scales

REICON

Poisson Eq.

X
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The LSS Bispectrum

Total Reduce@ispectrum forNon-Gaussiatuniverse:

Q (ki,ka,k3) = Qg (K1, k2, ks) + Qng (K1, Kz, K3)

Equilateral configuration: k, =k, = Kk,

2.5[

® +(-) fnl leads to enhancement

(suppressiohof the bispectrum
on small scales I
—> CMB regarded as best probel->|
o

2.0}

@ primordial NG part grows with 1 of

redshift relative to gravitational

part

0.5
0.0t L/ /

0.001 0.010
k [Mpc/h]
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Measuring the LSS Bispectrum

® |arge scale structure digh redshift Is potentially very powerful probe of
Primordial non-Gaussianity

provided part of bispectrum from gravitational instability does not swamp

o High-z galaxy surveys could yield constraints that are competitive (if not bet
than CMB (Seffusati & Komatsu 2007)

- very expensive thus volume is often limited
- still subject to the complicated galaxy biasing

@ Lyman-alpha forest surveys give access to high redshift density bpeld
- relatively straightforward physics in IGM
- each LOS yielding ~100 measurements efpcient probe
- probe larger redshift range (more volume)
but

- quasar densities are lower—  sparse sampling

Can the measurement of the Flux Bispectrum from Lya survey (such as BO
yield competitive constraints on primordial non-Gaussianity?
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The Lyman alpha forest

HI gas clouds
e Quasar at z=zq

.Ii_.-"
Observer at z=0 ( ] L
d-“"- i,

germmn GG QO
O

S

V‘ o r— --E-.J y

k= (Ned WrightOs website)

Lobs = (1 + Zgas) L |, = 1216A
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The Lyman-alpha Forest

HI gas clouds
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The Lyman-alpha Forest

Low redshift
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The Lyman-alpha Forest

® Assume hydrodynamic equilibrium between low density gas and UV backg

neat from photoionization is balanced by adiabatic cooling

o (Croft et al. 1997)

T=T, pa (Hui & Grendin 1997)

Fluctuating Gunn-Peterson Appromixation (FGRAJUNN & Peterson 1965)

® Optical depth of photo-ionised gas | ! NHi ! 127l 07! 1

Continuum P=exp || A (I>

normalized Rux o

where Al " ph3T, %71' 1 and #=2" 07($" 1)
o low temperature therefore pressure gradients subdominant to gravity
—— [Bux decrement is then a probe of underlying dark matter overden
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The Flux Bispectrum

® structures producing Lya Forest - mildly non-linear
- reasonably modeled by simple approx. on large s

(Viel et al. 2002a,b)
2nd order Perturbation theory:(see zaldarriaga, Scoccimarro & Hui 2002 for P(
Expand to second order: | _ (1) 1, 2 4 o(! (3))

expand

Use FGPA .
Taylor expansm’r/ F(X) | exp A [1 + ! (X)]

GZ(A1 ! )
2

Gi(A #)= ! A# Go(A #)="! A#(#! 1! A#)

Linear bias Non-Linear bias  ig| et al. 2004)

E(X) ! Gy(A") 1D (x)+ 1@ (X) + 1 (x)

additional term in bispectrum due to non-linear relationship
between Rux and densifyanalogous to galaxy non-linear bias)
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The Flux Bispectrum

Fourier space:

e (k1) e (ko) 1E (szi: Br (k1,Ka2,ks)!'p (k1 + kg + k3)
= / k
10 )+ 118 k) 1 (k) + 1@ (ko)

2

Flux Bispectrum:
Br(ki, ko, ka) = 2G3K (k1, ko) [P(k1)P(k2)+ cycl]+ G2G, [P (k1)P(kz) + cycl]

= G%BG (k1,ko,k3) + GiBng (k1,ko, k3) + G%GZ [P(kq1)P (ko) + cycl]

For typical values of Aadl ,G1 and G2 <1
— [Bux bispectrum isuppresse@lative to matter bispectrum
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Forecasts: A simple matrix analysis

Assume ldeal Survey Geometry
Assume bispectrum estimates are Gaussian distributed

® Write the theoretical bispectrum as:

E P
1
Bin = G; Bg (ki, ks, k3) + ﬁBNG (k1, ko, ks) +G2G, [P(ki)P(ks)+ cycl.]
n

® Suppose the observed Bqps is btted with a theoretical modelB, using:

! 7 i N
|2 — Bobs (klak27k3) - ipiB (kl,kz,kg,)

AB?

where
P1 = G3, P2 = , P3 = G{G;

* can we disentangle the different contributions to the [3ux bispectrum
within the noise limits of a lyman-alpha survey?
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Forecasts: A simple matrix analysis

Likelihood: | 2InL = constant+ ! 2

Fisher matrix:

B, I B 1
Fij — th - Din

'p, Ip; | B2
k17k27k3§kmax pZ pj 123

Is the expected signal detectable by future Lyman-alpha surveys?

Reduced Bispectrum:

KM X X2 QL (ki, ka2, ks) QL (K1, Kz, k)

Fij = | QF (Ka, k2, k)

k1i=Kmin k2= Kkmin kz=k;

min

where K, = max (Kmin , [K1 ! Kaz|)
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Forecasts: A simple matrix analysis

Use estimator: 5
d qZ!Ch!CIz!C{s!D (ql + 0)) + q3)

(Scoccimarro et al. 1998)
Vi

Vis number of triangles (all conbPgurations) in volume withtki¢ks=0

! ! !
Viz= &g dp dPoplp (+ @+ B)! 8" *kikoka! k! ky!ks

The Variance:
S
| B?(kq, ko, k3) = Vi V123 Pl (k1)Pg (k2)Pg
123

—3 Variance depends osurvey volunandtotal [Sux powdmcludingnoise
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Forecasts: A simple matrix analysis

The Noise:

For a galaxy survey: | % = P(k)+ .

The Lya Forest: points are replaced by skewers of length Lg

(Ly-# inRuenced) Ly-a emission line wing + trough

HS 0105+1619

ML

3800 4000 4200
Wavelength (Angstroms)

D B
Lg

Relative Fluz
5x1071% 1p71%1 5x1p718

0
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Forecasts: A simple matrix analysis

The Noise:
1

For a galaxy survey: | % = P(k)+ .

The Lya Forest: points are replaced by skewers of length Lg

Wimmd
HS 0105+1619 | " /R

z = 2.5306 p

I F' ‘ 1

YT

3800 —’IDD[] 4200 4400
Wavelength (Angstroms)

D B
Lg

(Ly-# in3uenced)

Relative Fluz

-
|
i
Lo |
w
12
b |
-
|
e
™
[1n]
T
=
]
b
I
=
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Forecasts: A simple matrix analysis

The Noise:
1

For a galaxy survey: | % = P(k)+ .

The Lya Forest. points are replaced by skewers of length Lg

density—> not determined by comoving number of quasars
—» determined by mean absorption along lines of sight
Introduce weights: probability of observing quasar at x

)= " e o+ 1 (o0

w(x) =1 Quasar detected MacDonald & Eisenstein (2007)
w(x) =0 No quasar detected

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu

Monday, 12 October 2009



Forecasts: A simple matrix analysis

The Noise: LX) =1+ L) e (X) + Uy (X)]

l Fourier Transform of 2 point function

#
e " % (2#)°1°P (k+ k') Pe (k) + PEP(ko)PZP + P

l Detector noise

Perfect Signal sampling noise

1. Sampling noiseifig, !, Yol ! - %

1

® assume quasars randomly distributed p2® = —
Nglgq

® aliasing-like noise due to discrete transverse sampling
—> reduced to Poisson in zero-D limit
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Forecasts: A simple matrix analysis

The Noise:
LX) =[1+ 'wX)]['F(X)+ In(X)]

l Fourier Transform of 2 point function

#
e " % (2#)°1°P (k+ k') Pe (k) + PEP(ko)PZP + P

Perfect Signal l Detector noise
Sampling noise

2. Detector Noise:

Volume
no. of pixels

® Usual pixelated white noise Py = "§ V,  where Vp =

——>» each line of sight - series of pixels of length '~
Pﬁff — N
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Lyman-alpha Surveys

Survey specibcations:
Area A
targets quasars between z%.  and Znax

min

Volume of QSO survey V = Al | z,

Comoving number density of quasars Ngq = Ng/V

Detector Specibcations:
@ Assume spectrograph with at full width 'p = " /R

® Usable part of QSO spectrum: ! rest,min < !rest < ! rest,max
! rest , max — 1185ﬁ\ I rest,mn — 10411&

® Redshift range of IGM probed by single LOS:
! qu rest, mn‘/' I ZmaX l qu rest, max/' I

> Length of IGM

Zmin
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Lyman-alpha Surveys

Choice of scales:

® LlLargestscales: Length of IGM probed by line of dight
2!

Kmin = —

Lo

To be conservative and allow for continuum btting, u1.5Kmin
® Smallest scales: using quasi-linear regime

' (Rmin,2z) = 0.5 kqu = ) /_(ZRmin)
Seo & Eisenstein (2003)
__, analytical model for non-linearities is reasonable

—— at higher z, density beld remains linear at smaller k
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BOSS Lya Survey

dnqg(z)/dm as function of g for various z

Survey specibcations
® A =8,000sg. deg
2.2 z4! 35
V " 28Gpc/h’

g=22,z2> 2.2

#
20 QSOs per sq. deg.

"2
ng = 3.7$ 10’ °(h/Mpc)° Jiang et al. 200

Large volume (Area) therefore many triangles
considerably lower number density than high-z galaxy surveys
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BOSS Lya Survey

Pixel Signal-to-Noise Estimaté4|

10}

® middle of Lya forest

® Spectral range
36008 <! < 41484

® IGM range:
P<Lz2<34

Noise variance per pixel:" 2

Monday, 12 October 2009

N ~1

8_

6_

S/N per A as function of g for various z

18 20 22
g

David SchegelOs S/N calcul
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S/N for BOSS Lya Survey

Signal-to-Noise Estimate:
9 PEP (k)

PEP PEP (k) + PY"

S
@ binin redshift shells N

Flux Power and Noise at z=2.25

___ Signal
Sampling noise
_ _ _ Detector noise

o™
roun)
(&
o
=
~~
C
N
~~
)
4
N’
LL
al

0.10
k [h/Mpc]
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S/N for BOSS Lya Survey

Signal-to-Noise Estimate:
9 PEP (k)

PEP PEP (k) + PY"

>
N

Flux Power and Noise at z=2.25

Signal
Sampling noise
Detector noise _

_jinterested in k with S/N >

P(k)/ (WMpc)?

0.10
k [n/Mpc]
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S/N for BOSS Lya Survey

Flux Power and Noise at z=2.25

Signal
Sampling noise
Detector noise

k [h/Mpc]

Flux Power and Noise at z=3.2

|
Signal
Sampling noise
Detector noise

k [h/Mpc]
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Flux Power and Noise at z=2.75

Signal
Sampling noise
Detector noise

® Athigh z, fewer k with S/N >1 due to

k [h/Mpc]

growth rate reduction

® Higher kmax with higher z does little to
Improve results
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BOSS Lya Survey. Results

® Cosmological model:! ,, =0.27,! , =,h=0.7,n;,=1,13=0.8
® Lya forest model: @ =0.84(A =0.172)," =1.93 (Seffusati & Komatsu 20(

Experimentng! 10 ° Z Viem Kmin Kmax |ofn
BOSS 3.7 2.25 18.2 0.011 0.34101
2./5 18.3 1 0.42115

3.2 14.3 2 0.52147

combined 67

® despite large volume of BOSS, still imited by low quasar density
® simple analysis - conservative in many ways
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Cross correlation of Lya with QSOs

¢ Primordial non-Gaussianity introduces correlation between small and large
scales

For Gaussianmnitial conditions:
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Cross correlation of Lya with QSOs

¢ Primordial non-Gaussianity introduces correlation between small and large
scales

For Non-Gaussiamnitial conditions:

Can we use another tracer of LSS to Pnd the long wavelength modes?
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Cross correlation of Lya with QSOs

Quasars?

® highly biased tracers of large scale structure
® high luminosities make them visible at high redshifts
@ smaller number densities so QSO clustering only become practical recentl

Cross-correlated Bispectrum between QSO distribution and Lyman-alpha fores

¥accessing different parts of the power spectrum
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Cross correlation of Lya with QSOs

Matter power spectrum

Quasars
Lya Forest

1 IIIIIIII L1 11111
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Cross correlation of Lya with QSOs

Quasars?

® highly biased tracers of large scale structure
® high luminosities make them visible at high redshifts
@ smaller number densities so QSO clustering only become practical recentl

Cross-correlated Bispectrum between QSO distribution and Lyman-alpha fores

¥accessing different parts of the power spectrum

¥extending to larger scales==» more triangles
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Cross correlation of Lya with QSOs

Quasars?

® highly biased tracers of large scale structure
® high luminosities make them visible at high redshifts
@ smaller number densities so QSO clustering only become practical recentl

Cross-correlated Bispectrum between QSO distribution and Lyman-alpha fores

¥accessing different parts of the power spectrum

¥extending to larger scales==» more triangles
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Cross correlation of Lya with QSOs

Quasars?

® highly biased tracers of large scale structure
® high luminosities make them visible at high redshifts
@ smaller number densities so QSO clustering only become practical recentl

Cross-correlated Bispectrum between QSO distribution and Lyman-alpha fores

¥accessing different parts of the power spectriim
¥extending to larger scales==» more triang|

¥targeting the squeezed conbguration
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Cross correlation of Lya with QSOs

Quasars?

® highly biased tracers of large scale structure
® high luminosities make them visible at high redshifts
@ smaller number densities so QSO clustering only become practical recentl

Cross-correlated Bispectrum between QSO distribution and Lyman-alpha fores

¥accessing different parts of the power spectrum
¥extending to larger scales=—=» more triangles
¥targeting the squeezed conbguration

¥do not require LOS to each quasar so can use larger QSO catalogue
-3 PUSh down part of sampling noise
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Flux-QSO Bispectrum:

('r (k1) ' (k2) 'q(k3)) = Brg (K1,k2,k3)!p (k1 + ko + k3)

For Quasars:on scales considering, only include linear term o # by! (1)

S

Expanding in the usual way:

Only 2 terms
Flux-QSO Bispectrum:

Bro (ki,ka,k3) = G%@BG (kq1,ko, k3) + G%bc1|3ng (k1,ko, k3)
+ G1Galy [P (k1)P(k2) + P(k2)P(ks3)]

eqguasars are highly biasee—  FQ bispectrum more enhanced than F bispe
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Forecasts: The same simple matrix analysis

Alterations to calculation:

The Variance:

| | |
Use estimator: B3 @ d’qr d’q2 02!, 'qle!o (O + G+ G)

2! .
V; = kfqu K = Vi3 Ki = V13

q
Volume of IGM

Volume of QSO survey sampled by Lya Forest

S
| BZg (K1, ka2, ks) = ki 2k ﬁpg (ki1)Pg (k2) @

where qu(k): bgP(k)+ ni
q
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Forecasts: A simple matrix analysis

Alterations to calculation:

The Noise:
P (k) = PE° (k) + PE® (k) + PJ (k)

Sampling noise:

® QSOs clustering iIs now non-negligible

L P2k, )

PP (ki ) = nols

—— additional term from 2D projected QSO clustering power
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BOSS Lya-QSO Survey. Results

Use Quasar sample and Lyman-alpha forest measurement from
® BOSS

Experimentng! 10 ® Viem Vg4 B Kmax b* oml
BOSS 3.7 18.2 11.0 2.25 0.34 4.67 55

3.7 18.3 18.3 2.75 0.42 6.225 33

3.7 14.3 17.8 3.2 052 7.76 64
combined 32

Improvements in results:

o high biasing of quasars leads to enhancement of bispectrum

® increased signal to noise due to more squeezed triangle
conbgurations

* Shen et al. 200
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Summary

o LSS surveys have potential to deliver strong constraints on primordial
than CMB—> 3D map of density Pel@many more modes)

LSS Bispectrum has contribution from gravitational instability
—>» potentially swamp primordial signal
—>» smaller at high z relative to primordial signal

® Lyman-alpha Forest provides efbcient way of mapping matter distribut
at high redshifts
- larger survey volume achievable than galaxy surveys
- OcleanerO physics
But
- subject to increased noise due to sparse sampling
- damped power spectrum relative to matter power spectrum

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu

Monday, 12 October 2009



Summary

#® Constraints on primordial Non-Gaussianity from Flux bispectrum for
BOSS not yet competitive with future high-z surveys

- noise dominates over increased signal from more mdtige volume
and large kmax)
- but analysis has been conservative

® Constraints on primordial Non-Gaussianity fro@SO-Flux cross
bispectrunfior BOSS much better

- FQ bispectrum enhanced due to high biasing on quasars
- Increased signal from squeezed triangles
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Thank you

Kendrick Smith
Pat MacDonald
Jim Gunn
Jill Knapp
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