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Current Model:   Inßation

¥  period of accelerated expansion - quantum ßuctuations in Þeld stretched beyond    
the Hubble radius
¥  re-enter during matter domination
¥  grow by gravitational instability to give large scale structure today 
     
Physics behind Inßation?

Various completing models which make different predictions about the characteristics 
of the spectrum of initial perturbations
 -    spectral index
 -    adiabaticity
 -    Gaussianity

Simplest models (in number  of DOF) make predictions within  limited range
           so to distinguish between them, need a way of studying the interaction of     
quantum Þelds and evolutions

Initial PerturbationsLy- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Primordial Non-Gausianity

Parameterization:
Primordial gravitational potential at sub-horizon scales before matter
domination

! (x ) = ! G (x ) + fnl
`
! 2(x ) ! " ! 2(x )#

«

! 2 = Gaussian random variable
fnl = amplitude of quadratic correction
$ type of NG = Local
In Fourier space Poisson Equation:

! (k) = M (k, a)! (x )

$ Non-Gaussian part of ! (x ) enters ! at the second order level $ if measure
non-linearities in ! $ can measure size of fnl
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In this paper, we use second order perturbation theory in order to compute the expect ßux bispectrum measured from the
Lyman-! forest and use a Þsher matrix formalism to evaluate the ability of future LSS surveys to constrain primordial non-
Gaussianity. We Þnd that the low number density of quasars does degrade the signal, with the spareness of the quasar lines-of-
sight outweighing the effect of pushing out to a largerk. However competitive constraints are within reach of larger surveys
such as BigBOSS are yielded.

But get the large wavelength modes but cross-correlating using different lines of sight.

THE BISPECTRUM

Within the context of inßationary models, the Once matter-dominated era is entered, the gravitational potential ßuctuations
can be related to the primordial perturbations via

! (k, a) =
9
10

D+ (a)
a

T(k)! prim (k) (2)

where! prim
k is that on sub-horizon scales just before matter-radiation equality and transition. Via PoissonÕs equation, the density

perturbations are related to the above in the following way;

" (k, a) = !
2
3

ak2

H 2
0 " m

! (k, a) (3)

where" m is the matter density today. The transfer functionT(k) on large scales is roughly constant. On smaller scales is goes
asT(k) " k! 2.

" (k, a) = M (k, a)! prim (k) (4)

where

M (k, a) = !
3
5

D+ (a)k2

H 2
0 " m

T(k). (5)

DeÞning the power spectrum as follows

#! (k1)! (k2)$= "D (k1 ! k2)P! (k1)

#" (k1)" (k2)$= "D (k1 ! k2)P(k1)

(6)

we see that

#" (k1, a)" (k2, a)$= M (k, a)2#! (k1)! (k2)$ (7)

P(k, a) = M (k, a)2P! (k) (8)

DeÞning"0(k) to be the density perturbation today

#" (k1, a)" (k2, a)$= D+ (a)2#"0(k1)"0(k2)$ (9)

so

P(k, a) = D+ (a)2P0(k) (10)

where

P0(k) =
9
25

kn

H 4
0 " 2

m
T2(k) (11)

whereD+ (0) = 1 andP! (k) = Ak n ! 4.

Non-Gaussianity as a probe of Inßation

Parameterization: 

gravitational potential 
before m-r equality

Gaussian random 
variable

Poisson Equation: 

(Local model)

describes non-linearities induced on super-horizon scales enter at the end of 
inßation
(multi-Þeld (Bernardeau & Uzan, 2002), Curvaton  (Lyth et al. 2003), inhomogenous 
reheating (Dvali et al. 2004)....)

At later times (matter domination):  

density perts

grav potential perts 

if we measure non-linearity in density Þeld, then can measure non-linearities 
in the inßationary dynamics

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

B (k1 , k2 , k3) = 2 K (k1 , k2 , k3) [P (k1 )P (k2 ) + cycl.] (1)

Q (k1 , k2 , k3) = QG (k1 , k2 , k3) + Qng (k1 , k2 , k3) (2)

Qng (k1 , k2 , k3) = 2 Kng (k1 , k2 , k3) (3)

!
1

M (k, a)
(4)

!
1

D(a)k2 (5)

(6)

Qng (k1 , k2 , k3) = 2 Kng (k1 , k2 , k3) (7)

!
1

M (k, a)
(8)

QG (k1 , k2 , k3) = 2 F2 (k1 , k2 , k3) (9)

K (k1 , k2 , k3) = F2 (k1 , k2 , k3) + Kng (k1 , k2 , k3) (10)

"! k 1 ! k 2 ! k 3 #= ! D (k1 + k2 + k3)B (k1 , k2 , k3) (11)

! k = M (k, a)
!
! k + f loc

nl ! 2
k

"
(12)

! k = M (k, a)! k (13)

! k (a) = $
2
3

a

" m

k2

H2
0

! k (a) (14)

! k ! D(a)T (k)! prim
k (15)

" obs = (1 + zgas ) " ! (16)
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  (Gangui et al. 1994, 
Verde et al 2000, 
Komatsu & Spergel 2001)
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Bispectrum as a probe of non-linearities
Fourier transform of 3-point function

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

BG (k1 , k2 , k3 ) = 2 F2 (k1 , k2 ) [P(k1 )P(k2) + P(k1)P(k3) + P(k2)P(k3)] (1)

! ! k 1 ! k 2 ! k 3 " = ! D (k1 + k2 + k3)B (k1 , k2 , k3 ) (2)

! k = M (k, a)! k (3)

" obs = (1 + zgas ) " ! (4)

" ! = 1216 ûA (5)

! F (x) = exp
!

# A [1 + ! (x)]"
"

(6)

! (x) $ ! (1) (x) + ! (2) (x) (7)

! F (x) $ G1(A, #)
#
! (1) (x) + ! (2) (x)

$
+

G2(A, #)
2

! (1) (x) (8)

G1(A, #) = # A#, G2(A, #) = # A# (# # 1 # A#) (9)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! T
F (øx) =

w(øx)
øw

[! F (øx) + ! N (øx)] (10)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

! ! F (k)! F (k!)" =
%

døxøx! exp
&
i øk áøx + i øk! áøx! ' [! ! F (øx)! F (øx!)" + ! ! N (øx)! N (øx!)"] [1 + ! w (øx)] [1 + ! w (øx!)] (11)

Using Poisson Eq:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)
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!
! k + f loc

nl ! 2
k
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$
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%
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&
+

G2(A, #)
2

! (1) (x) (8)

G1(A, #) = # A#, G2(A, #) = # A# (# # 1 # A#) (9)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! T
F (øx) =

w(øx)
øw

[! F (øx) + ! N (øx)] (10)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

! ! F (k)! F (k!)" =
'

døxøx! exp
(
i øk áøx + i øk! áøx!) [! ! F (øx)! F (øx!)" + ! ! N (øx)! N (øx!)"] [1 + ! w (øx)] [1 + ! w (øx!)] (11)

In Gaussian Universe:    

which leads to    

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D ((k1) + ( k2) + ( k3))

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D ((k1) + ( k2) + ( k3))

! [M (k1, a)Φ (k1)] [M (k2, a)Φ (k2)] [M (k3, a)Φ (k3)]"

!
! (1) (k2) +

1
2

! (2) (k2)
" !

! (1)
F (k2) +

1
2

! (2)
F (k2)

"
"

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

öB123 =
Vf

V123

#
d3q1

#
d3q2

#
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (-1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
#

d3q1

#
d3q2

#
d3q3! D (q1 + q2 + q3) # 8$2k1k2k3! k1! k2! k3 (-1)

∆B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (-1)

%2 = P(k) +
1
øn

(-1)

¥ Different to galaxy survey$ points replaced byskewersof lengthL q

¥ density$ NOT determined by comoving number density of QSOnq

$ is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w(x)] [! F (x) + ! N (x)] (-1)

! N = detector noise
! F (x

%FT of ! ! F (x)"

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P(k1)P(k2) + cycl. (1)

Bng (k1, k2, k3) = 0 (2)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(3)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(4)

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (5)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (6)

PT
q (k) = b2

qP(k) +
1
nq

(7)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (8)

Vf = k2
f kq (9)

kf =
2!

V 1/ 3
(10)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32
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In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
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of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as
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galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! T
F (øx) =

w(øx)
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[! F (øx) + ! N (øx)] (10)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

! ! F (k)! F (k!)" =
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In Non-Gaussian Universe:    

which leads to    

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D ((k1) + ( k2) + ( k3))
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¥ Different to galaxy survey$ points replaced byskewersof lengthL q

¥ density$ NOT determined by comoving number density of QSOnq

$ is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (-1)

! N = detector noise
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Primordial non-Gaussianity and the Large-Scale Structure

A local model for primordial non-Gaussianity

Non-Gaussian correction to the curvature perturbations:

! (x) = ! (x) + f loc .
NL ! 2(x) | ! Gaussian Þeld

! B! (k1, k2, k3) = 2 f loc .
NL [P! (k1)P! (k1) + P! (k1)P! (k3) + P! (k2)P! (k3)]

k1

k2

k3

Large values forsqueezed triangular conÞgurations
Represents inßationary models where perturbations
are generatedoutside the horizon

Curvaton,
Multiple-Þeld inßation,
Inhomogeneous reheating ...

Canonical, single-Þeld inßation predictsfNL ! 10! 3, a level of NG of fNL! ! 10! 8!

Current CMB limits: " 4 < f loc .
NL < 80 (2" " ) [Smith, Senatore & Zaldarriga (2009), WMAP5]

Emiliano Sefusatti Primordial non-Gaussianity in the LSS

largest contributions from squeezed triangles  

Ly- ! Survey

Survey speciÞcations
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targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
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FIG. 1: Bispectrum shapes,B (k1, k2, k3), which can be characterized by triangles formed by three
wave vectors. The shape (a) has the maximum signal at the squeezed conÞguration,k3 ! k2 " k1,
and can be produced by models of inßation involving multipleÞelds. The shape (b) has the
maximum signal at the equilateral conÞguration, k1 = k2 = k3, and can be produced by non-
canonical kinetic terms of quantum Þelds. The shape (c) has the maximum signal at the ßattened
conÞguration, k3 " k2 " 2k1, and can be produced by non-vacuum initial conditions.

by virtue of the inßaton Þeld being weakly coupled. However,a large, detectable amount of
non-Gaussianity can be produced when any of the following conditions is violated:

¥ Single Field. There was only one quantum Þeld responsible for driving inßation and
for generating the primordial seeds for structures.

¥ Canonical Kinetic Energy. The kinetic energy of the quantum Þeld is such that
the speed of propagation of ßuctuations is equal to the speedof light.

¥ Slow Roll. The evolution of the Þeld was always very slow compared to the Hubble
time during inßation.

¥ Initial Vacuum State. The quantum Þeld was in the preferred adiabatic vacuum
state (also sometimes called the ÒBunch-Davies vacuumÓ) just before the quantum
ßuctuations were generated during inßation.

Inßation is expected to produce undetectable levels of primordial non-Gaussianity, only
when all of the above conditions are satisÞed (see, e.g., [3], for a review) - the conditions
that inßation models have the minimum number of degrees of freedom, parameters and
tuning needed to solve the ßatness and homogeneity problem.ConÞrming or ruling out this
class of inßation models is an important goal.

Non-Gaussianity is measured by various methods. A standardapproach is to measure
non-Gaussian correlations, i.e., the correlations that vanish for a Gaussian distribution. The
three-point function (or its Fourier transform, the bispectrum) is such a correlation.

The three-point function correlates density or temperature ßuctuations at three points
in space. Equivalently, the bispectrum,B(k1, k2, k3), correlates ßuctuations with three wave
vectors (see Figure 1). These three wave vectors form a triangle in Fourier space, and thus
there are many triangles one can form and look for. The amountof information captured by
the bispectrum is therefore potentially far greater than that of the power spectrum, which
correlates only two wave vectors with the same magnitude.

An important theoretical discovery made toward the end of the last decade is that viola-
tion of each of the above conditions (single Þeld, canonicalkinetic energy, slow roll, and initial
vacuum state) results in unique signals with speciÞc triangular shapes: multi-Þeld mod-
els, non-canonical kinetic term models, non-adiabatic-vacuum models (e.g., initially excited
states), and non-slow-roll models can generate signals in squeezed triangles (k3 ! k2 " k1),

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
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# = 2 " 0.7 ($ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)Monday, 12 October 2009
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The LSS Bispectrum
...but large scale structure is a highly non-Gaussian Þeld

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

 

Bispectrum as a probe of Non-linearities
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If initial conditions are NON-Gaussian.....
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where

On scales relevant for LSS tracers, use 2nd order perturbation theory to study 
non-linear evolution:  

Gravitational Bispectrum:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation
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zmin ! zq$rest, min/ $! andzmax ! zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000$ %p = $/R

¥ Usuable wavelength range of QSO spectrum
3600ûA % $ % 4148ûA

¥ $ > 3600ûA

¥ probing IGM in range2 % z % 3.4

Forg = 22, S/N ! 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A & ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph$ full width %p = $/R

¥ Usuable wavelength range of QSO spectrum
$min = 1041 ûA (Ly-" inßuenced),$min = 1185 ûA (wing of Ly' & emission)

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

An Age of precision Cosmology....

Today
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Background: WMAP-5

Clustering of galaxies
SDSS
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In particular, the initial (primordial) matter bispectrum ,
BI (k1, k2, k3), is given by

BI (k1, k2, k3) = M (k1)M (k2)M (k3)
! B! (k1, k2, k3), (9)

where we have omitted for brevity the explicit depen-
dence of M (k; a) on a. We can also relate the linear
density power spectrum,PL (k), to the curvature power
spectrum, P! (k), as

PL (k) = M 2(k)P! (k). (10)

A hierarchical relation between the scale dependence
of the initial bispectrum and the power spectrum such as
B! (k) " f NL P2

! (k) with a constant f NL is by no means
generic or universal. Af NL with a peculiar scale depen-
dence unrelated to the power spectrum appears, for in-
stance, in string-motivated models such as DBI inßation
(Alishahiha et al. 2004; Chen 2005). Our analysis can
be applied to any models of primordial non-Gaussianity,
provided that the bispectrum can be calculated from
those models.

Note that a post-Newtonian e! ect can yield an ad-
ditional contribution to non-linearity of primordial per-
turbations and hence to non-Gaussianity (Bartolo et al.
2005). Although we do not include this e! ect our anal-
ysis, it would be interesting to study how important the
post-Newtonian e! ect would be for the future galaxy sur-
veys.

2.2. Non-Gaussianity from non-linear gravitational
evolution

Even if the initial perturbations are Gaussian, the sub-
sequent gravitational evolution makes the evolved den-
sity Þelds non-Gaussian. On large scales one can study
the non-linear evolution of matter density ßuctuations
by means of perturbation theory, and write the solution
up to the second order in! as

! k # ! (1)
k +

!
d3q1d3q2! D (k $ q12)F2(q1, q2)! (1)

q 1
! (1)

q 2
, (11)

where ! (1) is the linear solution, and F2(k1, k2) is a
known mathematical function given by

F2(k1, k2) =
5
7

+
x
2

"
k1

k2
+

k2

k1

#
+

2
7

x2, (12)

with x % ök1 · ök2. Therefore, one obtains

BG (k1, k2, k3) = 2 F2(k1, k2)PL (k1)PL (k2) + cyc . (13)

The bispectrum of matter density ßuctuations (i.e., no
galaxies yet) evolved from non-Gaussian primordial ßuc-
tuations on large scales is thus given by the sum of equa-
tion (9) and (13):

B (k1, k2, k3) = BI (k1, k2, k3) + BG (k1, k2, k3). (14)

As usual, we shall focus on thereduced bispectrum,
deÞned as

Q(k1, k2, k3) %
B (k1, k2, k3)

P(k1)P(k2) + cyc .
(15)

which has an advantage of being only mildly sensitive
to cosmological parameters. That is to say, the depen-
dence on cosmology has been Òfactored outÓ by a prod-
uct of the power spectra in the denominator and theQG

component is particularly insensitive to the amplitude of
matter ßuctuations (e.g., " 8). The reduced bispectrum
of matter density ßuctuations is also given by the sum of
two contributions:

Q(k1, k2, k3) = QI (k1, k2, k3) + QG(k1, k2, k3)

=
BI (k1, k2, k3)

P(k1)P(k2) + cyc .

+
BG (k1, k2, k3)

P(k1)P(k2) + cyc .
(16)

It is important to remember that, in the leading order,
QG does not depend on the linear growth factor,D (a),
and thus it is independent of redshifts. In other words,
BG is proportional to D 4, which cancelsD 4 in [P(k)]2

in the denominator exactly. On the other hand, QI is
proportional to 1/D (a) becauseBI & D 3, and thus it
is larger at higher redshifts. Therefore, high-z galaxy
surveys are expected to be more sensitive to primor-
dial non-Gaussianity, relative to the gravitational bis-
pectrum, than low-z ones.

In Figure 1 we plot the equilateral conÞgurations of the
reduced bispectrum,Q(k) % Q(k, k, k), from non-linear
gravitational evolution and non-Gaussian initial condi-
tions at z = 0, 1, and 4. As mentioned earlier the local
and equilateral model of primordial non-Gaussianity give
the same results for these conÞgurations. For Gaussian
initial ßuctuations, f NL = 0, Q(k) = 0 .57 at tree-level
in perturbation theory and is independent of scales.4

On the other hand, Q(k) exhibits a clear scale depen-
dence for f NL '= 0. A positive f NL enhancesQ(k) at
large scales, i.e.,Q(k) > 0.57, whereas a negativef NL
suppresses it. This is because a positivef NL results
in positively skewed density ßuctuations. It is easy to
show that the scale dependence of the primordial com-
ponent QI (k) is given by 1/M (k), where M (k) is given
by equation (7). As 1/M (k) & k! 2 on large scales, we
Þnd that the primordial non-Gaussian signal is larger on
large scales. This property makes it easier to Þnd primor-
dial non-Gaussianity in CMB observations; however, as
there are much more modes available on smaller scales,
the cumulativesignal to noise for higher-order correlation
functions increases due to the large number of observable
conÞgurations on small scales (Sefusatti & Scoccimarro
2005).

How about other conÞgurations? In Figure 2 we
plot the dark matter bispectrum with Gaussian or non-
Gaussian initial conditions at di! erent redshifts as a
function of the angle, #, between k1 and k2, for k1 =
0.01 h Mpc! 1 (top panels) and 0.02 h Mpc! 1 (bottom
panels) and k2 = 2 k1. We Þnd a marked di! erence in
the conÞguration dependence of the two primordial bis-
pectra, local (left panels) and equilateral (right panels),
under consideration.

2.3. Non-Gaussianity from galaxy bias

The galaxy bispectrum is most useful for measuring
galaxy bias. Assuming that galaxy formation is a local
process and depends only on the local matter density

4 The equilateral reduced bispectrum is independent of scale s
only in the second order perturbations. A scale dependence
arises when the higher-order terms are included (Scoccimar ro et al.
1998).

In Fourier space:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
ρ

øρ

" ! ! 1

(4)

τ ! nHI ! ρ2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (5)

β = 2 " 0.7 (γ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2K (k1, k2) P(k1)P(k2) + cycl. (13)
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Bispectrum as a probe of non-linearities
Fourier transform of 3-point function

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

BG (k1 , k2 , k3 ) = 2 F2 (k1 , k2 ) [P(k1 )P(k2) + P(k1)P(k3) + P(k2)P(k3)] (1)

! ! k 1 ! k 2 ! k 3 " = ! D (k1 + k2 + k3)B (k1 , k2 , k3 ) (2)

! k = M (k, a)! k (3)

" obs = (1 + zgas ) " ! (4)

" ! = 1216 ûA (5)

! F (x) = exp
!

# A [1 + ! (x)]"
"

(6)

! (x) $ ! (1) (x) + ! (2) (x) (7)

! F (x) $ G1(A, #)
#
! (1) (x) + ! (2) (x)

$
+

G2(A, #)
2

! (1) (x) (8)

G1(A, #) = # A#, G2(A, #) = # A# (# # 1 # A#) (9)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! T
F (øx) =

w(øx)
øw

[! F (øx) + ! N (øx)] (10)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

! ! F (k)! F (k!)" =
%

døxøx! exp
&
i øk áøx + i øk! áøx! ' [! ! F (øx)! F (øx!)" + ! ! N (øx)! N (øx!)"] [1 + ! w (øx)] [1 + ! w (øx!)] (11)

Using Poisson Eq:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

BG (k1 , k2 , k3 ) = 2 F2 (k1 , k2 ) [P(k1 )P(k2) + P(k1)P(k3) + P(k2)P(k3)] (1)
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In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! T
F (øx) =

w(øx)
øw

[! F (øx) + ! N (øx)] (10)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

! ! F (k)! F (k!)" =
'

døxøx! exp
(
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In Non-Gaussian Universe:    

which leads to    

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation
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" B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (-1)

%2 = P(k) +
1
øn

(-1)

¥ Different to galaxy survey$ points replaced byskewersof lengthL q

¥ density$ NOT determined by comoving number density of QSOnq

$ is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (-1)

! N = detector noise
! F (x

%FT of ! ! F (x)"

where   

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P(k1)P(k2) + cycl. (1)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(2)

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (3)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (4)

PT
q (k) = b2

qP(k) +
1
nq

(5)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (6)

Vf = k2
f kq (7)

kf =
2!

V 1/ 3
(8)

kq
f =

2!

V 1/ 3
q

(9)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(10)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! ! 1

(4)

" ! nHI ! ! 2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (5)

# = 2 " 0.7 ($ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)Monday, 12 October 2009
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The LSS Bispectrum

Total Bispectrum for Non-Gaussian Universe:

need to disentangle the different contributions

Reduced Bispectrum:

Forecasts

Is the expected signal detectable by future experiments?

σfnl =
1

q
F ! 1

2 2
(12)

Fisher Matrix:

Fij = !
∂2L

∂pi ∂pj
" (13)

Fij =
X

k 1 ,k 2 ,k 3" k max

∂B
∂pi

∂B
∂pj

(14)

where i = 1 # 3
Reduced Bispectrum:

Q (k1, k2, k3) =
B (k1, k2, k3)

P (k1)P (k2) + cycl.

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.29/57less sensitive to the cosmological parameters

where

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! ! 1

(4)

" ! nHI ! ! 2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (5)

# = 2 " 0.7 ($ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! ! 1

(4)

" ! nHI ! ! 2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (5)

# = 2 " 0.7 ($ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)
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The LSS Bispectrum

Total Reduced Bispectrum for Non-Gaussian Universe:

where

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

B (k1 , k2 , k3 ) = 2 K (k1 , k2 , k3 ) [P(k1 )P(k2) + cycl.] (1)

Q (k1 , k2 , k3 ) = QG (k1 , k2 , k3 ) + Qng (k1 , k2 , k3 ) (2)

Qng (k1 , k2 , k3 ) = 2 Kng (k1 , k2 , k3 ) (3)

∝ 1
M (k, a)

(4)

∝ 1
D(a)k2 (5)

(6)

Qng (k1 , k2 , k3 ) = 2 Kng (k1 , k2 , k3 ) (7)

∝ 1
M (k, a)

(8)

QG (k1 , k2 , k3 ) = 2 F2 (k1 , k2 , k3 ) (9)

K (k1 , k2 , k3 ) = F2 (k1 , k2 , k3 ) + Kng (k1 , k2 , k3 ) (10)

〈! k 1 ! k 2 ! k 3〉 = ! D(k1 + k2 + k3)B (k1 , k2 , k3 ) (11)

! k = M (k, a)
!
! k + f loc

nl ! 2
k

"
(12)

" obs = (1 + zgas) " ! (13)

" ! = 1216 ûA (14)

! F (x) = exp
#
−A [1 + ! (x)]"

$
(15)

! (x) % ! (1) (x) + ! (2) (x) (16)

On large scales

Poisson Eq.

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! ! 1

(4)

" ∝ nHI ∝ ! 2T ! 0.7! ! 1

A ∝ " bh3T ! 0.7
0 ! ! 1 (5)

# = 2 − 0.7 ($ − 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
ρ

øρ

" ! ! 1

(4)

τ ! nHI ! ρ2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (5)

β = 2 " 0.7 (γ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! −1

(4)

" ! nHI ! ! 2T−0.7! −1

A ! " bh3T−0.7
0 ! −1 (5)

# = 2 " 0.7 ($ " 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)
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The LSS Bispectrum

Total Reduced Bispectrum for Non-Gaussian Universe:

Equilateral configuration: k1 = k2 = k3

0.001 0.010 0.100
k [Mpc/h]

0.0

0.5

1.0

1.5

2.0

2.5

Q

fnl = +/-100
z = 1
z = 4

fnl = 0

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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    +(-) fnl leads to enhancement 
(suppression) of the bispectrum 
on small scales    
       CMB regarded as best probe
   
  primordial NG part grows with 
redshift relative to gravitational 
part 

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! ! 1

(4)

" ∝ nHI ∝ ! 2T ! 0.7! ! 1

A ∝ " bh3T ! 0.7
0 ! ! 1 (5)

# = 2 − 0.7 ($ − 1) (6)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (7)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(8)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (10)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (11)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (12)

B (k1, k2, k3) = 2 K (k1, k2) P(k1)P(k2) + cycl. (13)
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Measuring the LSS Bispectrum

Can the measurement of the Flux Bispectrum from Lya survey (such as BOSS) 
yield competitive constraints on primordial non-Gaussianity?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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     Large scale structure  at high redshift is potentially very powerful probe of 
Primordial non-Gaussianity
          provided part of bispectrum from gravitational instability does not swamp signal

 High-z galaxy surveys could yield constraints that are competitive (if not better)       
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 Þeld
           - relatively straightforward physics in IGM
           - each LOS yielding ~100 measurements       efÞcient probe
           - probe larger redshift range (more volume)

but
- quasar densities are lower         sparse sampling 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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The Lyman-! Forest

Absorption of Lyman-α photons by clumps of thermalized gas seen in
from spectra of distant quasars

Ned WrightÕs websiteCaroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.4/57

HI gas clouds

Observer at z=0
Quasar at z=zq

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

#T
F (øx) =

w(øx)
øw

[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

!#F (k)#F (k!)" =
!

døxøx! exp
"
i øk áøx + i øk! áøx!#[!#F (øx)#F (øx!)" + !#N (øx)#N (øx!)"] [1 + #w (øx)] [1 + #w (øx!)] (4)

where#w (øx) = w(øx )
øw # 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (5)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P3D
F (k) = G2

1(A, $)
"
1 + µ2$

#
P3D

L (k) (6)

wherebeta= ! m (z)0.6/G 1(A, $). But if we are considering the spherically averaged bispectrum then

P3D
F (k) = G2

1(A, $)
$

1 +
2
3

$ +
1
5

$2
%

P3D
L (k) (7)

The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by

P2D
w =

&
!w2"
! øw2 # 1

'
%2

p (8)

øw =
! m max

"#
dm

&$
dnq

dm

%
L q%2

'
w(m) (9)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

#T
F (øx) =

w(øx)
øw

[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then
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where#w (øx) = w(øx )
øw # 1. The power spectrum can then be written as
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In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows
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The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by
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HI gas clouds

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as
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[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then
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as follows
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The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by
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Quasar at z=zq
Observer at z=0

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

#T
F (øx) =

w(øx)
øw

[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then
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The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

#T
F (øx) =

w(øx)
øw

[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

!#F (k)#F (k!)" =
!

døxøx! exp
"
i øk áøx + i øk! áøx!#[!#F (øx)#F (øx!)" + !#N (øx)#N (øx!)"] [1 + #w (øx)] [1 + #w (øx!)] (4)

where#w (øx) = w(øx )
øw # 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (5)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P3D
F (k) = G2

1(A, $)
"
1 + µ2$

#
P3D

L (k) (6)

wherebeta= ! m (z)0.6/G 1(A, $). But if we are considering the spherically averaged bispectrum then
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The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by

P2D
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-" , there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

#T
F (øx) =

w(øx)
øw

[#F (øx) + #N (øx)] (3)

where#F is the signal and#N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then
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where#w (øx) = w(øx )
øw # 1. The power spectrum can then be written as

Ptot
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F (k|| )P
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In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows
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wherebeta= ! m (z)0.6/G 1(A, $). But if we are considering the spherically averaged bispectrum then
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The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

T = T0

!
!
ø!

" ! ! 1

(1)

" ∝ nHI ∝ ! 2T ! 0.7! ! 1

A ∝ " bh3T ! 0.7
0 ! ! 1 (2)

# = 2 − 0.7 ($ − 1) (3)

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P(k1)P(k2) + cycl. (4)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (5)

Bng (k1, k2, k3) = 0 (6)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(7)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(8)

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k " ) + Peff

N (k) (9)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k " ) =

1
nqL q

+ P2D
q (k " ) (10)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32
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where 

(Croft et al. 1997)
(Hui & Grendin 1997)

and 

(Gunn & Peterson 1965)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 8, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

øF = exp

[
! A

(
!
ø!

)!
]

(4)

T = T0

(
!
ø!

)" ! 1

(5)

" " nHI " ! 2T ! 0.7! ! 1

A " " bh3T ! 0.7
0 ! ! 1 (6)

# = 2 ! 0.7 ($ ! 1) (7)

Q (k1, k2, k3) = QG (k1, k2, k3) + Qng (k1, k2, k3) (8)

Qng (k1, k2, k3) =
Bng (k1, k2, k3)

P(k1)P(k2) + cycl.
(9)

QG (k1, k2, k3) =
BG (k1, k2, k3)

P(k1)P(k2) + cycl.
(10)

K (k1, k2) = F2 (k1, k2) + Kng (k1, k2) (11)

Bng (k1, k2, k3) = 2 Kng (k1, k2) P(k1)P(k2) + cycl. (12)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (13)

low temperature therefore pressure gradients subdominant to gravity 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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The Flux Bispectrum

Text

Use FGPA:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

"F (x) = exp ( ! A [1 + " (x)]) (3)

" (x) " " (1) (x) + " (2) (x) (4)

"F (x) " G1(A, #)
!
" (1) (x) + " (2) (x)

"
+

G2(A, #)
2

" (1) (x) (5)

G1(A, #) = ! A#, G2(A, #) = ! A# (# ! 1 ! A#) (6)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

" T
F (øx) =

w(øx)
øw

["F (øx) + "N (øx)] (7)

where"F is the signal and"N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

#"F (k)"F (k!)$=
#

døxøx! exp
$
i øk áøx + i øk! áøx!%[#"F (øx)"F (øx!)$+ #"N (øx)"N (øx!)$] [1 + "w (øx)] [1 + "w (øx!)] (8)

where"w (øx) = w(øx )
øw ! 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (9)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P3D
F (k) = G2

1(A, #)
$
1 + µ2#

%
P3D

L (k) (10)

wherebeta= ! m (z)0.6/G 1(A, #). But if we are considering the spherically averaged bispectrum then

P3D
F (k) = G2

1(A, #)
&

1 +
2
3

# +
1
5

#2
'

P3D
L (k) (11)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 4, 2009)

Noise calculation

! obs = (1 + zgas ) ! ! (1)

! ! = 1216 ûA (2)

"F (x) = exp ( ! A [1 + " (x)]) (3)

" (x) " " (1) (x) + " (2) (x) (4)

"F (x) " G1(A, #)
!
" (1) (x) + " (2) (x)

"
+

G2(A, #)
2

" (1) (x) (5)

G1(A, #) = ! A#, G2(A, #) = ! A# (# ! 1 ! A#) (6)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-$, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

" T
F (øx) =

w(øx)
øw

["F (øx) + "N (øx)] (7)

where"F is the signal and"N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

#"F (k)"F (k!)$=
#

døxøx! exp
$
i øk áøx + i øk! áøx!%[#"F (øx)"F (øx!)$+ #"N (øx)"N (øx!)$] [1 + "w (øx)] [1 + "w (øx!)] (8)

where"w (øx) = w(øx )
øw ! 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (9)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P3D
F (k) = G2

1(A, #)
$
1 + µ2#

%
P3D

L (k) (10)

wherebeta= ! m (z)0.6/G 1(A, #). But if we are considering the spherically averaged bispectrum then

P3D
F (k) = G2

1(A, #)
&

1 +
2
3

# +
1
5

#2
'

P3D
L (k) (11)

Linear bias Non-Linear bias

4

! F (x) ! G1(A, " )
!
! (1) (x) + ! (2) (x)

"
+

G2(A, " )
2

! (1) (x)2 (29)

G1(A, " ) = " A" , G2(A, " ) = " A" (" " 1 " A" ) (30)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-#, there is a
noise contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of
site to the quasars through a given volume is roughly random and gives no information about the matter distribution. So
the number density is not the number of lines passing through a given volume but the average of the absorption in those
lines - this is an estimate of the average matter perturbation. This noise arises because you are looking at 1D skewers
of the underlying density Þeld - if you had more you would get a better map of the density in different places. Along
the line of sight, the noise depends on the amount of ßux which depends on the magnitude of the quasars. The total ßux
perturbation can be written as

! T
F (øx) =

w(øx)
øw

[! F (øx) + ! N (øx)] (31)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing
a quasar at that positionøx. The power spectrum of the total ßux perturbation is then

#! F (k)! F (k!)$=
#

døxøx! exp
$
i øk áøx + i øk! áøx!%[#! F (øx)! F (øx!)$+ #! N (øx)! N (øx!)$] [1 + ! w (øx)] [1 + ! w (øx!)] (32)

where! w (øx) = w(øx )
øw " 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (33)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density

Þeld as follows

P3D
F (k) = G2

1(A, " )
$
1 + µ2"

%
P3D

L (k) (34)

wherebeta= ! m (z)0.6/G 1(A, " ). But if we are considering the spherically averaged bispectrum then

P3D
F (k) = G2

1(A, " )
&

1 +
2
3

" +
1
5

" 2
'

P3D
L (k) (35)

The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers.
The weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the
detector noise. It does not separate out given that the weights and the noise are correlated because the weights depend on
the noise amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power
spectrum of the weights is given by

P2D
w =

(
#w2$
#øw2 " 1

)
$2

p (36)

øw =
# m max

"#
dm

(&
dnq

dm

'
L q$2

)
w(m) (37)

In the above the term in square brackets essentially gives the probability of there being a quasar with magnitudem in a
given pixel volume (and thus takes into account how the sampling effectiveness in the transverse direction depends onm).
This is then weightedw(m) which speciÞes whether we will detect it or not.

#w2$=
# m max

"#
dm

&
dnq

dm

'
w2(m)L q$2 (38)

additional term in bispectrum due to non-linear relationship 
between ßux and density (analogous to galaxy non-linear bias)

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! = ! (1) +
1
2

! (2) + O(! (3) ) (1)

! (k) ! ! (1) (2)

"! F (k1) ! F (k2) ! q (k3)#= BF Q (k1, k2, k3) ! D (k1 + k2 + k3)

"
!
! (1)

F (k1) +
1
2

! (2)
F (k1)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

"
#

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

zmin ! zq$rest, min/ $! andzmax ! zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000$ %p = $/R

¥ Usuable wavelength range of QSO spectrum
3600ûA % $ % 4148ûA

¥ $ > 3600ûA

¥ probing IGM in range2 % z % 3.4

Forg = 22, S/N ! 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A & ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph$ full width %p = $/R

¥ Usuable wavelength range of QSO spectrum
$min = 1041 ûA (Ly-" inßuenced),$min = 1185 ûA (wing of Ly' & emission)

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

2nd order Perturbation theory:

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

Expand to second order:t

(Viel et al. 2004)

(Viel et al. 2002a,b)

Taylor expansion

(see Zaldarriaga, Scoccimarro & Hui 2002 for P(k))

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 12, 2009)

Noise calculation

F (x) ! exp
!

" A [1 + ! (x)]!
"

(1)

! ( x) ! ! (1) x + ! (2) x (2)

! F (x) ! G1(A, " )
#
! (1) x + ! (2) x

$
+

G2(A, " )
2

! (1) x (3)

G1(A, " ) = " A" , G2(A, " ) = " A" (" " 1 " A" ) (4)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-#, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! (x) =
w(x)

w
[! F (x) + ! N (x)] (5)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

#! F (k)! F (k !)$=
%

dxdx ! exp (ik áx + ik ! áx !) [#! F (x)! F (x !)$+ #! N (x)! N (x !)$] [1 + ! w (x)] [1 + ! w (x !)] (6)

where! w (øx) = w(øx )
w " 1. The power spectrum can then be written as

P tot
F (øk) = P 3D

F (øk) + P 1D
F (k|| )P

2D
w + P ef f

N (7)

In the above,P 3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P 3D
F (k) = G2

1(A, " )
&
1 + µ2"

'
P 3D

L (k) (8)

wherebeta = ! m (z)0.6/G1(A, " ). But if we are considering the spherically averaged bispectrum then

P 3D
F (k) = G2

1(A, " )
(

1 +
2
3

" +
1
5

" 2
)

P 3D
L (k) (9)

The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise

expand
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The Flux Bispectrum

Text

Detecting non-Gaussianity from the Lyman-α forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D (k1 + k2 + k3)

! = ! (1) +
1
2

! (2) + O(! (3)) (1)

! (k) # ! (1) (2)

! ! F (k1) ! F (k2) ! q (k3)" = BF Q (k1, k2, k3) ! D (k1 + k2 + k3)

!
!
! (1)

F (k1) +
1
2

! (2)
F (k1)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

"
"

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

zmin # zq$rest, min/ $! andzmax # zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000$ %p = $/R

¥ Usuable wavelength range of QSO spectrum
3600ûA % $ % 4148ûA

¥ $ > 3600ûA

¥ probing IGM in range2 % z % 3.4

Forg = 22, S/N # 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A & ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

The Flux Bispectrum

!! F (k 1) ! F (k 2) ! F (k 3)" = BF (k 1, k 2, k 3) ! D ((k 1) + (k 2) + (k 3))

!
È
! (1)

F (k 1) +
1
2

! (2)
F (k 1)

Ð È
! (1)

F (k 2) +
1
2

! (2)
F (k 2)

Ð È
! (1)

F (k 2) +
1
2

! (2)
F (k 2)

Ð
"

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P (k1)P (k2) + cycl.

similar to galaxy surveys

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.22/57

2

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A ! ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph" full width ! p = " /R

¥ Usuable wavelength range of QSO spectrum
" min = 1041 ûA (Ly-# inßuenced)," min = 1185 ûA (wing of Ly# $ emission)

¥ probing IGM in rangezmin $ zq" min/ " ! andzmax $ zq" max/ " !

¥ " > 3600ûA

# 2 ln = constant+
3!

i,j=1

pipj (5)

%2 =
!

T

"
Bobs (k1, k2, k3) #

#
i piB i (k1, k2, k3)

$2

! B 2
123

&fnl =
1

%
F ! 1

22

(6)

Fisher Matrix:

Fij = %
' 2

' pi' pj
& (7)

Fij =
!

k1,k2,k3" kmax

' B th

' pi

' B th

' pj

1
! B 2

123
(8)

wherei = 1 # 3

%(F (k1) (F (k2) (F (k3)&= BF (k1, k2, k3) (D ((k1) + ( k2) + ( k3))

%(F (k1) (F (k2) (F (k3)&= BF (k1, k2, k3) (D ((k1) + ( k2) + ( k3))

%
&
M (k1, a)( " (k1) + " 2)

' &
M (k2, a)( " (k2) + " 2)

' &
M (k3, a)( " (k3) + " 2)

'
&

(
( (1) (k2) +

1
2

( (2) (k2)
) (

( (1)
F (k2) +

1
2

( (2)
F (k2)

)
&

BF (k1, k2, k3) = 2 G3
1K (k1, k2) [P(k1)P(k2) + cycl.] + G2

1G2 [P(k1)P(k2) + cycl.]

(8)

3

BF (k1, k2, k3) = G3
1BG (k1, k2, k3) + G3

1Bng (k1, k2, k3) + G2
1G2 [P(k1)P(k2) + cycl.]

(8)

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (8)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (8)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (8)

#2 = P(k) +
1
øn

(8)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (8)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

$ & " 2
bh3T ! 0.7

0 #! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

'
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ( L q

Nq
=

1
nq

' Vp =
V
Nq

%p

L q

Flux Bispectrum:

Fourier space:

For typical values of A and    , G1 and G2 <1
         ßux bispectrum is suppressed relative to matter bispectrum

2

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

kq
f =

2!

V 1/ 3
q

(12)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(13)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (14)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(15)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (16)

" (k) # " (1) (17)

"q # bq" (1) (18)

" (1)
F (k) = G1" (1) (k) (19)

" (2)
F (k) = G1" (2) (k) + G2 (20)

! "F (k1) "F (k2) "q (k3)" = BF Q (k1, k2, k3) "D (k1 + k2 + k3)

!
!
" (1)

F (k1) +
1
2

" (2)
F (k1)

" !
" (1)

F (k2) +
1
2

" (2)
F (k2)

" !
" (1)

F (k2) +
1
2

" (2)
F (k2)

"
"

BF = 2G1(A, #)2 [G1 (A, #) $ (k1, k2) + G2 (A, #)] P(k1)P(k2) + cycl.

zmin # zq%rest, min/ %! andzmax # zq%rest, max/ %!

%= wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations
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Forecasts

Write the theoretical bispectrum as:

B th = G3
1

È
BG (k1, k2, k3) + f nl

1
f nl

BNG (k1, k2, k3)
Ð
+ G2

1G2 [P (k1)P (k2) + cycl.]

Suppose the observed Bobs is Þtted with a theoretical modelB th using:

! 2 =
X

k1 ! k2 ! k3

`
Bobs (k1, k2, k3) !

P
i pi B i (k1, k2, k3)

«2

" 2
B (k1, k2, k3)

where
p1 = G3

1, p2 = f nl , p3 = G2
1G2

Likelihood:
! 2 ln L = constant + ! 2

(11)

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.28/57

Forecasts:   A simple matrix analysis

* can we disentangle the different contributions to the ßux bispectrum 
within the noise limits of a lyman-alpha survey?

Assume Ideal Survey Geometry 
Assume bispectrum estimates are Gaussian distributedDetecting non-Gaussianity from the Lyman-! forest: Noise calculation

(Dated: October 5, 2009)

Noise calculation

! 2 =
!

T

"
Bobs (k1, k2, k3) !

#
i pi B i (k1, k2, k3)

$2

∆B2

" fnl =
1

%
F ! 1

22

(1)

Fisher Matrix:

Fij = "
#2

#pi #pj
# (2)

Fij =
!

k1 ,k 2 ,k 3 " kmax

#B

#pi

#B

#pj
(3)

wherei = 1 ! 3

"$F (k1) $F (k2) $F (k3)#= BF (k1, k2, k3) $D ((k1) + ( k2) + ( k3))

"$F (k1) $F (k2) $F (k3)#= BF (k1, k2, k3) $D ((k1) + ( k2) + ( k3))

"
&
M (k1, a)(Φ (k1) + Φ2)

' &
M (k2, a)(Φ (k2) + Φ2)

' &
M (k3, a)(Φ (k3) + Φ2)

'
#

(
$(1) (k2) +

1
2

$(2) (k2)
) (

$(1)
F (k2) +

1
2

$(2)
F (k2)

)
#

BF = 2G1(A, %)2 [G1 (A, %) &(k1, k2) + G2 (A, %)] P (k1)P (k2) + cycl.

öB123 =
Vf

V123

*
d3q1

*
d3q2

*
d3q2$q1 $q2 $q3 $D (q1 + q2 + q3) (2)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
*

d3q1

*
d3q2

*
d3q3$D (q1 + q2 + q3) $ 8' 2k1k2k3$k1$k2$k3 (2)

∆B2(k1, k2, k3) = Vf
s123

V123
P T

F (k1)P T
F (k2)P T

F (2)

" 2 = P (k) +
1
øn

(2)
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Is the expected signal detectable by future Lyman-alpha surveys?

Likelihood:

Forecasts

Write the theoretical bispectrum as:

B th = G3
1

È
BG (k1, k2, k3) + f nl

1
f nl

BNG (k1, k2, k3)
Ð
+ G2

1G2 [P (k1)P (k2) + cycl.]

Suppose the observed Bobs is Þtted with a theoretical modelB th using:

! 2 =
X

k 1 ! k 2 ! k 3

`
Bobs (k1, k2, k3) !

P
i pi B i (k1, k2, k3)

«2

" 2
B (k1, k2, k3)

where
p1 = G3

1, p2 = f nl , p3 = G2
1G2

Likelihood:
! 2 ln L = constant + ! 2

(11)

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.28/57

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Fij = !
! 2

! pi! pj
"

1
! 2

B

(1)

Noise calculation

# 2 ln = constant+
3!

i,j=1

pipj (2)

" 2 =
!

T

"
Bobs (k1, k2, k3) #

#
i piB i (k1, k2, k3)

$2

! B 2
123

#fnl =
1

%
F−1

22

(3)

Fisher Matrix:

Fij = !
! 2

! pi! pj
" (4)

Fij =
!

k1,k2,k3≤kmax

! B th

! pi

! B th

! pj

1
! B 2

123
(5)

wherei = 1 # 3

!$F (k1) $F (k2) $F (k3)" = BF (k1, k2, k3) $D ((k1) + (k2) + (k3))

!$F (k1) $F (k2) $F (k3)" = BF (k1, k2, k3) $D ((k1) + (k2) + (k3))

!
&
M (k1, a)(" (k1) + " 2)

' &
M (k2, a)(" (k2) + " 2)

' &
M (k3, a)(" (k3) + " 2)

'
"

(
$(1) (k2) +

1
2

$(2) (k2)
) (

$(1)
F (k2) +

1
2

$(2)
F (k2)

)
"

BF = 2G1(A, %)2 [G1 (A, %) &(k1, k2) + G2 (A, %)] P(k1)P(k2) + cycl.

B̂123 =
Vf

V123

*
d3q1

*
d3q2

*
d3q2$q1$q2$q3$D (q1 + q2 + q3) (4)

Forecasts

Fij =
k maxX

k 1 = k min

k 1X

k 2 = k min

k 2X

k 3 = k !
min

Qi
F (k1, k2, k3) Qj

F (k1, k2, k3)
! Q2

F (k1, k2, k3)

where k!
min = max (kmin , |k1 ! k2|)

not including covariance between pi and cosmological parameters
rightarrow should be OK - long-range features in the UV

background? prob not going to produce the same k-dependent signal as
NG

not including covariance between different triangular conÞgurations

- include reshift distortions -bias

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.30/57

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! fnl =
1

!
F−1

22

(1)

Fisher Matrix:

Fij = !
" 2

" pi " pj
" (2)

Fij =
"

k1,k 2,k 3≤kmax

" B
" pi

" B
" pj

(3)

wherei = 1 # 3

!#F (k1) #F (k2) #F (k3)" = BF (k1, k2, k3) #D ((k1) + ( k2) + ( k3))

!#F (k1) #F (k2) #F (k3)" = BF (k1, k2, k3) #D ((k1) + ( k2) + ( k3))

!
#
M (k1, a)( ! (k1) + ! 2)

$ #
M (k2, a)( ! (k2) + ! 2)

$ #
M (k3, a)( ! (k3) + ! 2)

$
"

%
#(1) (k2) +

1
2

#(2) (k2)
& %

#(1)
F (k2) +

1
2

#(2)
F (k2)

&
"

BF = 2G1(A, $)2 [G1 (A, $) %(k1, k2) + G2 (A, $)] P(k1)P(k2) + cycl.

öB123 =
Vf

V123

'
d3q1

'
d3q2

'
d3q2#q1#q2#q3#D (q1 + q2 + q3) (2)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
'

d3q1

'
d3q2

'
d3q3#D (q1 + q2 + q3) $ 8&2k1k2k3#k1#k2#k3 (2)

" B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (2)

! 2 = P(k) +
1
øn

(2)

¥ Different to galaxy survey% points replaced byskewersof lengthL q

Reduced Bispectrum:

Fisher matrix:

Forecasts:   A simple matrix analysis
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T! 0.7

0 " ! 1

Ptot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

Use estimator:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T ! 0.7

0 " ! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2δq1 δq2 δq3 δD (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3δD (q1 + q2 + q3) ! 8π2k1k2k3δk1δk2δk3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

σ2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

δ(x) = [1 + δw (x)] [δF (x) + δN (x)] (5)

δN = detector noise
δF (x

# FT of $δF (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

ω2
bh3T ! 0.7

0 " ! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$δw δ"
w %$δF δ"

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$δN δ"

w %$δw δ"
N %

Peff
N =

σ2
N

nq

%p

L q

Usual pixelated white noise:PN = σ2
N Vp whereσ2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

= number of triangles (all conÞgurations) in volume with   k1+k2+k3=0  

Forecasts:   A simple matrix analysis

The Flux Bispectrum

The Variance

Use the estimator

öB123 =
Vf

V123

Z
d3q1

Z
d3q2

Z
d3q3δq1 δq2 δq3 δD (q1 + q2 + q3) (3)

Factor Vf
V123

= approximates number of triangles in survey volume

Vf = (2 ! ) 3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
Z

d3q1

Z
d3q2

Z
d3q3δD (q1 + q2 + q3) ! 8π2k1k2k3δk1δk2δk3 (4)

! B 2(k1, k2, k3) = Vf
s123

V123
P T

F (k1)P T
F (k2)P T

F (5)

Note:
Vf = volume of survey in Fourier space

P T
F = more complicated in case of Lya

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.23/57

Variance depends on survey volume and total ßux power (including noise)

The Variance:

(Scoccimarro et al. 1998)
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For a galaxy survey:

The Flux bispectrum

The Variance

For galaxy survey:

! 2 = P(k) +
1
øn

(6)

Different to galaxy survey ! points replaced by skewers of length L q

density ! NOT determined by comoving number density of QSO nq

! is determined by mean absorption along LOS

Weighted density Þeld:

" meas
F (x ) = [1 + "w(x )] ["F (x ) + "N (x )] (7)

"N = detector noise
" FT of #"F (x )$

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P eff

N (8)Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.25/57

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

The Flux bispectrum

The Variance

Different to galaxy survey ! points replaced by skewers of length L q

! pixel size ! is set by resolution of spectrograph

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.24/57

Lq

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Ly-a emission line wing + trough

Forecasts:   A simple matrix analysis

The Noise:
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For a galaxy survey:

The Flux bispectrum

The Variance

For galaxy survey:

! 2 = P(k) +
1
øn

(6)

Different to galaxy survey ! points replaced by skewers of length L q

density ! NOT determined by comoving number density of QSO nq

! is determined by mean absorption along LOS

Weighted density Þeld:

" meas
F (x ) = [1 + "w(x )] ["F (x ) + "N (x )] (7)

"N = detector noise
" FT of #"F (x )$

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P eff

N (8)Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.25/57

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

The Flux bispectrum

The Variance

Different to galaxy survey ! points replaced by skewers of length L q

! pixel size ! is set by resolution of spectrograph
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Lq

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Ly-a emission line wing

The Flux bispectrum

The Variance

Different to galaxy survey ! points replaced by skewers of length L q

! pixel size ! is set by resolution of spectrograph
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Forecasts:   A simple matrix analysis

The Noise:
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The Noise:

For a galaxy survey:

The Flux bispectrum

The Variance

For galaxy survey:

! 2 = P(k) +
1
øn

(6)

Different to galaxy survey ! points replaced by skewers of length L q

density ! NOT determined by comoving number density of QSO nq

! is determined by mean absorption along LOS

Weighted density Þeld:

" meas
F (x ) = [1 + "w(x )] ["F (x ) + "N (x )] (7)

"N = detector noise
" FT of #"F (x )$

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P eff

N (8)Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.25/57

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

  density       not determined by comoving number of quasars
                    determined by mean absorption along lines of sight 

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! ( x) ! ! (1) x + ! (2) x (1)

! F (x) ! G1(A, " )
!
! (1) x + ! (2) x

"
+

G2(A, " )
2

! (1) x (2)

G1(A, " ) = " A" , G2(A, " ) = " A" (" " 1 " A" ) (3)

In a galaxy survey, there is Poisson noise - how well one probes the underlying density Þeld depends on the number of
galaxies. The more galaxies in the survey, the better the density Þeld is mapped. In the case of the Lyman-#, there is a noise
contribution due to the discrete transverse sampling. The situation is however complicated by the fact that lines of site to the
quasars through a given volume is roughly random and gives no information about the matter distribution. So the number density
is not the number of lines passing through a given volume but the average of the absorption in those lines - this is an estimate of
the average matter perturbation. This noise arises because you are looking at 1D skewers of the underlying density Þeld - if you
had more you would get a better map of the density in different places. Along the line of sight, the noise depends on the amount
of ßux which depends on the magnitude of the quasars. The total ßux perturbation can be written as

! (x) =
w(x)

w
[! F (x) + ! N (x)] (4)

where! F is the signal and! N is the noise term, which are then weighted byw, which measures the probability of seeing a quasar
at that positionøx. The power spectrum of the total ßux perturbation is then

#! F (k)! F (k !)$=
#

dxdx! exp (ik áx + ik ! áx !) [#! F (x)! F (x !)$+ #! N (x)! N (x !)$] [1 + ! w (x)] [1 + ! w (x !)] (5)

where! w (øx) = w(øx )
w " 1. The power spectrum can then be written as

Ptot
F (øk) = P3D

F (øk) + P1D
F (k|| )P

2D
w + Peff

N (6)

In the above,P3D
F (k) is the ßux that would be measured if it was perfectly measured and related to the underlying density Þeld

as follows

P3D
F (k) = G2

1(A, " )
$
1 + µ2"

%
P3D

L (k) (7)

wherebeta= ! m (z)0.6/G 1(A, " ). But if we are considering the spherically averaged bispectrum then

P3D
F (k) = G2

1(A, " )
&

1 +
2
3

" +
1
5

" 2
'

P3D
L (k) (8)

The second term is technically signal but acts as sampling noise and arises due to the discrete sampling in the transverse
directions (aliasing term). So it is the 1D power measured along that particular skewer and there arenq of these skewers. The
weights are uncorrelated in transverse directions and perfectly correlated in the radial direction. The last term is the detector
noise. It does not separate out given that the weights and the noise are correlated because the weights depend on the noise
amplitude. The weights depend on the magnitudes of the quasars and hence the luminosty function. The power spectrum of the
weights is given by

P2D
w =

(
#w2$
#øw2 " 1

)
$2

p (9)

probability of observing quasar at x

Forecasts:   A simple matrix analysis

Introduce weights:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

w(x) = 1 (1)

w(x) = 0 (2)

T = T0

!
!
ø!

" ! ! 1

(3)

" ! nHI ! ! 2T ! 0.7! ! 1

A ! " bh
3T ! 0.7

0 ! ! 1 (4)

# = 2 " 0.7 ($ " 1) (5)

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P (k1)P (k2) + cycl. (6)

BG (k1, k2, k3) = 2 F2 (k1, k2) P (k1)P (k2) + cycl. (7)

Bng (k1, k2, k3) = 0 (8)

Kng (k1, k2, k3) = fnl
M (|k1|)

M (|k2|)M (|k2|))
(9)

Kng (k1, k2, k3) = fnl
M (|k1|)

M (|k2|)M (|k2|))
(10)

P T
F (k) = P 3D

F (k) + P 1D
F (k || )P

2D
w (k " ) + P ef f

N (k) (11)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

w(x) = 1 (1)

w(x) = 0 (2)

T = T0

!
!
ø!

" γ! 1

(3)

" ! nHI ! ! 2T ! 0.7! ! 1

A ! " bh3T ! 0.7
0 ! ! 1 (4)

# = 2 " 0.7 ($ " 1) (5)

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P(k1)P(k2) + cycl. (6)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (7)

Bng (k1, k2, k3) = 0 (8)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(9)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(10)

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k " ) + Peff

N (k) (11)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32

Quasar detected

No quasar detected

MacDonald & Eisenstein (2007)
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three-dimensional space Ð if some location is not probed by aquasar line of sight, the weight is simply zero. The
correlation of Fourier modes of! (x) is

! ! k ! k ! " =
!

dx dx! exp(ik áx + ik! áx! ) ["F (x # x! ) + "N (x, x! )] [1 + ! w (x)][1 + ! w (x! )] , (11)

deÞning! w (x) = w(x)/ øw # 1, and "X (x, x! ) = ! ! X (x)! X (x! )".
We do not know the weights in advance, because they depend on the random quasar locations and luminosities.

We can, however, evaluate the average of the weight term, which should give us a good estimate of the constraining
power of the survey (for a typical survey of $ 10000 quasars, a quantity measured from a single realization should
not deviate much from the average quantity). Our pixel weights will be approximately uncorrelated in the transverse
directions, and perfectly correlated in the radial direction (for simplicity we are assuming pixels in the same spectrum
have the same noise). For a continuous white noise Þeld," (x) = P ! D (x), where P is the constant power spectrum
of the Þeld. This gives

! ! w (x)! w (x! )" = P2D
w ! D (x" ) (12)

where P2D
w is the power spectrum of! w in the two angular directions. This means

! ! k ! k ! " % (2#)3! D (k + k! )
"
PF (k) + P1D

F (k#)P2D
w + Pe!

N

#
, (13)

where P1D
F (k#) is the usual 1D ßux power spectrum measured along single lines of sight, andPe!

N is the weighted
noise power, which does not separate like the other term because the weights depend on the noise amplitude. Note
that modes with di ! erent k are still approximately uncorrelated.

We now need to evaluate theP2D
w term. The low-k power spectrum for a pixelated white noise Þeld is P = $2v, where

$2 is the pixel variance andv is the pixel volume (in a general sense, i.e., here the volumeis actually an area because
we are working in two dimensions). As a computational device, let us imagine pixelating the transverse directions
into small cells of angular width l (we will eventually take l & 0). Then, P2D

w = $2
w l2, with $2

w =
$
w2

%
/ øw2 # 1. The

noise in a spectrum is a function of the apparent magnitude ofthe quasar, so the mean weight is

øw =
! m max

$%
dm

dnq

dm
L q l2 w(m) ' l 2L qI 1 . (14)

Note that L ql2dnq/dm is the probability that a given small volume of the IGM will be probed by a line of sight to a
quasar of apparent magnitudem. Similarly,

$
w2%

=
! m max

$%
dm

dnq

dm
L q l2 w2(m) ' l 2L qI 2 . (15)

Therefore, in the limit l & 0,

P2D
w =

I 2

I 2
1 L q

(16)

A similar calculation leads to

Pe!
N =

I 3lp
I 2

1 L q
(17)

where

I 3 '
! m max

$%
dm

dnq

dm
$2

N (m)w2(m) . (18)

Note that I 1L q/l p is something like an e! ective 3D pixel density (recall that lp is the pixel width), while I 3/I 1 is the
e! ective noise variance in these pixels.

We take the weights to have the simple Feldman, Kaiser, & Peacock (hereafter FKP) inverse variance form [30],

w(m) =
PS /P N (m)

1 + PS/P N (m)
, (19)

The Noise:

Fourier Transform of 2 point function

1.   Sampling noise:    

Perfect Signal
Sampling noise

Detector noise

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T ! 0.7

0 " ! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T ! 0.7

0 " ! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

The Flux bispectrum

The Variance

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P eff

N (9)

Two sources of error: (Large scales)

1. discrete transverse sampling ! ! w ! !
w "! ! F ! !

F "
Assuming QSOÕs are randomly distributed

P 2D
w =

1
nqL q

#
P 1D

F (k|| )
nqL q

$ k-dependent $ Aliasing-like noise
$ reduces to Poisson noise in 0D case

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.26/57

assume quasars randomly distributed  

aliasing-like noise due to discrete transverse sampling
            reduced to Poisson in zero-D limit

Forecasts:   A simple matrix analysis

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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three-dimensional space Ð if some location is not probed by aquasar line of sight, the weight is simply zero. The
correlation of Fourier modes of! (x) is

! ! k ! k ! " =
!

dx dx! exp(ik áx + ik! áx! ) ["F (x # x! ) + "N (x, x! )] [1 + ! w (x)][1 + ! w (x! )] , (11)

deÞning! w (x) = w(x)/ øw # 1, and "X (x, x! ) = ! ! X (x)! X (x! )".
We do not know the weights in advance, because they depend on the random quasar locations and luminosities.

We can, however, evaluate the average of the weight term, which should give us a good estimate of the constraining
power of the survey (for a typical survey of $ 10000 quasars, a quantity measured from a single realization should
not deviate much from the average quantity). Our pixel weights will be approximately uncorrelated in the transverse
directions, and perfectly correlated in the radial direction (for simplicity we are assuming pixels in the same spectrum
have the same noise). For a continuous white noise Þeld," (x) = P ! D (x), where P is the constant power spectrum
of the Þeld. This gives

! ! w (x)! w (x! )" = P2D
w ! D (x" ) (12)

where P2D
w is the power spectrum of! w in the two angular directions. This means

! ! k ! k ! " % (2#)3! D (k + k! )
"
PF (k) + P1D

F (k#)P2D
w + Pe!

N

#
, (13)

where P1D
F (k#) is the usual 1D ßux power spectrum measured along single lines of sight, andPe!

N is the weighted
noise power, which does not separate like the other term because the weights depend on the noise amplitude. Note
that modes with di ! erent k are still approximately uncorrelated.

We now need to evaluate theP2D
w term. The low-k power spectrum for a pixelated white noise Þeld is P = $2v, where

$2 is the pixel variance andv is the pixel volume (in a general sense, i.e., here the volumeis actually an area because
we are working in two dimensions). As a computational device, let us imagine pixelating the transverse directions
into small cells of angular width l (we will eventually take l & 0). Then, P2D

w = $2
w l2, with $2

w =
$
w2

%
/ øw2 # 1. The

noise in a spectrum is a function of the apparent magnitude ofthe quasar, so the mean weight is

øw =
! m max

$%
dm

dnq

dm
L q l2 w(m) ' l 2L qI 1 . (14)

Note that L ql2dnq/dm is the probability that a given small volume of the IGM will be probed by a line of sight to a
quasar of apparent magnitudem. Similarly,

$
w2%

=
! m max

$%
dm

dnq

dm
L q l2 w2(m) ' l 2L qI 2 . (15)

Therefore, in the limit l & 0,

P2D
w =

I 2

I 2
1 L q

(16)

A similar calculation leads to

Pe!
N =

I 3lp
I 2

1 L q
(17)

where

I 3 '
! m max

$%
dm

dnq

dm
$2

N (m)w2(m) . (18)

Note that I 1L q/l p is something like an e! ective 3D pixel density (recall that lp is the pixel width), while I 3/I 1 is the
e! ective noise variance in these pixels.

We take the weights to have the simple Feldman, Kaiser, & Peacock (hereafter FKP) inverse variance form [30],

w(m) =
PS /P N (m)

1 + PS/P N (m)
, (19)

The Noise:

Fourier Transform of 2 point function

2.   Detector Noise:    

Perfect Signal
Sampling noise

Detector noise

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2 ! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T ! 0.7

0 " ! 1

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

Usual pixelated white noise:   

each line of sight - series of pixels of length lp

The Flux bispectrum

The Variance

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P ef f

N (10)

Two sources of error: (Large scales)
2. Detector noise: ! ! N ! !

w "! ! w ! !
N "

P ef f
N =

" 2
N

nq

#p

Lq

Usual pixelated white noise: PN = " 2
N Vp where " 2

N = noise variance, Vp =
pixel volume

Vp =
A # Lq

Nq
=

1
nq

$ Vp =
V
Nq

#p

Lq

Taking slice of width #p and dividing it by Nq
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The Flux bispectrum

The Variance

P tot
F (k ) = P 3D

F (k ) + P 1D
F (k|| )P

2D
w + P eff

N (10)

Two sources of error: (Large scales)
2. Detector noise: ! ! N ! !

w "! ! w ! !
N "

P ef f
N =

" 2
N

nq

#p

L q

Usual pixelated white noise: PN = " 2
N Vp where " 2

N = noise variance, Vp =
pixel volume

Vp =
A # L q

Nq
=

1
nq

$ Vp =
V
Nq

#p

L q

Taking slice of width #p and dividing it by Nq
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Forecasts:   A simple matrix analysis

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 7, 2009)

Noise calculation

Vp =
Volume

no. of pixels
(1)

w(x) = 1 (2)

w(x) = 0 (3)

T = T0

!
!
ø!

" ! −1

(4)

" ! nHI ! ! 2T−0.7! −1

A ! " bh3T−0.7
0 ! −1 (5)

# = 2 " 0.7 ($ " 1) (6)

Bng (k1, k2, k3) = 2 Kng (k1, k2, k3) P(k1)P(k2) + cycl. (7)

BG (k1, k2, k3) = 2 F2 (k1, k2) P(k1)P(k2) + cycl. (8)

Bng (k1, k2, k3) = 0 (9)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(10)

Kng (k1, k2, k3) = f nl
M (|k1|)

M (|k2|)M (|k2|))
(11)

PT
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w (k⊥) + Peff

N (k) (12)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

where
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zq
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Comoving number density of quasars
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Assume spectrograph with at full width

3

A. Assumed data set

We assume a square survey with areaA and comoving number density of quasarsnq. We usually ignore evolution
across the redshift extent of the survey, e.g.,nq is the density at the central redshift. One would of course need to
consider evolution in an analysis of real data, but, as we will show, the resulting error bars will not be increased
relative to a Fisher matrix estimate that ignores evolution. nq will be a function of the central redshift and magnitude
limit of the survey, based on the luminosity function, dn q

dm (z), taken from [28]. Beyond setting nq, the luminosity
function is relevant for setting the distribution of noise levels in spectra. We assume that the survey probes the
forest in the observed wavelength range! min < ! < ! max , which we translate to zmin and zmax using ! = ! ! (1 + z)
(with ! ! = 1216ûA). The central redshift is just ( zmin + zmax )/ 2. We assume the usable rest wavelength range in a
single spectrum is! rest ,min < ! rest < ! rest ,max , generally using! rest ,min = 1041ûA and ! rest ,max = 1185ûA (this is very
conservative - one could probably extend the baryonic oscillation analysis into the Lyman-" -inßuenced region without
much di! culty). We will occasionally call the length in the I GM probed by a single line of sightL q (∼ 330h! 1 Mpc
for these limits). The spectrograph is assumed to have rms resolution #R (FWHM = 2 .355 #R = ! /R ). Spectral
pixels are assumed to have full widthlp = #R . We assume rms noise per pixel#N , in units of the mean transmitted
ßux level in the forest.

B. Fisher matrix calculation

We estimate the errors on parameterspi , obtainable using a future survey, to be (F ! 1)ii , where Fij is the Fisher
matrix [29]:

Fij =
!

$2L
$pi $pj

"
, (7)

with

2L = ln det C + %T C! 1%+ constant (8)

for a real mean zero Gaussian vector%of data points with covariance matrix Cij (p) = 〈%i %j 〉. From [29] (and references
therein), we have

Fij =
1
2

Tr
#

C! 1 $C
$pi

C! 1 $C
$pj

$
. (9)

We could always take%i to be individual pixels in spectra and evaluate Eq. (9) by brute force; however, this calculation
would quickly become di! cult. For example, our Þducial survey would have about 40 million pixels. While we could
probably reduce this number enough to produce a reasonably invertible covariance matrix by scaling up from a much
smaller survey and pushing the pixel size and angular sampling to just barely resolve the BAO feature, it is better to
look for a more e! cient method.

Methods for applying the Fisher matrix formalism to a BAO survey using galaxies are well-developed [17]. Counts
of galaxies (say, in cells smaller than the scale of interest) are the density Þeld of interest, but the calculations are
done in Fourier space. Assuming an approximately uniform selection function, the covariance matrix of Fourier
modes is approximately diagonal if the wavenumberkj is discretized in bands of width 2&/L j , where L j is the
survey width in direction j . The covariance matrix of the real and imaginary parts of Fourier modes is simply
Cii (p) = 1

2 [Pg(k i , p) + PN ], where Pg is the redshift-space galaxy power spectrum andPN = 1 / øng is the Poisson
noise power for mean galaxy density øng. Simple formulas for the Fisher matrix as an integral overk can be derived.

The Ly' forest is slightly more complicated. Here, the quasar linesof sight going through some volume are
approximately random. Our density estimate for the volume is not determined by the number of lines of sight probing
it, but rather by some average of the absorption in those lines of sight. Working toward a covariance matrix of Fourier
modes, we will take%i in the Fisher matrix to be the Fourier modes of the weighted density Þeld

%(x) =
w(x)

øw
[%F (x) + %N (x)] . (10)

where %F (x) = %F (z, ( ) = F (z, ( )/ øF − 1 where F = exp(−) ) is the transmitted ßux fraction in the forest, %N (x)
is the spectral noise,w(x) is the weight at x, and øw is the mean weight. We will not specify the weights at this
point, but generally they should depend on pixel noise variance. The relevant quantities are all deÞned over fully

Usable part of QSO spectrum:
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

zmin ! zq! rest, min/ ! ! andzmax ! zq! rest, max/ ! !

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A " ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph# full width "p = ! /R

¥ Usuable wavelength range of QSO spectrum
! min = 1041 ûA (Ly-# inßuenced),! min = 1185 ûA (wing of Ly$ $ emission)

¥ probing IGM in rangezmin ! zq! min / ! ! andzmax ! zq! max / ! !

¥ ! > 3600ûA

$ 2 ln = constant+
3!

i,j =1

pi pj (1)
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!

T

"
Bobs (k1, k2, k3) $

#
i pi B i (k1, k2, k3)

$2

! B 2
123

&fnl =
1

%
F ! 1

22
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Fisher Matrix:

Fij = %
' 2

' pi ' pj
& (3)

Fij =
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k1 ,k 2 ,k 3 " kmax

' Bth

' pi

' Bth

' pj

1
! B 2

123
(4)

wherei = 1 $ 3

%(F (k1) (F (k2) (F (k3)&= BF (k1, k2, k3) (D ((k1) + ( k2) + ( k3))
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%
&
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' &
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'
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
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Length of IGM Redshift range of IGM probed by single LOS:

Survey speciÞcations:
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Usuable wavelength range of QSO
spectrum
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probing IGM in range
zmin $ zq" min / " ! and
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Choice of kmin and kmax

Largest scales: Length of IGM probed by line of sight of QSO at øzq L q

kmin =
2!
L q

(15)

where L q is the length of IGM probed by the line of sight.
Should be insensitive To be conservative, we use 1.5kmin as a cut-off
because of the need to Þt the continuum

Smallest scale: Linear regime for z
Structure remain in the linear regime on smaller scales at higher
redshifts.
Must also need to consider associated with the effective mean density of
quasars (because QSO in this case are random, they have no signal
therefore to Nyq frequency)

Ly-" surveys ! probing IGM at high-z therefore large kmax

choose to remain linear regimeCaroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.32/57
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redshifts.
Must also need to consider associated with the effective mean density of
quasars (because QSO in this case are random, they have no signal
therefore to Nyq frequency)

Ly-" surveys ! probing IGM at high-z therefore large kmax

choose to remain linear regimeCaroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.32/57

      Smallest scales:    using quasi-linear regime
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ter predictions for the power spectrum and bispectrum.
Further progress is required particularly for understand-
ing redshift distortions (Scoccimarro 2004).

In this paper we use a very simple prescription for get-
ting kmax . We choosekmax so that ! (Rmin , z) = 0 .5
and kmax = " / (2Rmin ). The main motivation for this
choice being that for small perturbations in the mat-
ter distribution, say, ! (R, z) < 1, one may reasonably
expect that an analytical model for non-linearities is vi-
able. Note that kmax derived in this way depends onz,
as ! (R, z) = ! (R, 0)D(z)/D (0).

An alternative, much more conservative estimate of
kmax could be given by requiring that the error on b1 de-
rived from the tree-level bispectrum for somekmax does
not exceed the higher-order (Ò1-loopÓ, or 4th-order per-
turbation) corrections in perturbation theory to the re-
duced matter bispectrum at the samekmax . SpeciÞcally,
one may use

! b1

b1
!

! Q1! loop
eq (kmax )

Qtree
eq (kmax )

, (33)

to determine kmax . Here, ! b1 is computed including all
scales down tokmax and ! Q1! loop (kmax ) is the 1-loop
corrections (Scoccimarro 1997; Scoccimarro et al. 1998)
to the tree-level reduced bispectrum,Qtree , evaluated for
equilateral conÞgurations with k1 = k2 = k3 = kmax .
This approach, however, makes no use of a large amount
of information on small scales, and is far from being op-
timal. Also, the 1-loop correction to the bispectrum, as
it is the case for the power spectrum, tends to overesti-
mate the non-linear behaviour measured in simulations,
thereby making this approach even more conservative
than necessary. In Sec. 4.1.2 we shall compare these two
approaches as a function of volume and number density.
For the expressions of the 1-loop corrections to the re-
duced bispectrum see, e.g., Bernardeau et al. (2002).

3.4. Fiducial values for the galaxy bias parameters

The galaxy bias parameters,b1 and b2, depend on a
number of factors, including galaxy populations, lumi-
nosities, and redshifts. On the other hand, the bias of
dark matter halos, which can be calculated fromN -body
simulations, is understood relatively well. Therefore, the
galaxy bias can be calculated from the dark matter halo
bias, if we assume that galaxies form in dark matter ha-
los. To do this, one needs (at least) the following informa-
tion: (i) the halo bias (Mo et al. 1997; Sheth & Tormen
1999), and (ii) how each halo is populated with galaxies,
that is, the Halo Occupation Distribution (HOD), "N #M .

We calculate the galaxy bias parameters from the large
scales expression

bi $
1
ng

∫

M min

dMn h (M, z ) bh
i (M, z )"N #M , (34)

for i = 1 and 2, where nh (M, z ) is the mass function
of dark matter halos of massM at redshift z, bh

i (M, z )
is the halo bias function, and the HOD, "N #M , is the
mean number of galaxies per halo of a given mass,M .
We shall use the Sheth & TormenÕs formula fornh (M, z )
(Sheth & Tormen 1999):

nh (M, z ) = %
ø#

M 2

d ln !
d ln M

f ($) (35)

where $ = %c/ ! (M, z ) with %c = 1 .686, and

f ($) = A

√
2q
"

[
1 + ( q$2)! p] $e! q! 2 / 2 (36)

with A = 0 .322, p = 0 .3 and q = 0 .707. The halo
bias parameters,bh

1 and bh
2 , are given by (Mo et al. 1997;

Scoccimarro et al. 2001b)

bh
1 (M, z |zf ) = 1 + &1 + E1,

bh
2 (M, z |zf ) =

8
21

(&1 + E1) + &2 + E2, (37)

where z refers to the redshift of observation, while zf
refers to the redshift of formation of halos of massM ,
and

&1 =
q$2 %1

%f
, &2 =

q$2

%f

q$2 %3
%f

, (38)

E1 =
2p/ %f

1 + ( q$2)p ,
E2

E1
=

1 + 2p
%f

+ 2 &1, (39)

with %f = %cD(z)/D (zf ), whereD(z) is the linear growth
function. In the left panel of Figure 3 we show the halo
bias functions, b1(M, z ) and b2(M, z ), as a function of M
and z, in the approximation that the formation redshift
equals the observation redshift,z = zf . We shall always
assume this throughout the paper.

As for the HOD, we adopt the form proposed by
Tinker et al. (2005):

"N #M = 1 +
M
M 1

exp
(

%
M cut

M

)
(40)

for M > M min and zero otherwise. The parameter
M min represents the minimum mass above which we Þnd
a (central) galaxy in the halo, while M 1 represents the
mass above which we can Þnd a second (satellite) galaxy.
Measuring the HOD parameters for subhalo populations
from several N-body simulations at di" erent redshifts
and densities, Conroy et al. (2006) found a correlation
betweenM cut and M 1 given by

log10 M cut = 0 .76 log10 M 1 + 2 .3. (41)

One also Þnds from Table 2 in Conroy et al. (2006) that
M 1/M min depends on redshift and density only weakly;
thus, for simplicity we shall keep this ratio Þxed at
log10(M 1/M min ) = 1 .1, and ÞndM min from

ng =
∫

M min

dMn h (M, z )"N #M , (42)

for a given ng.
In the right panel of Figure 3 we show the galaxy bias

parameters,b1 and b2, from equation (34) as a function
of redshift for two values of the mean galaxy density,
ng = 5 & 10! 3 and 5 & 10! 4 h3 Mpc! 3. As expected,
for a Þxed galaxy number density the value of the linear
bias, b1, increases with redshift. We Þnd thatb1 and b2
are strongly correlated. We shall come back to this point
in Sec. 5.

We admit that these values are derived from very sim-
pliÞed models without much justiÞcation. We need ob-
servational data to determine the true bias parameters
for high-z surveys eventually, although we do not have
su# cient data for doing so yet. Nevertheless, we Þnd
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parameters,b1 and b2, from equation (34) as a function
of redshift for two values of the mean galaxy density,
ng = 5 & 10! 3 and 5 & 10! 4 h3 Mpc! 3. As expected,
for a Þxed galaxy number density the value of the linear
bias, b1, increases with redshift. We Þnd thatb1 and b2
are strongly correlated. We shall come back to this point
in Sec. 5.

We admit that these values are derived from very sim-
pliÞed models without much justiÞcation. We need ob-
servational data to determine the true bias parameters
for high-z surveys eventually, although we do not have
su# cient data for doing so yet. Nevertheless, we Þnd

analytical model for non-linearities is reasonable

Lyman-alpha Surveys

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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     Largest scales:      Length of IGM probed by line of sight  

Seo & Eisenstein (2003)

at higher z, density Þeld remains linear at smaller k
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The BOSS Ly-! Survey

Survey speciÞcations

A = 8 , 000 sq. deg

2.2 ! zq ! 3.5

V " 28Gpc/h3

g = 22 , z > 2.2

#

20 QSOs per sq. deg.

dnq(z)/dm as function of g for various z
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Jiang et al. 2008

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

S/N calculation

S/N calculation

S/N = b+ m ! !

! = wavelength of middle
of Lya Forest of QSO at øzq

BOSS detector speciÞca-
tions

R=2000 " "p = ! /R

Usuable wavelength
range of QSO
spectrum
3600# ! # 4148

! > 3600

probing IGM in range
2 # z # 2.7

For g = 22 , S/N $ 1

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

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

zmin ! zq! rest, min/ ! ! andzmax ! zq! rest, max/ ! !

! = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000→ "p = ! /R

¥ Usuable wavelength range of QSO spectrum
3600ûA ≤ ! ≤ 4148ûA

¥ ! > 3600ûA

¥ probing IGM in range2≤ z ≤ 2.7

Forg = 22, S/N ! 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A × ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph→ full width "p = ! /R

¥ Usuable wavelength range of QSO spectrum
! min = 1041 ûA (Ly-# inßuenced),! min = 1185 ûA (wing of Ly−$ emission)

¥ probing IGM in rangezmin ! zq! min / ! ! andzmax ! zq! max / ! !

¥ ! > 3600ûA

−2 ln = constant+
3!

i,j =1

pi pj (1)

%2 =
!

T

"
Bobs (k1, k2, k3) −

#
i pi B i (k1, k2, k3)

$2

! B 2
123

&fnl =
1

%
F ! 1

22

(2)

Fisher Matrix:

Fij = 〈 ' 2

' pi ' pj
〉 (3)

Fij =
!

k1 ,k 2 ,k 3 " kmax

' Bth

' pi

' Bth

' pj

1
! B 2

123
(4)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

zmin ! zq! rest, min/ ! ! andzmax ! zq! rest, max/ ! !

! = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000→ "p = ! /R

¥ Usuable wavelength range of QSO spectrum
3600ûA ≤ ! ≤ 4148ûA

¥ ! > 3600ûA

¥ probing IGM in range2≤ z ≤ 3.4

Forg = 22, S/N ! 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A × ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph→ full width "p = ! /R

¥ Usuable wavelength range of QSO spectrum
! min = 1041 ûA (Ly-# inßuenced),! min = 1185 ûA (wing of Ly−$ emission)

¥ probing IGM in rangezmin ! zq! min / ! ! andzmax ! zq! max / ! !

¥ ! > 3600ûA
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IGM range:     

Spectral range    

Pixel Signal-to-Noise Estimate:

middle of Lya forest

3

Experimentnq ! 10! 6 øzq VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.011 0.42115
3.2 14.3 0.012 0.52147

combined 67

1. discrete transverse sampling〈! w ! !
w 〉〈! F ! !

F 〉
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

⇒
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (2)

Two sources of error: (Large scales)
2. Detector noise:〈! N ! !

w 〉〈! w ! !
N 〉

Peff
N =

" 2
N

nq

#p

L q

Usual pixelated white noise:PN = " 2
N Vp where" 2

N = noise variance,Vp = pixel volume

Vp =
A × L q

Nq
=

1
nq
⇒ Vp =

V
Nq

#p

L q

¥ Pixels of Spectrograph→ full width #p = $/R

¥ Usuable wavelength range of QSO spectrum
$min = 1041 ûA (Ly-%inßuenced),$min = 1185 ûA (wing of Ly−& emission)

¥ probing IGM in rangezmin ' zq$min / $! andzmax ' zq$max / $!

¥ $ > 3600ûA

¥ Cosmological model:Ωm = 0 .27, Ωb = , h = 0 .71, ns = 1 , " 8 = 0 .8

¥ Lya forest model:øF = 0 .84(A = 0 .172), %= 1 .93

¥ low quasar density

¥ supressed relative to matter power spectrum

¥ not competitive with forecasts for galaxy surveys

¥ Cosmological model:Ωm = 0 .27, Ωb = , h = 0 .71, ns = 1 , " 8 = 0 .8

¥ Lya forest model:øF = 0 .84(A = 0 .172), %= 1 .93

! F (r ) ' exp
!
−A [1 + ! (r )]"

"

= G1(A, %)! (r ) + G2 (A, %)! (r )2 (0)

where

G1(A, %) = −A%, G2(A, %) = −A%

B (k1 , k2 , k3 ) = 2 K (k1 , k2 , k3 ) [P(k1 )P(k2) + cycl.] (-1)

Noise variance per pixel:     ~1    
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min and
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Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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S/N for Bispectrum

S/N calculation

S
N

=
P 3D

F (k)

P 2D
w P 1D

F (k|| ) + P ef f
N
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Plot of S/N per as a function of magnitude
for increasing redshift
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Signal-to-Noise Estimate:

S/N for BOSS Lya Survey

S/N for Bispectrum
Flux Power and Noise at z=2.25
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bin in redshift shells

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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S/N for Bispectrum

S/N calculation

S
N

=
P 3D

F (k)

P 2D
w P 1D

F (k|| ) + P ef f
N
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Plot of S/N per as a function of magnitude
for increasing redshift
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Signal-to-Noise Estimate:

S/N for BOSS Lya Survey

S/N for Bispectrum
Flux Power and Noise at z=2.25
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interested in k with S/N >1

Monday, 12 October 2009



Using the Lyman- ! Forest as a tool to probe
early Universe

David Spergel & Caroline Zunckel

Department of Astrophysics

Princeton University

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.1/57

S/N for BOSS Lya SurveyS/N for Bispectrum
Flux Power and Noise at z=2.25

0.01 0.10 1.00
k [h/Mpc]

0.1

1.0

10.0

100.0

1000.0
P

F
(k

)/
 (

h
/M

p
c
)3

Signal

Sampling noise

Detector noise 

Flux Power and Noise at z=2.75

0.01 0.10 1.00
k [h/Mpc]

0.1

1.0

10.0

100.0

1000.0

P
F
(k

)/
 (

h
/M

p
c
)3

Signal

Sampling noise

Detector noise 

Flux Power and Noise at z=3.2

0.01 0.10 1.00
k [h/Mpc]

0.1

1.0

10.0

100.0

1000.0

P
F
(k

)/
 (

h
/M

p
c
)3

Signal

Sampling noise

Detector noise 

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu – p.38/57

 At high z,  fewer k with S/N >1 due to 
growth rate reduction

 Higher kmax with higher z does little to 
improve results    

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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3

Experimentnq ! 10! 6 øzq VIGM kmin kmax σfnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.011 0.42115
3.2 14.3 0.012 0.52147

combined 67

1. discrete transverse sampling〈! w ! !
w 〉〈! F ! !

F 〉
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

⇒
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (2)

Two sources of error: (Large scales)
2. Detector noise:〈! N ! !

w 〉〈! w ! !
N 〉

Peff
N =

" 2
N

nq

#p

L q

Usual pixelated white noise:PN = " 2
N Vp where" 2

N = noise variance,Vp = pixel volume

Vp =
A × L q

Nq
=

1
nq
⇒ Vp =

V
Nq

#p

L q

¥ Pixels of Spectrograph→ full width #p = $/R

¥ Usuable wavelength range of QSO spectrum
$min = 1041 ûA (Ly-%inßuenced),$min = 1185 ûA (wing of Ly−& emission)

¥ probing IGM in rangezmin ' zq$min / $! andzmax ' zq$max / $!

¥ $ > 3600ûA

¥ Cosmological model:! m = 0 .27, ! b = , h = 0 .71, ns = 1 , " 8 = 0 .8

¥ Lya forest model:øF = 0 .84(A = 0 .172), %= 1 .93

¥ low quasar density

¥ supressed relative to matter power spectrum

¥ not competitive with forecasts for galaxy surveys

¥ Cosmological model:! m = 0 .27, ! b = , h = 0 .71, ns = 1 , " 8 = 0 .8

¥ Lya forest model:øF = 0 .84(A = 0 .172), %= 1 .93

! F (r ) ' exp
!
−A [1 + ! (r )]"

"

= G1(A, %)! (r ) + G2 (A, %)! (r )2 (0)

where

G1(A, %) = −A%, G2(A, %) = −A%

B (k1 , k2 , k3 ) = 2 K (k1 , k2 , k3 ) [P(k1 )P(k2) + cycl.] (-1)

BOSS Lya Survey:    Results
Results

Cosmological model: ! m = 0 .27, ! b = , h = 0 .71, ns = 1 , ! 8 = 0 .8

Lya forest model: øF = 0 .84(A = 0 .172), " = 1 .93

Experiment nq ! 10−6 øzq VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34 101
2.75 18.3 0.011 0.42 115
3.2 14.3 0.012 0.52 147

combined 67 heightBigBOSS
2.25 0.011 0.34 53

2.75 0.011 0.42 64
3.25 0.011 0.53 74
3.85 0.011 0.62 77

combined 1

Table summarizing results for local model of primordial NG w ith f nl = 0

for future surveys using the reduced ßux bispectrum
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despite large volume of BOSS, still limited by low quasar density
simple analysis  - conservative in many ways.....

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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(Seffusati & Komatsu 2007)
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Cross correlation of Lya with QSOs

Primordial non-Gaussianity introduces correlation between small and large 
scales

Cross-correlating

How can we improve?

Non-zero f nl produces more small scale power in overdensities of long

wavelength modes

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu – p.45/57

For Gaussian initial conditions: 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Cross correlation of Lya with QSOs

Primordial non-Gaussianity introduces correlation between small and large 
scales

Cross-correlating

How can we improve?

Non-zero f nl produces more small scale power in overdensities of long

wavelength modes

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu – p.45/57

For Non-Gaussian initial conditions: 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

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

Quasars?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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highly biased tracers of large scale structure 
high luminosities make them visible at high redshifts 
smaller number densities so QSO clustering only become practical recently 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.31/57

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

¥accessing different parts of the power spectrum

  

Monday, 12 October 2009



Using the Lyman- ! Forest as a tool to probe
early Universe

David Spergel & Caroline Zunckel

Department of Astrophysics

Princeton University

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.1/57

Cross correlation of Lya with QSOs

Matter power spectrum
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Cross correlation of Lya with QSOs

Quasars?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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highly biased tracers of large scale structure 
high luminosities make them visible at high redshifts 
smaller number densities so QSO clustering only become practical recently 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Cross-correlated Bispectrum between QSO distribution and Lyman-alpha forest

¥accessing different parts of the power spectrum

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

Quasars?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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highly biased tracers of large scale structure 
high luminosities make them visible at high redshifts 
smaller number densities so QSO clustering only become practical recently 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Cross-correlated Bispectrum between QSO distribution and Lyman-alpha forest

¥accessing different parts of the power spectrum

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

Quasars?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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highly biased tracers of large scale structure 
high luminosities make them visible at high redshifts 
smaller number densities so QSO clustering only become practical recently 

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Cross-correlated Bispectrum between QSO distribution and Lyman-alpha forest

¥accessing different parts of the power spectrum

¥extending to larger scales              more triangles

¥targeting the squeezed conÞguration

  

Introduction
PNG and the Dark Matter correlators

PNG and the correlations of Galaxies and Clusters

Motivations
Models of Primordial non-Gaussianity
Primordial non-Gaussianity and the Large-Scale Structure

A local model for primordial non-Gaussianity

Non-Gaussian correction to the curvature perturbations:

! (x) = ! (x) + f loc .
NL ! 2(x) | ! Gaussian Þeld

! B! (k1, k2, k3) = 2 f loc .
NL [P! (k1)P! (k1) + P! (k1)P! (k3) + P! (k2)P! (k3)]

k1

k2

k3

Large values forsqueezed triangular conÞgurations
Represents inßationary models where perturbations
are generatedoutside the horizon

Curvaton,
Multiple-Þeld inßation,
Inhomogeneous reheating ...

Canonical, single-Þeld inßation predictsfNL ! 10! 3, a level of NG of fNL! ! 10! 8!

Current CMB limits: " 4 < f loc .
NL < 80 (2" " ) [Smith, Senatore & Zaldarriga (2009), WMAP5]

Emiliano Sefusatti Primordial non-Gaussianity in the LSS
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Cross correlation of Lya with QSOs

Quasars?

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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highly biased tracers of large scale structure 
high luminosities make them visible at high redshifts 
smaller number densities so QSO clustering only become practical recently 
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Cross-correlated Bispectrum between QSO distribution and Lyman-alpha forest

¥accessing different parts of the power spectrum

¥extending to larger scales              more triangles

¥targeting the squeezed conÞguration

¥do not require LOS to each quasar so can use larger QSO catalogue
                push down part of sampling noise
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The Cross-Correlated Flux-Q Bispectrum

!! F
k 1! F

k 2! q
k 3" = BQF ! D (k1 + k2 + k3) (16)

Use only

! q # bq! (1)
F (17)

!
È
! (1)

F +
1
2

! (2)
F

Ð È
! (1)

F +
1
2

! (2)
F

Ðh
! (1)

q

i
" (18)

BF Q = 2 G1bq [(G1" (k1, k2) + G2) P (k1)P (k2) + ( G1" (k2, k3) + G2) P (k2)P (k3)]
(19)
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

〈! F (k1) ! F (k2) ! q (k3)〉 = BF Q (k1, k2, k3) ! D (k1 + k2 + k3)

〈
!
! (1)

F (k1) +
1
2

! (2)
F (k1)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

"
〉

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

zmin # zq$rest, min/ $! andzmax # zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000→ %p = $/R

¥ Usuable wavelength range of QSO spectrum
3600ûA ≤ $ ≤ 4148ûA

¥ $ > 3600ûA

¥ probing IGM in range2≤ z ≤ 3.4

Forg = 22, S/N # 1

¥ AreaA

¥ targets quasars betweenzq
min andzq

max

¥ Volume of QSO surveyV = A × ! zq

¥ Comoving number density of quasarsnq = Nq/V

Detector speciÞcations

¥ Pixels of Spectrograph→ full width %p = $/R

¥ Usuable wavelength range of QSO spectrum
$min = 1041 ûA (Ly-" inßuenced),$min = 1185 ûA (wing of Ly−& emission)

¥ probing IGM in rangezmin # zq$min / $! andzmax # zq$max / $!

¥ $ > 3600ûA

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

Flux-QSO Bispectrum:

For Quasars:   on scales considering, only include linear term

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D (k1 + k2 + k3)

! = ! (1) +
1
2

! (2) + O(! (3) ) (1)

! (k) # ! (1) (2)

! q # bq! (1) (3)

! (1)
F (k) = G1! (1) (k) (4)

! (2)
F (k) = G1! (2) (k) + G2 (5)

! ! F (k1) ! F (k2) ! q (k3)" = BF Q (k1, k2, k3) ! D (k1 + k2 + k3)

!
!
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F (k1) +
1
2

! (2)
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" !
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1
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! (2)
F (k2)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

"
"

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

zmin # zq$rest, min/ $! andzmax # zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

¥ R=2000$ %p = $/R

¥ Usuable wavelength range of QSO spectrum
3600ûA % $ % 4148ûA

¥ $ > 3600ûA

¥ probing IGM in range2 % z % 3.4

Experimentnq ! 10! 6 øz VIGM kmin kmax ! fnl

BOSS 3.7 2.25 18.2 0.011 0.34101
2.75 18.3 0.42 115
3.2 14.3 0.52 147

combined 67

Expanding in the usual way: 

Flux-QSO Bispectrum:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

∆B 2
F Q (k1, k2, k3) = Vf

s123

V123
PT

F (k1)PT
F (k2)PT

q (1)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(2)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (3)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (4)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(5)

! ! F (k1) ! F (k2) ! F (k3)" = BF (k1, k2, k3) ! D (k1 + k2 + k3)

! = ! (1) +
1
2

! (2) + O(! (3)) (6)

! (k) # ! (1) (7)

! q # bq! (1) (8)

! (1)
F (k) = G1! (1)(k) (9)

! (2)
F (k) = G1! (2)(k) + G2 (10)

! ! F (k1) ! F (k2) ! q (k3)" = BF Q (k1, k2, k3) ! D (k1 + k2 + k3)

!
!
! (1)

F (k1) +
1
2

! (2)
F (k1)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

" !
! (1)

F (k2) +
1
2

! (2)
F (k2)

"
"

BF = 2G1(A, " )2 [G1 (A, " ) # (k1, k2) + G2 (A, " )] P(k1)P(k2) + cycl.

zmin # zq$rest, min/ $! andzmax # zq$rest, max/ $!

$ = wavelength of middle of Lya Forest of QSO atøzq BOSS detector speciÞcations

Only 2 terms

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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quasars are highly biased          FQ bispectrum more enhanced than F bispectrum
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Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

öB123 =
Vf

V123

!
d3q1

!
d3q2

!
d3q2 ! q1 ! q2 ! q3 ! D (q1 + q2 + q3) (1)

Factor Vf

V123
= approximates number of triangles in survey volumeVf = (2! )3

V = k3
f with k1, k2, k3 (number of modes)

V123 =
!

d3q1

!
d3q2

!
d3q3! D (q1 + q2 + q3) ! 8" 2k1k2k3! k1! k2! k3 (2)

! B 2(k1, k2, k3) = Vf
s123

V123
PT

F (k1)PT
F (k2)PT

F (3)

#2 = P(k) +
1
øn

(4)

¥ Different to galaxy survey" points replaced byskewersof lengthL q

¥ density" NOT determined by comoving number density of QSOnq

" is determined by mean absorption along LOS

Weighted density Þeld:

! (x) = [1 + ! w (x)] [! F (x) + ! N (x)] (5)

! N = detector noise
! F (x

# FT of $! F (x)%

w(x) = 1 probed by LOS Weights - depends on magnitude of quasar

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (6)

$2
bh3T! 0.7

0 " ! 1

Ptot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (7)

Two sources of error: (Large scales)

1. discrete transverse sampling$! w ! "
w %$! F ! "

F %
Assuming QSOÕs are randomly distributed

P2D
w =

1
nqL q

&
P1D

F (k|| )
nqL q

P tot
F (k) = P3D

F (k) + P1D
F (k|| )P

2D
w + Peff

N (8)

Two sources of error: (Large scales)
2. Detector noise:$! N ! "

w %$! w ! "
N %

Peff
N =

#2
N

nq

%p

L q

Usual pixelated white noise:PN = #2
N Vp where#2

N = noise variance,Vp = pixel volume

Vp =
A ' L q

Nq
=

1
nq

& Vp =
V
Nq

%p

L q

Use estimator:

Forecasts:   The same simple matrix analysis

Alterations to calculation:

The Variance:

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (3)

kq
f =

2!

V 1/ 3
q

(4)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(5)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (6)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (7)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(8)

〈"F (k1) "F (k2) "F (k3)〉 = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (9)

" (k) # " (1) (10)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + P eff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

! B 2
FQ(k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (3)

kq
f =

2!

V 1/3
q

(4)

BFQ (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(5)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (6)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (7)

BFQ (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(8)

〈"F (k1) "F (k2) "F (k3)〉 = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (9)

" (k) # " (1) (10)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (3)

Vf = k2
f kq (4)

kf =
2!

V 1/ 3
(5)

kq
f =

2!

V 1/ 3
q

(6)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(7)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (8)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (9)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(10)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (3)

Vf = k2
f kq (4)

kf =
2!

V 1/ 3
(5)

kq
f =

2!

V 1/ 3
q

(6)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(7)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (8)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (9)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(10)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

where

Volume of QSO survey
Volume of IGM 
sampled by Lya Forest

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + P eff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

PT
q (k) = b2

qP(k) +
1
nq

(3)

! B 2
FQ(k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (4)

Vf = k2
f kq (5)

kf =
2!

V 1/3
(6)

kq
f =

2!

V 1/3
q

(7)

BFQ (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(8)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (9)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (10)

BFQ (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(11)

where
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The Noise:

Sampling noise:    

        QSOs clustering is now non-negligible 

additional term from 2D projected QSO clustering power

Forecasts:   A simple matrix analysisDetecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k ||)P

2D
w (k ! ) + Peff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nq

+ P2D
q (k ! ) (2)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (3)

kq
f =

2!

V 1/ 3
q

(4)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(5)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (6)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (7)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(8)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (9)

" (k) # " (1) (10)

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P2D

w (k ! ) + Peff
N (k) (1)

Now the second term can not be separated out because the weights have a k-dependence. It becomes P2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density field. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What about P2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (3)

kq
f =

2!

V 1/ 3
q

(4)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)
+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(5)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (6)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (7)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)
+ G1G2bq [P(k1)P(k2)]

(8)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (9)

" (k) # " (1) (10)

Alterations to calculation:

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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BOSS Lya-QSO Survey:    Results

Detecting non-Gaussianity from the Lyman-! forest: Noise calculation
(Dated: October 5, 2009)

Noise calculation

PT
F (k) = P3D

F (k) + P1D
F (k || )P

2D
w (k ! ) + Peff

N (k) (1)

Now the second term can not be separated out because the weights have ak-dependence. It becomesP2D
w now has a k-

dependence because the weights in the transverse directions which related to the quasar distribution are related to the underlying
density Þeld. In the case where we assume that all quasars are all of the same magnitude, the weights are independent of
magnitude, but now have a k-dependence.

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (2)

PT
q (k) = b2

qP(k) +
1
nq

(3)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (4)

Vf = k2
f kq (5)

kf =
2!

V 1/ 3
(6)

kq
f =

2!

V 1/ 3
q

(7)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(8)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (9)

Bng (k1, k2, k3) = Kng (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (10)

Experimentnq ! 10! 6 VIGM Vq øz kmax bq* σfnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32

Use Quasar sample and Lyman-alpha forest measurement from 
BOSS

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Improvements in results: 
     high biasing of quasars leads to enhancement of bispectrum
    increased signal to noise due to more squeezed triangle 
conÞgurations

Ly- ! Survey
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Area A
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max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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 Shen et al. 2008

2

Experimentnq ! 10−6 VIGM Vq øz kmax bq* ! fnl

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 53
3.7 14.3 17.8 3.2 0.52 7.76 64

combined 32

What aboutP2D
w (k) just being the 2D projection of the 3D power spectrum for quasars? Ie. So

P2D
w (k ! ) =

1
nqL q

+ P2D
q (k ! ) (13)

PT
q (k) = b2

qP(k) +
1
nq

(14)

! B 2
F Q (k1, k2, k3) = kf

2kq
f

s123

V123
PT

F (k1)PT
F (k2)PT

q (k3) (15)

Vf = k2
f kq (16)

kf =
2!

V 1/ 3
(17)

kq
f =

2!

V 1/ 3
q

(18)

BF Q (k1, k2, k3) = G2
1bqBG (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2) + P(k2)P(k3)]

(19)

BG (k1, k2, k3) = F2 (k1, k2, k3) [P(k1)P(k2) + P(k2)P(k3)] (20)

BF Q (k1, k2, k3) = G2
1bqK (k1, k2, k3) + G2

1bqBng (k1, k2, k3)

+ G1G2bq [P(k1)P(k2)]

(21)

! "F (k1) "F (k2) "F (k3)" = BF (k1, k2, k3) "D (k1 + k2 + k3)

" = " (1) +
1
2

" (2) + O(" (3) ) (22)

" (k) # " (1) (23)

Monday, 12 October 2009



Using the Lyman- ! Forest as a tool to probe
early Universe

David Spergel & Caroline Zunckel

Department of Astrophysics

Princeton University

Caroline Zunckel, UC Berkeley, 6 Oct 2009 czunckel@astro.princeton.edu Ð p.1/57

Summary

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

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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LSS surveys have potential to deliver strong constraints on primordial NG 
than CMB       3D map of density Þeld (many more modes)

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

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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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 modes (large volume 
and large kmax)
    - but analysis has been conservative

Constraints on primordial Non-Gaussianity from QSO-Flux cross 
bispectrum for BOSS much better

Ly- ! Survey

Survey speciÞcations

Area A

targets quasars between zq
min and

zq
max

Volume of QSO survey V = A ! ! zq

Comoving number density of quasars
nq = Nq/V

Detector speciÞcations

Pixels of Spectrograph " full width
! p = " /R

Usuable wavelength range of QSO
spectrum
" min = 1041 (Ly-# inßuenced),
" min = 1185 (wing of Ly# $
emission)

probing IGM in range
zmin $ zq" min / " ! and
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Ly- ! Survey

Survey speciÞcations
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-  FQ bispectrum enhanced due to high biasing on quasars
-  increased signal from squeezed triangles
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