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Acoustic signatures in the primary microwave background bispectrum
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If the primordial fluctuations are non-Gaussian, then this non-Gaussianity will be apparent in the cosmic
microwave backgroun@CMB) sky. With their sensitive all-sky observation, MAP and Planck satellites should
be able to detect weak non-Gaussianity in the CMB sky. On a large angular scale, there is a simple relationship
between the CMB temperature and the primordial curvature perturba@i®ft = —d/3. On smaller scales,
however, the radiation transfer function becomes more complex. In this paper, we present the angular bispec-
trum of the primary CMB anisotropy that uses the full transfer function. We find that the bispectrum has a
series of acoustic peaks that change a sign and a period of acoustic oscillations is twice as long as that of the
angular power spectrum. Using a single non-linear coupling parameter to characterize the amplitude of the
bispectrum, we estimate the expected signal-to-noise ratio for COBE, MAP, and Planck experiments. In order
to detect the primary CMB bispectrum by each experiment, we find that the coupling parameter should be
larger than 600, 20, and 5 for COBE, MAP, and Planck experiments, respectively. Even for the ideal noise-free
and infinitesimal thin-beam experiment, the parameter should be larger than 3. We have included effects from
the cosmic variance, detector noise, and foreground sources in the signal-to-noise estimation. Since the simple
inflationary scenarios predict that the parameter is an order of 0.01, the detection of the primary bispectrum by
any kind of experiments should be problematic for those scenarios. We compare the sensitivity of the primary
bispectrum to the primary skewness and conclude that, when we can compute the predicted form of the
bispectrum, it becomes a “matched filter” for detecting the non-Gaussianity in the data and a much more
powerful tool than the skewness. For example, we need the coupling parameter of larger than 800, 80, 70, and
60 for each relevant experiment in order to detect the primary skewness. We also show that MAP and Planck
can separate the primary bispectrum from various secondary bispectra on the basis of the shape difference. The
primary CMB bispectrum is a test of the inflationary scenario and also a probe of the non-linear physics in the
very early universe.
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I. INTRODUCTION tween the classical inflaton field and the observed fluctuation
field and (b) the non-linear coupling between the quantum

Why measure the bispectrum of the cosmic microwavenoise field and the classical fluctuation field. The former has
background CMB) radiation anisotropy? Simple inflationary been investigated by Salopek and Bdad], while the latter
models predict that the CMB anisotropy field is nearly ran-has been explored by Ganget al. [12]. Calzetta and Hu
dom Gaussian and that two-point statistics completely13] and Matac4 14] present an alternative treatment of the
specify statistical properties of CMB. However, our universedecoherence process that leads to different results for the
may not be so simple. Higher order statistics, such as thprimordial density perturbation from those obtained by Star-
three-point correlation function or its harmonic transform, obinsky[10]. Matacz's treatment makes similar predictions
the angular bispectrum, are potential probes of the physics dér the level of non-Gaussianity to the Starobinsky’s treat-
generating the primordial fluctuations. Since gravitationallyment[14]. These studies conclude that in the slow roll re-
induced non-linearities are small at-1300, the CMB is gime, the fluctuations are Gaussian. However, features in the
expected to be the best probe of the primordial nondinflaton potential can produce significant non-Gaussianity
Gaussianity[ 1]. [15].

In the inflationary scenari$2-5|, the quantum fluctua- There have been claims for both the non-detecfib]
tions of the scalafinflaton) field generate the observed mat- and the detectioh17,18 of non-Gaussianity in the COsmic
ter and radiation fluctuations in the univer®-9]. In the  Background ExplorefCOBE) map. Banday, Zaroubi and
stochastic inflationary scenario of Starobinsky0], the  Gorski [19] argued the non-cosmological origin of the
quantum fluctuations decohere to generate the classical lu€OBE non-Gaussianity. The Microwave Anisotropy Probe
tuations. There are two potential sources of non-GaussianitMAP) and Planck will measure the fluctuation field down to
in this inflationary model:(a) the non-linear coupling be- angular scales=0.2° and 0.1°, and test these claims.

Previous work on the primary non-Gaussianity has fo-
cused on very large angular scale, where the temperature
*Also at the Astronomical Institute, Tohoku University, Aoba, fluctuations trace the primordial fluctuations. This is valid on
Sendau  980-8578, Japan. Email address: komatsu@he COBE scale. For MAP and Planck, however, we need the
astro.princeton.edu full effect of the radiation transfer function. In this paper, we
"Email address: dns@astro.princeton.edu develop a formalism for doing this, and then present numeri-
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cal results. Both the formalism and the numerical results are B gMMaMayy (5)
main results of this paper. We also discuss how well we can lalals lalals - a2’

separate the primary bispectrum from various secondar%here b is an arbitrarv real svmmetric function of
bispectra. 1l2l5 y y

This paper is organized as follows. Section Il defines thd1. 2, andlz. This form of Eq.(5) is necessary and suffi-
bispectrum, the Gaunt integral, and particularly the newcient to construct generiBlnzlljzms under rotational invari-
guantity called the “reduced” bispectrum, which plays a m;myms
fundamental role in estimating the physical property of the ] ) 11515
bispectrum. Section IIl formulates the primary bispectrum!" this paper, and call this function the “reduced” bispec-
that uses the full radiation transfer function, and presents thum, asb; ;,, contains all physical information i, | *™
numerical results of the primary bispectrum and the skewsince the reduced bispectrum does not contain the Wigner-
ness. Section IV estimates the secondary bispectra from thgy symbol, which merely ensures the triangle conditions and
coupling between the Sunyaev-Zel'dovich and the weakselection rules, it is easier to calculate and useful to quantify
lensing effect§20-23, and from extragalactic radio and in- the physical properties of the bispectrum.

frared sources. Section V studies how well we can measure The observable quantity, the angle-averaged bispectrum
each bispectrum, and how well we can discriminate among, | | is obtained by substituting E¢5) into Eq. (3):
2'3’ ! ’

various bispectra. Section VI is devoted to further discussion *

and our conclusion.
_\/(2|1+1)(2|2+1)(2|3+1)/|1 l, g
B|l|2|3— 4o \O 0 0b|1|2|3,

ance. Thus, we shall frequently Lls@|2|3 instead ofB

II. DEFINING THE “REDUCED” BISPECTRUM

(6)
The observed CMB temperature fluctuation field
AT(n)/T is expanded into spherical harmonics: where we have used the identity
AAT(F]) ~ ER PR mymom
— 2 * 11213
alm—f d*n T Yim(n), (N ;g (ml m, mg) lills
where carets denote unit vectors. The CMB angular bispec- N \/(2|1+ 12+ 1) 213+ 1) (1 12 13
trum is given by - Arr lo o of (@)
Efj§m3z(a|lmla,2mza,3m3), @) Alternatively, one can define the bispectrum in the flat-

sky approximation:

and the angle-averaged bispectrum is defined by
(a(lpa(lya(lz))=(2m)28D (11 + 1, +13)B(ly,15,13), (

8
Biii.= X (ll N |3)B|m|1n|qzmS ©) )
P23 mimpmg \ My My Mg/ 123 wherel is the two dimensional wave vector on the sky. This
definition of B(l4,l,,l3) corresponds to Eq5), given the

correspondence a2 5)(I,+1,+15) in the flat-sky
limit [23]. Thus,

where the matrix is the Wigner{3symbol. The bispectrum
Blr:ll;‘;% must satisfy the triangle conditions and selection
rules: m;+m,+mg=0, |, +l,+l;=even and|l;—I;|<Iy
<I;+1; for all permutations of indices. Thus,lnlllzzms con-

sists of the Gaunt integraglrzlljzmi defined by

l1lol3

by 1,1, ~B(l1.12,13)  (flat-sky approximation  (9)

is satisfied. This fact also would motivate us to use the re-

- ) ) ) ) duced bispectrunb, ;,, rather than the angular averaged
gmmz SEJ d nYllml(n)Y|2m2(n)Y|3m3(n)

l11513

bispectrumB|l,2,3. Note thatb|1,2|3 is similar to I§|1|2|3 de-
\/(2|1+ 1)(21,+1)(215+ 1)/ R PR fined by Magueijo18]. The relation isb, ;.= \/477I§|1,2,3.
B 47 lo 0o o

lll. PRIMARY BISPECTRUM AND SKEWNESS

ER PR F
><< . (4) A. Model of the primordial non-Gaussianity
m; m, ms, , ) . , .

If the primordial fluctuations are adiabatic scalar fluctua-

G "?™ is real, and satisfies all the conditions mentionedtions, then
1'2'3

above.
3
Given the rotational invari f the uni i : K -
_ iven the rotational invariance of the universg,,, is alm:477(_|)|f 3®(k)ng(k)Yrm(k)a (10)
written as )
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where ®(k) is the primordial curvature perturbation in the Brﬂlln;zm3:<allelalL2m2alr\;n 3>+<a:_lm1all\;h"l 2a|L3m3>
Fourier space, and+(k) is the radiation transfer function. 123
aj, thus takes over the non-Gaussianity, if any, frértk).
Although Eq.(10) is valid only if the universe is flat, it is
straightforward to extend this to an arbitrary geometry. The
isocurvature fluctuations can be similarly calculated by using
the entropy perturbation and the proper transfer function.

In this paper, we explore the simplest weak non-linear
coupling case

L L >

NL
+ <al 1mlal 2mzal 3M3

=2gml’“2m3fwr2dr[bh(r)b}z(r)bw(r)
0

111513
+ by ()b (1) by (r) + b (r)by ()b ()],
(16)

D(X) =D (X)+ F [ PEX)—(DPE(X))], (1) where

in real space, wher® (x) denotes the linear Gaussian part
of the perturbation(d(x))=0 is guaranteed. Henceforth,
we shall call fy, the non-linear coupling constant. This
model is based upon the slow-roll inflationary scenario. Sa-
lopek and Bond11] and Gangugt al.[12] found thatfy, is
given by a certain combination of the slope and the curvature

L — 2 (= 2 H
bl ()= = [ “KeakPyWgr(i (kn, ()

2 (=
bWr)z;fo K2dk iy gri(k)ji(kr). (18

of the inflaton potential. In the notation of Gangei al.,
®,=2fy, . Ganguiet al. found that®;~10 2 in the qua-
dratic and the quartic inflaton potential models.

In the Fourier spacep (k) is decomposed into two parts

O (k)=D (k) + Dy (k) (12
and, accordingly,
almza:_m+all\rlnL1 (13
where®y (k) is the non-linear part defined by
Dy (k)=f f d’p @ (k+p)®f(p)
NLUK) =T (2m)3 LKEP)PL(P
—(2m)3 89K (DF(x)) |. (14)

One can confirm that® (k)) =0 is satisfied. In this model, a

non-vanishing component of thke(k)-field bispectrum is

(PL(k) DL (k) Dy (K3))
=2(2m)38®)(ky+ka+ka) fyLPa(Ky) Pa(Ky),
(19

where Pg(K)
(DL(k)PL(K))=(27)3Pg(ky) 63 (ky+kp). We  have
also used (® (k+p)®} (p))=(27)3Py(p) 6 (k) and
(DE())=(2m) 3/ d*kPg(K).

Substituting Eq(10) into Eq. (2), using Eq.(15) for the

is the linear power spectrum given by

Note thatbj(r) is a dimensionless quantity, whilg'"(r)
has a dimension of ~3.
One confirms that the form of Ed5) holds. Thus, the

reduced bispectrun, | :Bmlm2m3(glnzlmzme')’l [Eq. (5],

v2's Tlylolg l2l3
for the primordial non-Gaussianity is

bp””ﬂafyzzf r2dr[ by (r)bp (r)bi(r)
0

l1lol3
+bi (NBRS(r)bE (1) +bfH(r)b (N ()],
(19

bl"lrl'zr{‘;ry is fully specified by a single constant parameter
fnL, as the cosmological parameters will be precisely deter-
mined by measuring the CMB angular power specti@m
(e.g.,[24]). It should be stressed again that this is the special
case in the slow-roll limit. If the slow-roll condition is not
satisfied, thenfy, =fy. (Ki,ko,k3) at Eq. (15 [12]. Wang
and Kamionkowskj25] have developed the formula to com-
puteB|l|2,3 from the generic form ofb (k)-field bispectrum.

Our formula[Eq. (16)] agrees with theirs, given our form of
the @ (k)-field bispectrun{Eq. (15)].

Even if the inflation produced Gaussian fluctuations, Pyne
and Carroll pointed out that the general relativistic second-
order perturbation theory would produce terms ff,
~QO(1) [26]. For generic slow-roll models, these terms
dominate the primary non-Gaussianity.

B. Numerical results of the primary bispectrum

We evaluate the primary CMB bispectrufigs. (16)—
(19)] numerically. We compute the full radiation transfer
functiong(k) with the cMBFAST [27] code, and assume the
single power law spectruniq, (k) k"4, for the primordial
curvature fluctuations. The integration ouefEqgs.(17) and

@(k)-field bispectrum, and then integrating over angles(1g)]is done by the algorithm used @MBFAST. The cosmo-
ki, ks, andks, we obtain the primary CMB angular bispec- logical model is the scale-invariant standard cold dark matter

trum

model withQ =1, Q,=0, Q,=0.05, h=0.5, andn=1,
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FIG. 1. This figure showsl(r) [Eq. (17)] and b}'*(r) [Eq.
(18)], the two terms in our calculation of the primary CMB angular . .
bispectrum, as a function af. Various lines in the upper panel vided by the Gaunt 'megra@lllzlgm [LEq. (f)]' T_hle lﬂnpnpqen: panel
show [I(1+1)b(r)/27]x 10, where r=c(ro—7), at = shows  [lo(lo+1)ls(la+ 1)@l m a0 mam) fNi(G 12
=0.4, 0.6, 0.8, 1.0, 1.2, 1.4, and X6, (decoupling timg  (27)2]x10% while the lower panel showgl,(I;+1)l5(l,

while [b'(r)fy]x 10° are shown in the lower panet, is the + 1)@y, m, A m,2lm ) PNE (Gl 2 2) " (2m)?]X 10, Those  are
present-day_conformal tlme._ Note that,=11.8 Gpc andCT*_ shown as functions df, for (I7,1,)=(9,11), (99,101), (199,201),
=235 Mpc in our cosmological model chosen here. The thickest, 4 (499,501).

solid line in the upper panel is the CMB angular power spectrum
[I(I+1)C/27]x 10'. C, is shown for comparison.

FIG. 2. The primary CMB angular bispectrufiqg. (16)] di-

m;myms

Sinceb]' fyt~r, 26(r—r,) [see Eq(23)], r2Ar, bt

and with the power spectrul,(k) normalized to COBE 1 this rough estimate agrees with the numerical result

[28]. Although this model is almost excluded by current Ob'below(Fig. 2.

servations, it is still useful to depict the basic effects of the™™ _. . . .
transfer function on the bispectrum. Figure 2 shows the |ntegratfn§izn5)3|spectr@Eq. (16)] di-

Figure 1 Show@:—(r) [Eq(l?)] andb:\“—(r) [Eq(ls)] for vided by the Gaunt integrmjlnllzls y which is baSica”y
several different values af. Herer =c(7,— 7), wherer is b,”lr,‘;‘:ry. Since the signal comes primarily from the decou-

the conformal time, andy is at the present. In our model, i h tioned ab the int tion bound
cro=11.8 Gpc, and the decoupling epoch occurscat pling epochr, as mentioned above, the integration boundary

=235 Mpc at which the differential visibility has a maxi- IS chosen as(7o—27,)<r=<c(7—0.17,). We use a step
mum. Ourcr, includes the radiation effect on the expansionSize of 0.E7, , as we found that a step size of 0c0] gives
of universe; otherwiser,=12.0 Gpc. Herer, is the epoch Very similar results. While the bispectrum is a 3D function,
when the most of the primary signal is generata}‘t{.r) and we show different 1D slices of the bispectrum in this figure.
C, look very similar to one another in shape and amplitude at,(1,+ 1)l 3(13+ 1)(a}\‘1h11a,L2m2a,L3m3>(glnzll;rllzmg)71/(277)2 is
I(ﬁflOO,taghou%h tthe a;npglitu_?r?_in_thg SaChZ':W_OIfe regime isy|otted as a function ofs in the upper panel, whilé, (I,
ifferen a factor of—3. This is becaus€, is propor- L L _NL \/-MMmg —1 2 .
tional to qu,(k)g%(k), while bl"(r)och)(k)gT:(k),pwr?ere T2+ 1)ar m A m,1m ) (G )/ (2m)7 is plot
gri= —1/3. Here bf‘(r) has a good phase coherence overteLd in thg lower p.anell.(l+1)/(27-r) is multiplied for each
wide range ofr, while the phase ob[''(r) in the hight  Pr(r) which containg,(k) so that the Sachs-Wolfe plateau
regime oscillates rapidly as a function of This strongly ~ atl3=10is easily seen in Fig. 2. Hetgandl, are chosen so
damps the integrated result of the bispectrilfg. (16)] in  as (1,15)=(9,11,(99,103,(199,201), and (499,501). We
high4 regime. The main difference betwe@p andb(r) is  find that the (4,1,) =(199,201) mode, the first acoustic peak
thatb,(r) changes a sign, whil€, does not. mode, has the largest signal in this family of parameters. The
Looking at Fig. 1, we find?bj~2x10° andb]'"f}  upper panel has a prominent first acoustic peak and strongly
~101 Mpc3. The most signal coming from the decou- damped oscillations in high+egime. The lower panel also
pling, the volume element atr,, is r2Ar,~(10%2 has a first peak, but damps more slowly. The typical ampli-
X107 Mpc®, and thus we estimate an order of magnitude oftude of the reduced bispectrum I8bf/™a"f~10"Y,

the primary reduced bispectrufgq. (19)] as which agrees with an order of magnitude estinj&e. (20)].
_ Our formula[Eq. (19)] and numerical results agree with
bi™aY~174[2r2 Ar, (1%b}) b % 3] the calculation of Gangut al. [12] in the Sachs-Wolfe re-

1% 2% 10 1T, | 20) gime, wheregt(k)~ —j,(kr,)/3, and thus

063002-4



ACOUSTIC SIGNATURES IN THE PRIMARY . .. PHYSICAL REVIEW 63 063002

primary__ _ SW~SW SW~SW 107! —r—TTrm T T —TTTTTTH
bI1'2'3 GfN'—(C'l C'z +CIl C|3 E _Sa(<lsl)f»_uf [x1015i | E
+C|52WC,53W) (Sachs-Wolfe approximation 102 _ Planck _
(21) - ;
Each term is in the same order as EtP). HereCWis the 10 e 3
CMB angular power spectrum in the Sachs-Wolfe approxi- C ]
mation: 1.5 — HHHH
r — ideal (zero-noise) 1
2 0 L ___ listi ]
cP= o [ Wkpy itk (22 Lp el Planck
0 - J
In deriving Eq.(21) from Eq.(19), we approximated'-(r) 05 -
[Eq. (18)] to [ 05,(<ly) [x10%%] ]
C 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIII-
NL fnc| 2 (=, . 01 10 100 1000 104
o)~ = 25| | “ieakikr, iy (ko) .
fL FIG. 3. The upper panel shows the primary CMB skewhEss

=——=r1,.28(r—r,). (23)  (25] summed up to a certaiy, —S(<I3)fyx 10" The lower
3 panel shows the noisgEg. (60)] summed up tols, o (<l3)
X 10", Solid line represents the zero-noise ideal experiment, while

The Sachs-Wolfe approximatiofEq. (21)] is valid only dotted lines show COBE, MAP, and Planck experiments.

whenly, |5, andl; are all less than-10, where the formula
of Ganguiet al. gives ~ —6x 10 ? in Fig. 2. It should be
stressed again that the Sachs-Wolfe approximation gives th
qualitatively different result from our full calculatiofEqg.
(19)] at 1;=10. The full bispectrum does change a sign, >
while the approximation never changes a sign because of thgindow  function, W=e '(*D/%)  where oy,
use ofCW. The acoustic oscillation and the sign change are= full width at half-maximuntFWHM)//8 In 2. Since
actually great advantages, when we try to separate the pri-
mary bispectrum from various secondary bispectra. We shall Iy 1 15)2
study this point later. llols

1,15 in the last equality. Since=0 and 1 modes are not

observable, we have excluded them from the summation.
Throughout this paper, we consider the single-beam

0 0 O
C. Primary skewness is symmetric under permutation of indices, it is useful to
The skewness;, change the way of summation as
~ 0\ 3
AT(n 6 . -
S3E< ( '|E )) > , (24) Zslzllzl3 2s|1;|2<|3

. : - . ... Since this reduces the number of summations by a factor of
is the simplest statistic characterizing the non-Gaussianity_ g \ve shall use this convention henceforth.

Ss is expanded in terms @, |, [Eq.(3)]orby . [Eq. (5)] The upper panel of Fig. 3 plotS;(<I3), which is S;

as summed up to a certaih;, for FWHM beam sizes of

7°, 13, and 5.53. These values correspond to beam sizes of

1 \/(2I1+ 1)(21,+1)(215+ 1)/ P PR P COBE, MAP, and Planck experiments, respectively. Figure 3

%:EI; 4 \O 0 0 also plots the infinitesimal thin-beam case. MAP, Planck,
ves and the ideal experiments measure very simBarto one

XBy 1,1, Wi WL, W, another, despite the fact that Planck and the ideal experi-

ments can use much more number of modes than MAP. The

1 reason is as follows. Looking at E(®5), one finds thag; is

I3+ —) the linear integration ob,1,2|3 overl;. Thus, integrating os-

2 ;
cillations inbf;""*" around zerdsee Fig. 2damps the non-
Gaussian signal in small angular scales,300. Since the
COBE scale is basically dominated by the Sachs-Wolfe ef-
fect, no oscillation, the cancellation affects less signifi-
where W, is the experimental window function. We have cantly than in MAP and Planck scales, while Planck suffers

used Eq.(6) to replaceB|l|2|3 by the reduced bispectrum from severe cancellation in small angular scales. Even

_ 1 > (I+
Com2afi Ut 2

FR PN
X
0 0 0

I-I—l
272

2
) by 1,1, Wi, Wi, W, (25)
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Planck and the ideal experiments measure the same amount

of S; as MAP does. As a result, measurBgl almost satu- VOEM
rates at the MAP resolution scale;y 500. HeMpMeC
We conclude this section by noting that when we can =
calculate the expected form of the bispectrum, then it is a —4.3% 104ﬂ1(9bh2)< ke T 0 ( " (j (31)
“matched filter” for detecting the non-Gaussianity in the € 1 kev/|10 Gp

data, and thus a much more powerful tool than the skewness

in which the information is lost through coarse graining. TPEpgaSTe/;gaSis the electron temperature weighted by the
gas mass density, the overbar denotes the volume average,
and the subscript 0 means the present epoch. We adopt
pe '=0.88, whereug '=ne/(pgas/m,) is the number of
Even if the CMB bispectrum were significantly detectedelectrons per proton mass in fully ionized medium. Other
in the CMB map, the origin would not necessarily be primor-quantities have their usual meanings.
dial, but rather would be various foregrounds such as the Transforming Eq(27) into harmonic space,
Sunyaev-Zel'dovich(S2) effect [29], the weak lensing ef-
fect, extragalactic radio sources, and so on. In order to isolate
the primordial origin from others, we have to know the ac-a,,=af + > >, (—1)mgi,’“|,[“'m"
curate form of bispectra produced by the foregrounds. 'm’ 1"m"
'+ —=10+D+1"(1"+1) ,
A. Coupling between the weak lensing X 2 &y
and the Sunyaev-Zel'dovich effects

The coupling between the SZ effect and the weak lensing  =al + >, Y, (—1)m+m g mmm’
effects would produce an observable effect in the bispectrum 'm’ 1"m"
[21,22. The CMB temperature field including the SZ effect (7 +1) =1 (1 + 1) +17(1"+1)
Px
X

IV. SECONDARY SOURCES OF THE CMB BISPECTRUM

G) 1"m + a|smz

and the lensing effects is expanded as 5 a0 tany,
AT(n) ATP(n+VO(n)) AT4n) (32)
T - T T
A . . where G"'1?™ is the Gaunt integralEq. (4)]. Substituting
ATP(n) ATP(n) -~ ATS4n) 123 . e my—my—mg
~— +V T .V®(n)+T, Eqg. (32) into Eq. (2), and using the |dent|'[)(;I1|2|3
=G ™M™ e obtain the bispectrum
(27) l1/2l3
whereP denotes the primary anisotrop®,(n) is the lensing BMM2Ms _ MMaMs (it D= la(lo+ D+ 15015 +1)
potential, 12l 12l 2
P * Sz ;
A -t A ><C,l<®|3m3a|3m3>+5 permutatlon}s (33
G)(n)E—ZJ’ dr - d(r,nr), (28
0
¥ The form of Eq.(5) is confirmed, and then the reduced
bispectrumb$?” " includes terms in the square brackets.
andSZ denotes the SZ effect: 123 . .
The cross-correlation power spectrum of the lensing and
the SZ effects(®F,ap?), appearing in Eq(33) was first
ATS4n) R derived by Goldberg and Spergg2l]. They assumed the
T:)’(n)l' . (29  linear pressure bias model proposed by Petsil. [30], T,

=fpbgasa, and the mean temperature evolution of

o ) . zTPO(1+z)‘1 for z<2 as roughly suggested by recent hy-
wherej, is the spectral function of the SZ effl@9]. y(n)  grodynamic simulation§31—33. Then they derived
is the Comptory parameter given by

. 4y0bgasl 2 Zy dzdr

; (Ofaimy==1l, —D2(2)
y(ﬁ)Eyof?—rMaz(r), (30) ! 30,H2 Jo Tdz
* p0 X (1+ Zﬂp (k—_ ) (34)
where (2 r2r5z) 0 r(@))
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whereD(2) is the linear growth factor. Simulations wjhout (hc)? ( sinhx/2 2
non-gravitational heating [32,33 suggest that T, g(x)=2

~0.2-0.4 keV andbgy,s~5-10, and similar numbers are
obtained by analytic estimatiof32,34]. In this pressure bias 1 T -3/ sinhx/2\ 2
model, free parameters except cosmological parameters are = _1(2 =56 K) ( 5 ) .
T,0 andby,s. However, both actually depend on cosmologi- 67.55 MJysr=\ < X

cal models [32]. Since I¥(O}ap9)~2x10" 1% ,T obyas (39
[21,29 and|2C]~6x 1071,

2

(ksT)®|  x

bPs is otherwise written in terms of the Poisson angular
power spectrunCPs;
selens_ 1731 (12CP) (13(@,a38)) X 5/2)

_ Fa dn n(>Fy)
~173X3X 10719, T obgas, @ C=Fa=g0 | R =ai0 T,
0 —
(40)
where T,, is in wunits of 1 keV, and b,
1'2'3 as
=B"112"3(G"12™) 71 [Eq. (5)] is the reduced bispectrum.
1'2'3 1'2'3
Thus, comparing this to Eq20), we obtain (2— )32
bps(<Fd)=W[n(>Fd)]_llz[cps(<|:d)]3/2-
blp”rimary fNL (41)
— ~171x10 —. (36 . . 1
biz-lens i, s0bgas Toffolatti et al. [35] estimatedn(>F4)~300 sr- for

Fyq~0.2 Jy at 217 GHz. Thi§ 4 corresponds to & detec-

tion threshold for Planck experiment at 217 GHz. Refregier,
This estimate suggests that the primary bispectrum is overspergel and Herbif36] extrapolated the estimation of Tof-
whelmed by the SZ-lensing bispectrum in small angulafolatti et al. to 94 GHz, and obtained(>Fg)~7 sr* for
scales. This is why we have to separate the primary from the 2y which corresponds to a MAP g5 threshold.

SZ-lensing effect. These values yield
B. Extragalactic radio and infrared sources CP(90 GHz<2 Jy)~2x10*¢, (42
The bispectrum from extragalactic radio and infrared e
sources whose fluxeB are less than a certain detection CPY217 GHz<0.2 Jy~1x10 " (43

thresholdF4 is relatively simple to estimate, when they are _
assumed to be Poisson distributed. Since the Poisson distiFhus, rough estimates fdi’® are
bution has the white noise spectrum, the reduced bispectrum

[Eq. (5)] is constanthf] | =bP°=const; then we obtain bPS(90 GHz<2 Jy)~2x10 %, (44)
BTIT2"o= G P, (37) bP(217 GHz<0.2 Jy~5x10"%, (45)

While we assumed the Euclidean source coyt @/2) here
where for definiteness, this does not affect an order of magnitude

estimates above. Since the primary reduced bispectrLirf

[Eq. (20)] and the SZ-lensing reduced bispectremin 3 [Eq.

Fq dn i i i i
ps — 3 349 (35)], the Poisson bispectrum rapidly becomes to dominate
b™(<Fa)=0") J; dFF dF the total bispectrum in small angular scales:
n(>Fy) .
=g3(x F3. 38 bfyf'mary f
9" (X —3=5 Fa 38 U x| —2 (46)
bPs bP¥/10-%
The assumption of the Poisson distribution is fairly good o lens o
approximation as found by Toffolatt al.[35]. Heredn/dF b RN J T pobgas 4
is the differential source count per unit solid angle, and pPs bPS10-25) (47)

n(>Fd)Ef°F°ddF(dn/dF). The power law countdn/dF

xF~A~1 with B<2, has been assumedk=hv/kgT For example, the SZ-lensing bispectrum measured by MAP
=(v/56.80 GHz){/2.726 K) !, and experiments is overwhelmed by point source$=afi00.
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V. MEASURING BISPECTRA variance matrix ofa; is Fijl, we define the signal-to-noise

ratio (S/N); for a component, the correlation coefficient;

) N ) between different componenisand j, and the degradation
We shall discuss the detectability of CMB experiments toparameted; of (S/N); due tor;; as

the primary non-Gaussianity in the bispectrum. We also need
to separate it from secondary bispectra. Suppose that we try

A. Fisher matrix

to fit the observed bispectrumf’l’f:I3 by theoretically calcu- (E) _ ! , (52)
lated bispectra which include both primary and secondary N/ Fﬁl
sources. Then we minimizg? defined by
2 _ Ry
308, 3 AL, R >
X252<| ; =i 2 ' 49
<l1=1p=l3 Tl di=F;F;*. (54)

wherei denotes a component such as the primary, the SZ anlqOte thatr
lensing effects, extragalactic sources, and so on. Unobser\é
able moded =0 and 1 are removed. In the case that the

non-Gaussianity is small, the cosmic variance of the bispe
trum is given by the six-point function di,,, [37,3§. The
variance ofB, ;. is then calculated g<0,39

Th, (49)

E<B|21|2|3>_<B|1|2|3>2*C| CLCLAL

17127132 ol

whereA, |, takes values 1, 2, and 6 for the cases thattsill

are different, two of them are same, and all are same, respec-

tively. C.EC|+C,N is the total CMB angular power spec-

trum, which includes the power spectrum of the detector

noiseCl'. HereCl' is calculated analytically using the for-
mula derived by Knox40] with the noise characteristics of
the relevant experiments. We do not inclug@iefrom second-

ary sources, as they are totally subdominant compared with

the primaryC, and C|N for relevant experiments. For ex-
ample, inclusion ofC, from extragalactic sourcd&qgs.(42)
or (43)] changes our results less than 10%.

Taking dx?/dA;=0, we obtain the normal equation

. _ b _
Bl(;.)|2|3 I(BZIS — ?1|§|3B|(!L)|2|3
T | 2=1S1,=15 0'|21|2|3 I S=1y 0'|21|2|3
(50)
Thus, we define the Fisher matiix; as
(1B
Fij= 2
2=<ly<l,=<l3 0'|1|2|3
2 | +1)
T 2<ly<l,<l3 ! 2
T I 1, 15\2000 b0
2'2/\3%" 2/lo 0 o o2,
1'2'3
(51)

where we have used E(f) to replaceB|1,2,3 by the reduced
bispectrumby ;. [see Eq.5) for definition]. Since the co-

C_

| ij does not depend on amplitudes of bispectra, but
hapesd; is defined so ad;=1 for zero degradation, while
d;>1 for degraded $/N); . Spergel and Goldber@0] and
Cooray and HY22] considered the diagonal component of
Fﬁl, while we study all components in order to discuss the
separability between various bispectra.

An order of magnitude estimation &N as a function of
a certain angular resolutidris possible as follows. Since the
number of modes contributing ®&N increases ak”? and

2
~0.36X1,

[
|3

0 0 O
we estimate §/N),~ (F;)? as

i

~i|3/2><|3/2

3

oo o

|3bl(lil)

(l 2C|)3/2
~15b[) x 4 1012, (55)
where we have usedC,~6x10 1,

Tables | and Il tabulate all components lf and Fijl,

respectively. Table Il summarize$S/(N);, while Table IV
tabulategd; in the diagonal and;; in the off-diagonal parts.

B. Measuring primary bispectrum

Figure 4 shows the numerical results of differen®AN
for the primary bispectrum at lg interval,
[d(S/N)?/dInls¥?f !}, in the upper panel, and
(SIN)(<I3)fyt, which isS/N summed up to a certain, in
the lower panel. The detector nois@E have been computed
for a COBE 4-yr mag41], for a MAP 90 GHz channel, and
for a Planck 217 GHz channel, but the effect of limited sky
coverage is neglected. Figure 4 also shows results for the
ideal experiment with no noise: C'=0. Both
[d(S/N)?/dInl3]*? and (S/N)(<I3) are monotonically in-
creasing functions with; as roughly=l; up tol;~2000 for
the ideal experiment.
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TABLE II. The inverse Fisher matrii?ijl. i andj denote components listed in the first row and the first
column, respectivelyT ,q is in units of 1 keV,bBE=bP¥10~?% andbb3=bPY10 2",

COBE Primary SZ lensing Point sources
Primary 3.5X10° fyf 1.1X10° (fauj,Tpobgad - 1.3x 10" (fy b5~
SZ lensing 3.1x10° (j,T,obgad 2 —7.8x10° (j,T,obgadhd)
Point sources 3.1x10' (b53) 2
MAP

Primary 3.0x 10 fyf —6.1 (fuLj,Tpobgad 0.21 (fu b5t

SZ lensing 8.4 (i, T obgas) 2 —0.46 (,T,obgadbbd) *
Point sources 0.21 (59 ?
Planck

Primary 26 fyf ~4.9<10°2 (fuj,Toobgas —5.7X107° (b5t
SZ lensing 2.6X10°2 (j,T,obgad 2 —5.4x107° (j,T,obgadh?) !
Point sources 3.7x10°* (b53) 2

Beyondl ;~2000, an enhancement of the damping tail inin shape from other secondaries, as the secondaries do not
C, because of the weak lensing effedd2] stops oscillate. This is good news for the forthcoming high angular
[d(S/N)?/dInl;]*2 and then &/N)(<I;) increasing. This resolution CMB experiments.
leads to an important constraint on the observation; even for
the ideal noise-free and the infinitesimal thin-beam experi- C. Measuring secondary bispectra
ment, there is an upper limit on the value N=0.3f, . . . . . .
For a given realistic experimentd(S/N)2/d In15]¥2 has a The signals to noise for measuring the SZ-lensing bispec-

maximum at a scale near the beam-size. trum (S/N)szjensin units of|j,| T obgasare 1.8<1074, 0.34,
The total §/N)fy! are 1.7 1073, 5.8<1072 and 0.19 and 6.2 for COBE, MAP, and Planck experiments, respec-

for COBE, MAP and Planck experiments, respectivelge tively (see Table Ill. T is in units of 1 keV. Using Eqgs.

Table 1l). In order to obtainS/N>1, therefore, we need (55) and(35), we roughly estimate¥/N)szjens aS

fy>600, 20, and 5 for each corresponding experiment,

while the ideal experiment requirdg, >3 (see Table V. S 2 6 1T b
These values are also roughly obtained by substituting Eq. N ~17X107%},| T obgas- (57)
(20) into Eq. (55): szlens
Thus, ©/N)szensincreases with the angular resolution more
(E) ~1X 107 *fy, (56) rapidly than the primary bispectrufisee Eq.(56)]. Since
primary i, T 0bgas should be of order unity, COBE and MAP would

The degradation parameteds, .., are 1.46, 1.01, and TABLE IV. The degradation parametdy [Eq. (54)] and corre-
1.00 for COBE, MAP, and Planck experiments, respectivelyationr;; [Eq. (53)] matrix. i andj denote components listed in the
(see Table IV. This means that MAP and Planck experi- first row and the first column, respectivety.for i=j, whiler;; for
ments will separate the primary bispectrum from others at#j.

1% or better accuracies. Since the primary and other second
ary sources change monotonically in the COBE angulafOBE Primary SZ lensing Point sources
scales, COBE cannot discriminate between them very well_ . . -

In the MAP and Planck scales, however, the primary b)i/specl-:)rlmary 1.46 0-33 sgn() 1.6x10

trum starts oscillating around zero, and then is well separate sirlﬁngces 3.89 _0'7935221”)
TABLE llIl. The signal-to-noise ratio ¥/N); [Eq. (52)]. i de- MAP

notes a component listed in the first roW, is in units of 1 keV,  primary 1.01 —0.12 sgn{,) 2. 7% 1072
bjs=bP¥10" %, andb53=bP</10"*" SZ lensing 1.16 —0.35 sgni,)

) . ) Point sources 1.14

Primary SZ lensing Point sources o,
COBE 1.7<10°° fyi 1810 % |j,|Tyobgas 571077 BB oy 1.00 —59x<10°2 sgnj,)  —5.8x10°*
— 2 P S

MAP — 58<10°° fn. 0.34 [j,|T obgas 2.2 bhs SZ lensing 1.00 ~1.8x10°2 sgn(,)
Planck 0.19fy,. 6.2 |j,|T 0bgas 52 bj7 Point sources 1.00
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TABLE V. The minimum non-linear coupling constafy_ re- 10° ey
quired to detect the primary non-Gaussianity by the bispectrum and [d(S/N)2/dlnl, ]2} E
the skewness with the signal-to-noise ratioc>ef. These estimates 10-1 ]

include the effects of cosmic variance, detector noise, and fore-
ground sources.

10-2 4
Experiments fno (bispectrum fnL (skewness
10-3 L 3
COBE 600 800 100 E——AHHHH——— l’
MAP 20 80 i ' ! 3
—— ideal (zero—noise) =
Planck 5 70 - realistic lanck-
Ideal 3 60 107 g mome FeaSHe o T anc
(8/N)(<1y)f5t
10-2

not be expected to detect the SZ-lensing bispectrum; how-

ever, Planck would be sensitive enough to detect it, depend-  1p-s
ing on the frequency, i.e., a value pf. For example, 217 L
GHz is totally insensitive to the SZ effect §s~0, while 10 100 1000

j»=—2 in the Rayleigh-Jeans regime. L,

The degradation parameteds, . s are 3.89, 1.16, and FIG. 4. The predictions of the signal-to-noise rat®N, for
1.00 for COBE, MAP, and Planck experiments, respectivelfCOBE, MAP, and Planck experimerisee Eq(52)]. The differen-
(see Table IV. Thus, Planck will separate the SZ-lensingtial S/N at Inl; interval is shown in the upper panel, while the
bispectrum from other effects. Note th&®/N),jens Values cumulativeS/N up to a certairz is shown in the lower panel. Both
must be an order of magnitude estimation, as our cosmolog@re in. units off!\,L. The sc_)lid line represents the zero-_noise ideal
cal model is the COBE normalized SCDM vyieldingg e_xpenment, while dotted Ilneifhow the reallgtlc expenrr;ents men-
—1.2, since thisog is about a factor of 2 greater than the tioned above. The totalN)fy, are 1.2<10°%, 5.8<10 <, and
cluster normalization witt,,=1 and 20% greater than the 0-19 for COBE, MAP, and Planck experiments, respectively.
normalization With(slzmzo.B [43]. Thus, this factor tends to
overestimate O a><) [Eq. (34)] by a factor of few orders .
of magnitude<e. ISnmt1f>1e other hand, using the linear powe|and 1.00(see Table V. Since
spectrum forP4(k) rather than the non-linear power spec- S
trum tends to underestimate the effect by a factor of few —)
orders of magnitude at~3000 [22]. However, our main N
goal is to discriminate between shapes of various bispectra,
not amplitudes, so that this factor does not affect our conclufrom Eq. (55), S/N of the bispectrum from point sources
sion on the degradation parametdrs increases very rapidly with the angular resolution. Our esti-

For the extragalactic radio and infrared sources, weamate that MAP will detect the bispectrum from point sources
estimated the signals to noise as 5.7is consistent with the results found by Refregier, Spergel and
X107 7(bPS10°29), 2.2(bPY10 2%, and 52pPS/10 2") for  Herbig [36]. Although MAP cannot separate the Poisson
COBE, MAP, and Planck experiments, respectivébee bispectrum from the SZ-lensing bispectrum very vséer ;

Table Il), and the degradation parametdys are 3.45, 1.14,

~1°x 1013 b™ (59
oS 10725 !

TABLE I. The Fisher matrix;; [Eq. (51)]. i andj denote components listed in the first row and the first
column, respectivelyT ,q is in units of 1 keV,b5s=bP¥10~?% andbb3=bP10 2",

COBE Primary SZ lensing Point sources
Primary 4.2¢10°° f§, —4.0x10°7 fyuj, T obgas —1.0x10°? fy bb2
SZ lensing 1.3x10°7 (j,T,0bgad? 3.1x10° % |, T obgads
Point sources 1.1X10712 (bb3)2
MAP

Primary 3.4x10°3 2, 2.6<10°2 fyj,T,0bgas 2.4x107% fy bbs
SZ lensing 0.14 (,T obgad? 0.31 j,T,obgabhs
Point sources 5.6 (052
Planck

Primary 3.8x10°2 f3, 7.2<10°2 fyj,T0bgas 1.6X10°2 fy bbS
SZ Iensmg 39 (] yTpObgas)2 5.7 jvaObgasb'23§
Point sources 2.7x10° (bb3)2
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in Table IV), it would not matter as the SZ-lensing bispec- 10° g T
trum would be too small to be measured by MAP. Planck (S/N)(<1)fgt ;
will do an excellent job on separating all kinds of bispectra, 10-1 L Bispectrum Planck-

at least including the primary signal, SZ-lensing coupling,
and extragalactic point sources, on the basis of the shape .
difference.

10-3
D. Measuring primary skewness 100 bttt b
For the skewness, we defil#N as —— ideal (zero—noise)
10-! i ---- realistic =
S\ 2 S§ E Skewness Planckg
N1 = 5 (59) -2 = =
N/ o2 107 E 3
S g E
. . 10-3 3 3
Where the Varlance IM4] E 1 L IIII| 1 1 11 IIIII 1 1 11 IIIII 1 1 I:
10 100 1000
d cos6 L

Z =<<&>,>2>=6f1 [c(o)®
0s,= 2

FIG. 5. The comparison of the signal-to-noise ratio summed up
to a certairl;, S/N(<I3), for the detection of the bispectrujap-

(213+1)(2,+1)(213+1) (11 12 |3)2 per panel, Eq(52)] and the skewnesdower panel, Eq.(59)] in

B (41)3 0O 0 O units offy,_ for COBE, MAP, and Planck experimer{gotted lineg
res and the ideal experimeiisolid line). See Table V for values dfy,_
X .C.C W W2 W? in order to obtainS/N>1.
i e Pl P
9 1 VI. DISCUSSION AND CONCLUSION
= _3 Il+ ~ |2+ ~ |3+ ~ X L. )
273 2=1,=1,=ly 2 2 2 Using the full radiation transfer function, we have com-
TETRY: puted numerically the primary cosmic microwave back-
1 2 13 round bispectrunEq. (16)] and skewnesfE(. (25)] down
X W2 W2 W2 9 , . . .
(0 0 0) G1,G G Wi, Wi, Wi (60 to arcminute angular scales. The primary bispectrum oscil-

lates around zer@Fig. 2); thus the primary skewness satu-

In the last equality, we have used the symmetry of summeé@ates at the MAP angular resolution scdle;500 (Fig. 3.
quantity with respect to indicd€q. (26)], and removed un- We have introduced the “reduced” bispectrum defined by
observable modet=0 and 1. Typicallyasg~10*15, as Eaq. (5), and conf|'rmed that this quantity is more useful to
U%N[C(O)]s/2~ 10715, whereC(6) is the temperature auto- giessg)cer::t:reut&eEzhzlzs)l]cal property of the bispectrum than the full
correlation function in_cIuQing noise. The lower panel of Fig. Figure 5 compares the expected signal-to-noise ratio for
3 showsos,(<I3), which isos (<l5) summed up to a cer- getecting the primary non-Gaussianity based on the bispec-
tain I3, for COBE, MAP, and Planck experiments as well astrum [Eqg. (52)] to that based on the skewnd&xy. (59)]. It

the ideal experiment. Since:’|W,2:C,e*'('“)"ﬁer*l, shows that the bispectrum is almost an order of magnitude
wherew ! determines the white noise power spectrum ofMore sensitive to the non-Gaussianity than the skewness. We
the detector noise according to Knox's formyk0], the conclude that when we can compute the predicted form of

dominance of the second term beyond the experimental arbe bispectrum, it becomes a “matched filter” for detecting

gular resolution scald,~ o, *, keepsos (<I3) slightly in- the non-Gaussianity in the data, and thus a much more pow-
: - : erful tool than the skewness. Table V summarizgs re-

creasing withls, while Sy(<|5) becomes constant beyond quired for detecting the primary non-Gaussianity using the

that (see the upper_panel of Fig).3As a resqlt,S/N starts bispectrum or the skewness with COBE, MAP, Planck, and
som_ewhat decreasmg beyond the _rgsolutlon. We use ﬂ}%e ideal experiments. This shows that even the ideal experi-
maximum S/N for estimating the minimum value offy,_

needed to detect the primas. We find thatf,, >800, 80, ment need$y, >3 in order to detect the primary bispectrum.

. . We estimated the secondary bispectra from the coupling
70, and 60 for.COBE,. MAP, Planck, and the ideal EXPE"hetween the Sunyaev-Zel'dovich and the weak lensing ef-
ments, respectively, with all-sky coverage.

These f.. values are svstematically larger than thosefeCtS’ and from extragalactic radio and infrared sources. Only
NL Y y larg Planck will detect the SZ-lensing bispectrum, while both

needed. to deteds, 1, by a factgr of 1.3, 4, 14, and 20, \ap and Planck will detect the bispectrum from extragalac-
respectively(see Table Y. The higher the angular resolu- tic point sourcegTable II).

tion, the less sensitive measuring the prim&gythanB, ;.. We also studied how well we can discriminate among the
This is because the cancellation effect in smaller angulaprimary, the SZ-lensing coupling, and the extragalactic point
scales due to the oscillation &, dampsS;. sources bispectra. We found that MAP and Planck will sepa-
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rate the primary from other secondary sources at 1% or betteignificant even after removing such the systematics.
accuracies. This conclusion is due to the presence of acoustic Although we have not discussed it so far, the spatial dis-
oscillation in the primary bispectrum that does not appear iriribution of emissions from interstellar dust is a potential
the secondary bispectra. The SZ-lensing coupling and thsource of the microwave non-Gaussianity. Since it is very
extragalactic sources are well separately measured by Planblard to estimate the bispectrum analytically, the dust map
experiment, although COBE and MAP cannot discriminatecompiled by Schlegel, Finkbeiner and Dayi#/] could be
between theniTable V). used to estimate the dust bispectrum. For example, we found
Our arguments about the ability to discriminate amongthat the dimensionless skewness parameter defined by
various bispectra were fully based upon the shape differencé(AT)3)/((AT)?)*2is as large as 51. We used the publicly
and thus did not take into account the spectral difference itavailable HEALPix-formatte@48] 100 xm map which con-
the frequency space. As pointed out [#56,46], the multi-  tains 12582 912 pixels without a sky cut. The mean intensity
band observation is so efficient as to discriminate among thi the map was 14.8 MJyst. Of course, this skewness is
primary signal and the other foreground contaminants fotargely an overestimate for the CMB measurement in reality;
measuring the CMB anisotropy power spectrum. Theirwe need to cut a fraction of the sky which contains the Ga-
scheme should be effective on the bispectrum as well, anthctic plane, and then this will greatly reduce the non-
the accuracy of the foreground removal will be improvedGaussianity. Nevertheless, residual non-Gaussianity is still a
further. Thus, we expect that MAP and Planck will measuresource of the microwave bispectrum, and has to be taken into
the primary bispectrum separately from the foregrounds. account. Moreover, the form of the bispectrum measured in
The simplest inflationary scenario usually predicts smalthe dust map would reflect the physics of interstellar dust,
fau (~10°2) [11,12, and the second order perturbation which is highly uncertain at present, and thus studying the
theory yieldsfy, ~1 [26]. Thus, the significant detection of interstellar dust bispectrum would be challenging field.
the primary bispectrum or the skewness with any experi-
ments means that the simplest inflationary scenario needs to ACKNOWLEDGMENTS
be modified. According to our results, if the reported detec- ) ) ) o
tions [17,18 of the bispectrum in the COBE map were the ~We would like to thank Naoshi Sugiyama and Licia
cosmological origin, then MAP and Planck would detect theVerde for useful comments, and UrBgljak and Matias Zal-
primary bispectrum much more significantly. Although Ban-darriaga for making theicMBFAST code publicly available.
day, Zaroubi and Gski [19] pointed out the one of those E.K. acknowledges financial support from the Japan Society
detectiong17] could be accounted for by the experimental for the Promotion of Science. D.N.S. is partially supported
systematic effects of COBE, the othdi8] is claimed to be by the MAP/MIDEX program.
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