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Why is the CMB so good for cosmology?  Answer: Linearity!

Assume simple primordial model - inflation (small scale-free seeds)
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Transfer function Ai(k) depends on Ho, Q), Qa, Qm, Qp, etc.
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The triumph of the inflationary concordance model ...

A self-consistent concordance model with (WMAP 7yr results):

4.56(20.16)% baryons, 22.7(x1.4)% dark matter, /2.8(x1.5)% dark energy
with spatial flatness (to 19%) and an age of |3.75(£0.1 1) billion years.

All based on the two-point correlator (power spectrum)

6000

- WMAP

5000} |- --Abelian Higgs strings
—— Semilocal strings
----Textures

4000

T
+ | 2
W
o
o
o

2000

1000

(0]

10’ 10° 10°
multipole moment: |

.e. massive compression of data (e.g. WMAP 10° pixels to 1000 ['s)
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But is this all there is to be learnt about the early universe?

.e. massive compression of data (e.g. WMAP 10° pixe



CIVIB Future - Planck

Launched in May 2009, the ESA

Planck satellite, 1s currently mapping
the Universe at high resolution -
first cosmology results Jan 201 3
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CIVIB Future - Planck

Launched in May 2009, the ESA
Planck satellite, 1s currently mapping
the Universe at high resolution -
first cosmology results Jan 201 3
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Inflation is defined as a period of accelerated expansion” a > 0

The simplest example has equation of state P = —pc?

so the energy conservation equation yields p =0 = p = const

2
The Friedmann equation gives = (8;(;) A

<§)2 _2A = a(t) = )
3

a

with Hubble parameter

. A
H_\/;

De Sitter space
conformal diagram

X =0 X

1
=
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An accelerating universe has an event horizon

dg(t) = c/ e Hit' g4/ — CHI_l
¢

Heisenberg's Uncertainty principle with Az ~ cH; ' implies Ap

4

c [(Ap c
h

2
AE ~ %gﬁzv - (—) (cH; ')? =~

2r7—1

Hence AEAt =~ (c¢*/h)(A¢)*H[* ~ h, implies inflaton

| hH
fluctuations (Aqb)Z\I R (—I>

2

These exit the horizon and “freeze” as classical spacetime fluctuations



Perturbation evolution

The observed universe

logt A (comoving scale evolution):

At reheating well outside the
Hubble radius,

a(treh)

| a(to)
observed universe

/a(cclj_r?f"ti{‘_g ?;a'fz) but matches the Hubble radius
° earlier during inflation,

a(ty) a(tren)
a(tren) a(to)

horizon re-entry

cHy > cH ™ (ten)

Hubble radius
cH '~ t N

1 —1
cHy, = cHI

HOT BIG BANG . .
that is, at a time t; defined by

CL(tI)HI = a(t())H(]

e
log r

reh

™ horizon exit INFLATION

Hubble radius
7 cH 1~ const.
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Perturbation evolution

The observed universe

logt A (comoving scale evolution):

At reheating well outside the
Hubble radius,

a(treh)

| a(to)
observed universe

/a(c‘;j_r?f"ti{‘_g ?&a'ﬂ) but matches the Hubble radius
° earlier during inflation,

a(ty) a(tren)
a(tren) a(to)

horizon re-entry

cH' > cH (tren)

Hubble radius
cH '~ t N

1 —1
cHy, = cHI

HOT BIG BANG . .
that is, at a time t; defined by

treh |O;’
> horizon exit INFLATION a(tI)HI = a(tO)HO
Hubble radius More generally comoving lengthscale x exits at time t,
_~ ¢H '~ const. . . . .
during inflation and then re-enters at time tn:

a(tI)HI — CL(tH)H(tH) — cx_l




low-=roll inflation

An extended period of inflation ensues If slow roll condrtions apply

0 <V(e) ol <IBHYL V] o e n<]
or equivalently if the inflaton potential is flat and featureless (approx slow roll params)
V/ 2 V//
€y = %Mgl (7) ) nv = M5l7 — v, Nv < 1

The slow roll equations then admit quasi-exponential expansion

1 . dV
H? = V(g), SHp = ——
3M?2 (@) dg
Inflation ends and reheating occurs: |

LiZ ~V(gr) or  e(dn) =1 V(o

The total number of e-foldings is




low-roll inflation

An extended period of inflation ensues If slow roll condrtions apply

0 <V(e) ol <IBHYL V] o e n<]
or equivalently if the inflaton potential is flat and featureless (approx slow roll params)
V/ 2 V//
€y = %Mgl (7) ) nv = M5Z7 — v, N K 1

The slow roll equations then admit quasi-exponential expansion

1 . dV
H? = V(g), SHp = ——
3M?2 (@) d¢
Inflation ends and reheating occurs: |
105, ~V(pr)  or e(or) =1 Vo
The total number of e-foldings is
tr PR [
N = Inla(t/altn)) = [ Hat= /¢ e
1 [orV -

Q

— —_ddo <
Mgl /cﬁz &




dIOW Troll Spectrdl Index

Amplitude of scalar perturbations for slow roll

oo 1 H21 - oo 1V
Aclk) = 24m2 M, € o Aglk) ~ 2472 M2 ev -
Spectral iIndex in the slow roll approximation
1= dInAg 1~ 2 — 4e ~ 20y — 6
M T T Tk T e e mAlmReE v by
so for simple free field potential
evwnvwiforV((b):lngbQ — nwl—3
N 2 i N

and more generally  y(g) = A4 (?)p . ~098

Aside: Hamilton-Jacobi slow-roll params ¢ = —
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Amplitude of scalar perturbations for slow roll

oo 1 H21 - oo 1V
Aclk) = 24m2 M, € o Aclk) ~ 2472 M2 ev -
Spectral iIndex in the slow roll approximation
= 4 A 17 20 — 4e ~ 2y — 6
Ng — 1 = 1o & — Ng — 1L ~ 41 — 4€ = 4y — O€ey
so for simple free field potential
evwnvwiforV((b):lm2gb2 — n %1—3%0.96
N 2 i N

and more generally V(g) = A* (?)p o~ 0098- 2

2
Aside: Hamilton-Jacobi slow-roll params =~ ¢ = — H l_¢ n = —i







Probability density function

Numerical results ...

.
. “.ﬂ .

0.4

V.S J V.&
Nonknear perturbation T

Small NG signal for single field inflation
Significant fni for multifield inflation (see later)

Ongoing stochastic simulations/theory (Funakoshi & EPS, 201 1)
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Plot of binomial distn for
different no. of tosses:
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or normal distribution
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34.1%

13.6%i

Determined only by mean u and standard deviation

Central limit theorem: any independent random process . '/\g‘;;‘q
duss




The skewness measures cubic Adult height distribution
deviation from normal distribution:

=((F)
Y1 = T

Inches
)
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The skewness measures cubic Adult height distribution
deviation from normal distribution:

B <(AT>3>
=AU
For the CMB this is the sum over a
3D object - the bispectrum by, 1,154

1
= E ;hilzl?,blllzls

(2




BiIspectrum

We search for (isotropic)
non-random correlations
at three points,

.e. summing over similar
triangles with side lengths
representing 3 coords.

4 3D CMB bispectrum

Any non-random bispectrum

Blll2l3 ™~ <a’l1m1 Alomio al3’m3>

s then a 3D object constructed
from the aym,'s with multipoles |,
making triangles (the new coords)
Bi.1,1, exists on a tetrahedron




BiIspectrum

We search for (isotropic)
non-random correlations
at three points,

.e. summing over similar
triangles with side lengths
representing 3 coords.

4 3D CMB bispectrum

Any non-random bispectrum

Blll2l3 ™~ <a’l1m1 Alomio al3’m3>

s then a 3D object constructed
from the aym,'s with multipoles |,
making triangles (the new coords)
Bi.1,1, exists on a tetrahedron




BiIspectrum

We search for (isotropic)
non-random correlations
at three points,

.e. summing over similar
triangles with side lengths
representing 3 coords.

4 3D CMB bispectrum

Any non-random bispectrum

Blll2l3 ™~ <a’l1m1 Alomio al3’m3>

s then a 3D object constructed
from the aym,'s with multipoles |,
making triangles (the new coords)
Bi.1,1, exists on a tetrahedron




Py = Py 6 + P%. a = Gaussian with (Cixi)(i)} =0

lin

Non-Gaussianity (local model with parameter i)
® = &y, + Pnp, where Onp, = fr, D2

lin —

= nonGaussian with <€[)(j)<j>> ~  JNL <(i)12m>2

Perturbative expectations - inflation

Perturbative higher order correlators fne ~ O(1)
Leading order term (P(NdMPD)) ~ (M) () 5 1))

Second-order gravitational perturbations also ~ O( )

Non-perturbative models - e.g. cosmic strings

Poor suppression of higher orders with signals fn ~ P(k)/2 ~ 10> >> |
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“Gaussianity
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Non-Gaussianity (local model with parameter i)
® = &y, + Pnp, where Onp, = fr, D2

lin —

= non(aussian with (i)<i><i>> ~  JNL <(I)11n>

Perturbative expectations - inflation

Perturbative higher order correlators fne ~ O(1)
Leading order term (P(NdM @)Y ~ (M @M) (1) 5 (1))

Second-order gravitational perturbations also ~ O( )

r**%‘.-ff‘-.‘..- = *vF"l

i
_3.’\ .. .4 ‘|
R R '.\'.. W |
MR a3 i o o
%~ .__ Az kit

Non-perturbative models - e.g. cosmic strings ',l il

Poor suppression of higher orders with signals fnL ~ P(I<) 2~ IO5 >> I



xercise I: Local non-Gaussianity

Assume that higher order corrections to the linear pert. solution are
(%) = (D) + D) + oo = D+ fr, (€2 = (D)) + ..
where the linear solution obeys (¢M (k) ¢ (k)) = (27)* P(k) §(k + k')

Using the convolution theorem, show that second-order solution can
be expressed in the form:

@)= [ o [ éf) D) D) = (D) V] 3k~ K —K)

Hence, find the bispectrum for the local model defined by

(C(k1) C(ka) C(k3)) = (2m)°6(ky + ko + k3) B(k1, k2, ks3)
with

B(k1, ko, ks) = 2fnL [P (k1) P(k2) + P(ke) P(k3) + P(ks)P(k1)] -



xercise I Local non-Gaussianity

Assume that higher order corrections to the linear pert. solution are
(%) = (D) +¢Px) + oo = (D fr, (CV)2 = (D)) + ..
where the linear solution obeys (¢M (k) ¢ (k)) = (27)* P(k) §(k + k')

Using the convolution theorem, show that second-order solution can
be expressed in the form:

(O = [ G5 [ s (€00 0D dlke K 1)

Hence, find the bispectrum for the local model defined by

(C(k1) C(kz) C(ks)) = (2m)°0(k1 + ko + k3) B(k1, ko, ks3)
with

B(k1, ko, ks) = 2fnL [P (k1) P(k2) + P(ke) P(k3) + P(ks)P(k1)] -



xercise I: Local non-Gaussianity

Assume that higher order corrections to the linear pert. solution are
(%) = (D) +¢Px) + oo = (D fr, (CV)2 = (D)) + ..
where the linear solution obeys (¢M (k) ¢ (k)) = (27)* P(k) §(k + k')

Using the convolution theorem, show that second-order solution can
be expressed in the form:

¢ (k) = / (275/3 / éf)g COK) K — (D) D )| dk — K~ K)

Hence, find the bispectrum for the local model defined by

(C(k1) C(kz) C(ks)) = (2m)°0(k1 + ko + k3) B(k1, ko, ks3)
with

B(k1, ko, ks3) = 2 fnL [P(k1)P(k2) + P(k2) P(ks) + P(ks)P(k1)] -



Fixed comoving volume simulations
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freezes out

:

Intervening
nonlinear evolution

Short wavelengths k
influenced by k3

Time

Fixed comoving volume simulations



Local N o'n—zsaussiaﬂi‘ty

Single field inflation non-Gaussianity (Maldacena, 2003) Simple route to NG,
Rigopoulos, et al, 2004

Nonlinearity for ¢, = 12 Q; only in prefactor of source Si[Qin]
a €

S " 4’k W(k)ikie™ *Qun (k)a(k) + ¢
T 1 7 1n @ .C.
2avE) (2m)3/2 1
Expand to leading order ... I - ns (spectral index)

~
0ij€ = —26(26 — 77) — .(2) — (46 _ 277) C(l) Si(l)

Z |
Squeezed imit with 2nd order Long mode k3 Short mode
K3 << Kk =k solution background k source

Schematically 2nd order solution s
vields 3-pt correlator or bispectrum: CD (k) ~ (4e — 2n) P(k)Y? P(k5)'/?

1 H?
k3 ks e

Hy;

ks €k

(¢ (k)W (k3)CP) (K)) ~ (4e — 2n) P(k)P(k3) ~ (de — 21)

k
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Primordial Bispectrum

Defined by (®(k1)® (ko) ®(ks)) = (27)° Ba (k1, k2, k3) d(k1 + ko + ks)

K, k,
Note the triangle condition /\
k;

Imposes 3D tetrahedral bispectrum domain for the wavenumbers kj,kz,k3

k ! - 1 -
3 (0.K,K) Slices k= 5(k1 + k2 + k) = const.

B
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There is an overall k® scaling in the bispectrum, so define

1
S(kla k27 k3) — N(klekS)Z B(kla k27 kS)

which Is the (scale-invariant) shape function
For the local  B(ky,koks) = P(ki)P(kz) + P(k2)P(ks) + P(k3)P(k))

k? + k3 + k3
k1koks

S(k17k27k3) ~ % (



There is an overall k® scaling in the bispectrum, so define

1
S(kla k27 k3) — N(klekB)Z B(kla k27 k3)

which Is the (scale-invariant) shape function
For the local  B(ky,ko,ks) = P(ki)P(kz) + P(ko)P(ks) + P(k3)P(k))

k? + k3 + k3
k1koks

S(klak27k3) ~ % <



Local shape ?u'nctio'n

There is an overall k* scaling in the bispectrum, so define

1
S(k1, ka2, k3) = N(kleks)Z B(k1, k2, k3)

which is the (scale- invariant) shape function
For the local B(/< K2, /<3) = P(/< )P(/<z) + P(/<2)P(/<3) + P(/<3)P(/<)

Scale-mvarlant
slice through the
“local 3D shape

/<:1 + kg + ks = const.




Simple inflation models cannot generate observable non-Gaussianity:

* single scalar field

* canonical kinetic terms

* always slow roll

* oground state Inrtial vacuum

* standard Einstein gravity

Non-Gaussianity is arguably the most stringent test of the standard picture

But simple inflation model-building faces rigorous challenges in fundamental
theory (e.g. eta problem and super-Planckian field values). Many new ideas/
solutions violate these conditions!



Inflation in strin o ﬂ% ory

Motivated by deficiencies of inflation
UV completeness sensitivity \
Super-Planckian fields
Eta problem - quantum corrections
Challenges to effective field theory .

Rich structure |

warped branes, axions, eternal inflation Dvali & Tye, 2000
Sarangi & Tye, 2002

landscape ... KKLMMT, 2003

TIME




Multiple field inflation

Non-Gaussianity from interacting potentials

V(o1,62) = LA + 63— m?)? 4+ v(dn +m)’

Significant final fne Ingredients:
® corner turn/ng Rigopoulos, EPS, van Tent 05, 06

» : see also Vernizzi & Wands 06,
® nontrividl ;DOtGﬂUG/ and Bernadeau & Uzan 02
® or breakout (hybrid models)

Time (e-foldings)
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Multiple field inflation

Non-Gaussianity from interacting potentials

V(o1 62) = JA8 + 63— ) + v(61 +m)?

Significant final fne Ingredients:
® corner turn/ng Rigopoulos, EPS, van Tent 05, 06

» : see also Vernizzi & Wands 06,
® nontrividl ;DOtGﬂUG/ and Bernadeau & Uzan 02
® or breakout (hybrid models)

Large NG from muiltifield inflation

Curvatons - non-participating, later dominant
e.g. Linde & Mukhanov 96; Lyth & Wands 01; Moroi & Takahashi 01

Simple curvatons local, but corrections:
e.g. Fassielo et al, | I; Lerneretal I |; Byrnes etal, I 1.

Corner-turning multifield models

Slow-roll: Byrnes, Choi, Hall, 08a, 08b; see also Seery & Lidsey, 04 76 78 50 52
General: RSvT, 07; Peterson & Tegmark, 10; Meyer & Sivanandam o Time (e-foldings)

Hybrid or waterfall inflation models Barnaby & Cline, 06; Naruko & Sasaki, 08; Mulryne et al I 1.




| 'Multiple field inflation

® Complex corner-turning dynamics during multifield inflation

® -nd of inflation, reheating and preheating

® Curvatons - post-inflation egn of state modification

Higher derivative kinetic terms
® K-inflation, DBI inflation - modified sound speed

Excited initial states - trans-Planckian effects

Feature and periodic models (non slow roll)

Secondary anisotropies - c.g. ISW, cosmic strings
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| Multiple field inflation

® Complex corner-turning dynamics during multifield inflation

® -nd of inflation, reheating and preheating = ** B

® Curvatons - post-inflation egn of state modification

Higher derivative kinetic terms
® K-inflation, DBI inflation - modified sound speed

Excited initial states - trans-Planckian effec;sk/ \

Feature and periodic models (non slow roll) \ /\ A AN /

3\/\/\/\/\/

Secondary anisotropies - c.g. ISW, cosmic string




COSMIC (Super)strings

Brane inflation collisions (F- and D-strings) or SUSY GUT models

Scale-invariant evolution
Non-Gaussian CMB signature

L

-~

Trispectrum key, not bispectrum

Analytic approximations for string bispectrum Hindmarsh & Ringeval, 09
String polyspectra calculated for Planck - T competitive w. P(k) Regan & EPS, 09
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¢ @ \' \ 1D [ SPHheClrd

2 3
bl 1,1, = (-) / r2dx / dk1dkadks S(k1, ko, k3)
Tr
X Ay, (k1) Ay, (ko) Ay (k3) ji, (k1) ji, (ko) Jis (k3z)

For the CMB, the bispectrum and trispectrum™® are defined by
<a11m1al2m2al3m3> - (/ d2ﬁY11m1 (ﬁ)lemz (ﬁ)Ylsms (ﬁ)) biy 151

(a’llmla’l2m2al3m3a’l4m4> — (/ dQﬁYllml (ﬁ)lemz (ﬁ)Ylsms (ﬁ)Yl4m4 (ﬁ)> t115213l4

* For simplicity we give formulae only for diagonal-free trispectra.



.—— Primordial shape
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Transfer functions
For the CMB, the bispectrum and trispectrum™® are defined by
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.—— Primordial shape

2 3
bl 1,1, = (-) / r2dx / dk1dkadks S(k1, ko, k3)
Tr
X Ay, (k1) A, (ko) Ay (k3) Ji, (k1) ji, (ko) Jis (k3z)
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Transfer functions Oscillatory
For the CMB, the bispectrum and trispectrum™® are defined by
<a11m1al2m2al3m3> - (/ d2ﬁY11m1 (ﬁ)lemz (ﬁ)Ylsms (ﬁ)) blllzls
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* For simplicity we give formulae only for diagonal-free trispectra.
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Tr
X Ay, (k1) A, (ko) Ay (k3) Ji, (k1) ji, (ko) Jis (k3z)

™ N\

Transfer functions Oscillatory

For the CMB, the bispectrum and trispectrum™® are defined by

, / gm1m2m3
<a11m1al2m2al3m3> — (/d ﬁYhml (ﬁ)lemz (ﬁ)Ylsms (ﬁ)) blllzls

(al1m1alzm2al3m3al4m4> — </ dQﬂYllml (ﬁ)Yzzmz (ﬁ)Yl3m3 (ﬁ)Yl4m4 (ﬁ)> tlllzlslzt

* For simplicity we give formulae only for diagonal-free trispectra.



xercise Il: CMB Local non-Gaussianity

The reduced CMB bispectrum arises from the primordial bispectrum

2\ ° . . .
bl1l213 = <;) /dxdkldkgdkg($k1k2k‘3)23(k‘1,kg,kg)All (kl)AZQ (kg)Al3 (kg)]ll (klx)]l2 (k’g.’l?)jlg (kgm)

In the large-angle approximation (I << 200), we can approximate the

transfer functions by A;(k) = %jl(ATk) with AT = 79 — Tdec -

In the local model with P(k) o< k2, show that the 4D bispectrum
integral above becomes separable yielding the large-angle analytic result

1 1 L !
bl 1 + i |
hials O 5o (ll(zl + Dla(la +1) " la(la + Dis(ls+1) " Ia(ls + 1)l (l + 1>>

Hint: Note the results

T

/ dk k*ji(ak)ji(bk) = 5—50(a —b) / dk k™" ji(ak)j,(bk) = (21(1 4 1))~

a2
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DBI Inflation »»»»

Robust CMB by calculation — see arXiv:1008.1730



Purpose. Test a model with predicted theoretical bispectrum

_ § l1 15 I3 th th th
bl1l2l3 gm1m2m3 <al1m1al2m2 a’l3m3>

m;

Estimator gives a least squares fit to the data

& = N2 Z a’l1m1al2m2a)lc§lm3>(C_la’)llml(C_la’)l2m2(c—1a>l3m3

Li,my
[1l513 th
L 1 Z nglblmgmg [11l213 a'llmla'l2m2a’l3m3
N2
N = C,C,Cy,
Babich, 2005

with covariance matrix — Cim.rm = (@imQrm/)

. . . . a .
with inverse weighting  (C™'a)im = Cp,) jp Grmy & —m (ideal case)
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Estimator gives a least squares fit to the data
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Liymmg -— Model
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edlistic CVIB estimator

Need to incorporate effects of masks, noise, and beams

WMAP AKQ75 Mask WMAP inhomogeneous noise

Linear term to subtract out spurious contributions  creminelii et al, 2006

. mlmgmg ol3 sim
E=m 2 E e amnm, — 6O, fm, ) dlym,
l;m; 1 2 13

where Cf#™ is an average over many realistic Gaussian realizations

Include effects of noise, beams and masking through
Cl — b2Cl + IV and b111213 — bllbl2 b13 bl1l2l3

mask mask
blllglg o fSkybl1l2l3 a’nd C fSkyOl




Realistic CIVIB estimator

Need to incorporate effects of masks, noise, and beams

—— — s am LEN

WMAP KQ75 Mask WMAP inhomogeneous noise

Linear term to subtract out spurious contributions creminelii et al, 2006

1 glllglg [;}Zhl l
L 2 : mimams “lilals sim
(C; T NQ C"',l él él (a’llmla’l2m2 - 6 Cllml,lgmg) a’l3m3
1 2 3

lz-mz-
where Cf#™ is an average over many realistic Gaussian realizations
Include effects of noise, beams and masking through
. 5 -
C) = bl C; + N and bl1l2l3 — blleleg bl1l2l3

mask mask
bzlzgzg — fskybl1l2l3 and Cl — fskycl




Readlistic CIVB estimator

Need to incorporate effects of masks, noise, and beams

WMAP KQ75 Mask WMAP inhomogeneous noise

Linear term to subtract out spurious contributions  creminelii et al, 2006

. mlmgmg ol3 sim
E=—= § : (al1m1alzm2 —-6C ) Aigms

l1m1 ,l2m2

N2 L Cl10l20l3 \
m - - - “Linear

where CP™ is an average over many realistic Gaussian realizations torm”

Include effects of noise, beams and masking through
Cl — b2Cl + IV and bl1l2l3 — blleleg bl1l2l3

mask mask
bl1l2l3 o fSkybl1l2l3 a’nd C fSkyOl



Computational cost of direct CMB estimation is Operations ~ 103 x >

Separable primordial models:  B(ky, k2, k3) = X (k1)Y (k2)Z(k3) + perms.
these require only  Operations ~ 103X L2 (L=lma)

TRACTABILITY = SEPARABILITY!

Example: Local model where  B(ky, ko, k3) = P(k1)P(k2) + perms.
Recall the 4D bispectrum integral

9 3
bl 1o, = (-) /x2dx/dk1dk2dk3 S(kq, ko, k3)
T
XAy, (k1) A, (k2) Ay (ks) ji, (k1) Ji, (k2) Jig (ksz)

which reduces to
bi,1515 = /$2d$ Aj, (z) Aj, (z) Br, (z) + perms.  Ai(z) = /k2dkP(k) Ay (k) g1 (kzx)
B(z) = / kK2dk Ay (k) ji(kx)

Limited constraints achieved - WMAP team only local, equilateral and orthogonal.
e.g local model —10 < fyi, < 74 (Komatsu et al, 2010)
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Computational cost of direct CMB estimation is Operations ~ 103 x >

Separable primordial models:  B(ky, k2, k3) = X (k1)Y (k2)Z(k3) + perms.
these require only  Operations ~ 103X L2 (L=lma)

TRACTABILITY = SEPARABILITY!

Example: Local model where  B(ky, ko, k3) = P(k1)P(k2) + perms.
Recall the 4D bispectrum integral

9 3
bl 1o, = (-) /:c2d:c/dk1dk2dk3 S(kq, ko, k3)
T
XAy, (k1) A, (k2) Ay (ks) ji, (k1) Ji, (k2) Jig (ksz)

which reduces to
bi,1515 = /$2d$ Aj, (z) Ay, (z) Br, (z) + perms.  