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Idea

Cross-correlation between different tracers may not be sym-
metric under exchange r 7−→ −r , e.g. if they have different
bias parameters.

δi = biδ + ciδ2 + . . .

tracer i dark matter

PA = (b2c1 − b1c2) ∂P(k1)
∂k1 P(k3)k1 · k3

k1 k3 ≪ k1
k3 long-wavelength mode, k1 short-wavelength mode

Add redshift space distortions.

Add primordial non-Gaussianity fNL.
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Most generic parametrization of the power-spectrum: symmetric and
antisymmetric cases
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Symmetric case

Assume we have a new field with Fourier modes hp(k3) and polarization p. Global
statictical isotropy requires that the new field induces a correlation:

⟨δ(k1)δ(k2)⟩|hp (k3) = fp(k1, k2)h∗
p(k3)εp

ij k
i1k j2δ (3)(k1 + k2 + k3)

εp
ij (k )?

Most general 3 × 3 symmetric tensor can be decomposed into 6 orthogonal
polarization states:

p = {+, ×, 0, z, x, y} εp
ij ε

p′,ij = 2δpp′

Jeong et al., 1203.0302
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Symmetric case
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Extension to antisymmetric case

More general case: εp
ij (k3) may be antisymmetric =⇒ nine degrees of freedom! Three

new polarizations p = {L, x, y}.

⟨δ1(k1)δ2(k2)⟩ =P(k1)δ (3)(k1 + k2)+∑
k3
∑

p
fp(k1, k2, µ)h∗

p(k3)εp
ij (k3)k i1k j2δ (3)(k1 + k2 + k3)

+∑
k3,p

fp(k1, k2, µ)h∗
p(k3)ε̂p · (k1 − k2) δ (3)(k1 + k2 + k3)

Parametrization allows for a global preferred direction (exotic new physics).
In our case: in any small volume, the cross-correlation could “point” in some given
direction and this direction could be spatially dependent, in such a way that global
statistical isotropy is still preserved on sufficiently large scales.
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Case of biased halo clustering

Consider two tracers sitting on top of a long-wavelength dark matter mode.
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Case of biased halo clustering

Consider two tracers sitting on top of a long-wavelength dark matter mode.

δi = biδ + ciδ2 + . . .

⟨δ1(k1)δ2(k2)δ(k3)⟩ = 2P(k3) [b2c1P(k2) + b1c2P(k1)] δ (3)(k1 + k2 + k3)
Squeeze K ≪ k1, k2 and antisymmetrize in k1, k2: now k1 ≃ k2 ≡ k , k3 ≡ K

PA = (b2c1 − b1c2)∂P(k )
∂k P(K )k · K

k K ≪ k

Compare with general parametrization: longitudinal mode only p = L, with

fL = 12 (b2c1 − b1c2) ∂P(k )
∂k

K
k

Small scales −→ we can take P(k ) to be a powerlaw P(k ) ∝ kn with n = −3.

PA
PS = (b2c1 − b1c2)(b2c1 + b1c2) n2 K

k
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Adding RSD and fNL (I)
Bias at second order:

δg = b1δ + b22 δ2 + bK 2 K 2 with Kij (k ) = 23ΩmH2 ∂i∂j Φ − 13 δij δ = [ kikj
k2 − 13 δij

]
δ(k )

RSD at second order:

δs ≃ δ − 1
H ∂r v − 1

Hr

(
r
n̄

∂n̄
∂r + 2) v

+ 12H2 ∂2
r v2 − 1

H ∂r (δv )
− 1

Hr

(
r
n̄

∂n̄
∂r + 2) δv + 1

H2r2
((

r
n̄

∂n̄
∂r

)2
− r22n̄ ∇2n̄ + 2 r

n̄
∂n̄
∂r + 3) v2

+ 1
H2 ∂r

[(
r
n̄

∂n̄
∂r + 2) v2

r

]

Neglecting Doppler term and selection effects, the new kernels are:

Z1(k ) =b1 + f µ2
Z2(k , k1, k2) =b22 + b1F2(k1, k2) + bK 2

(
µ212 − 13

) + f µ2G2(k1, k2)
+ kµf2

(
µ1
k1
(

b1 + f µ22) + µ2
k2
(

b1 + f µ21))
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Adding RSD and fNL (II)

PA =P(k1)P(k3) (1 + f µ23){[2(b(2)1 b(1)
K 2 − b(1)1 b(2)

K 2
)

µ13 (−µ213 + 1)+
+ (b(1)2 − b(2)2 ) f µ1 k3

k1 (−µ13µ1 + µ3) −
(

b(1)
K 2 − b(2)

K 2
) 2f µ13 k3

k1
(6µ313µ1 − 4µ13µ1 − 3µ213µ3 + µ3)

−
(

b(1)1 − b(2)1 ) f µ1 k3
k1
[
f µ1µ13 (−µ21 + µ23) + (µ13µ1 − µ3) (−f µ21 + 2F2(−k2, −k3) + 2G2(−k1, −k3))] ]

−
(

b(1)1 − b(2)1 ) f µ21 (F2(−k1, −k3) − F2(−k2, −k3) − G2(−k1, −k3) + G2(−k2, −k3)) }

+ ∂P(k1)
∂k1 P(k3)µ13k3 (1 + f µ23){ 12 (b(2)1 b(1)2 − b(1)1 b(2)2 ) + (b(1)1 b(2)

K 2 − b(2)1 b(1)
K 2
)( 13 − µ213

)+ 12 (b(1)2 − b(2)2 ) f µ21
+ (b(1)

K 2 − b(2)
K 2
)

f µ21
(

µ213 − 13
)

− 12 (b(1)1 − b(2)1 ) f µ21 (f µ21 − f µ23 − 2F2(−k2, −k3) + 2G2(−k2, −k3))}
...and main contribution from fNL:

− 1
k1k3

34 fNLH20 Ωm,0
Dmd(τ) (T (k1))2 P(k3) (1 + f µ23){[ ∂P(k1)

∂k1 k1µ213 ((b(1)
φ b(2)1 − b(2)

φ b(1)1 ) + 2(b(1)
φ b(2)

K 2 − b(2)
φ b(1)

K 2
) + (b(1)

φ − b(2)
φ

)
f µ21)

+ P(k1) (2 (b(1)1 b(2)
φ − b(2)1 b(1)

φ

)
µ13 − 8 (b(1)

φ b(2)
K 2 − b(2)

φ b(1)
K 2
)

µ13 − 2 (b(1)
φ − b(2)

φ

)
f µ1 (2µ1µ13 − µ3)) ]T (k1)

+ P(k1)k1µ13 ((b(1)
φ b(2)1 − b(2)

φ b(1)1 )− 2 (b(1)
φ b(2)

K 2 − b(2)
φ b(1)

K 2
) + (b(1)

φ − b(2)
φ

)
f µ21) ∂T (k1)

∂k1
}
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Primordial non-Gaussianity fNL

In the presence of local-type primordial non-Gaussianity, the Eulerian basis of ope-
rators in the bias expansion must be augmented by additional terms: fNLφ(q) at first
order and fNLδ(x )φ(q) at second order, with φ the Bardeen potential.

The redshift space kernels in Fourier space become:

Z tr1,fNL
(k ) =fNLbφM−1(k )

Z tr2,fNL
(k , k1, k2) =fNLbφ

k1 · k22
( 1

k21 M−1(k2) + 1
k22 M−1(k1))

+fNLbφδ
12 (M−1(k1) + M−1(k2))

+fNLbφ
kµf2

(
µ2
k2 M−1(k1) + µ1

k1 M−1(k2))

δ (1)(k , τ) = M(k, τ)φ(k ) M(k, τ) = 23 k2T (k )Dmd(τ)Ωm,0H20
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Estimator
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Estimator for the Fourier amplitude δ(K )
Jeong et al. 1203.0302 & Dai et al. 1507.05618

12 [δ1(k1)δ2(k2) − δ1(k2)δ2(k1)] = Vsδk1 ,k2 ,K δ∗(K )f A
L (k1, k2)K̂ · (k1 − k2)

Each pair k1 , k2 provides an estimator:

δ̂(K ) = 12 [δ1(k1)δ2(k2) − δ1(k2)δ2(k1)] [f A
L (k1, k2)K̂ · (k1 − k2)]−1

with variance

Vs2 [
f A
L (k1, k2)K̂ · (k1 − k2)]−2 (P1(k1)P2(k2) + P1(k2)P2(k1) − 2P12(k1)P12(k2))

Minimum variance estimator obtained by summing over all (k1, k2) with inverse-variance weighting:

δ̂(K ) = Pn(K )∑
k

[
f A
L (k1, k2)K̂ · (k1 − k2)]

Vs2 (P1(k1)P2(k2) + P1(k2)P2(k1) − 2P12(k1)P12(k2)) 12 [δ1(k1)δ2(k2) − δ1(k2)δ2(k1)]
Pn(K ) =

∑
k

[
f A
L (k1, k2)K̂ · (k1 − k2)]2

Vs2 (P1(k1)P2(k2) + P1(k2)P2(k1) − 2P12(k1)P12(k2))


−1
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Estimator for the amplitude A

Since ⟨
∣∣∣̂δ(K )∣∣∣2⟩ = Vs (P(K ) + Pn(K )), if one parametrizes P(K ) = APf (K ), each K provides an

estimator for the amplitude:

ÂK = Pf (K )−1 (V −1
s

∣∣∣̂δ(K )∣∣∣2 − Pn(K ))

Â = σ 2∑
K

Pf (K )2 (Pn(K ))2
(

V −1
s

∣∣∣̂δ(K )∣∣∣2 − Pn(K ))
σ−2 =∑

K

(Pf (K ))22 (Pn(K ))2
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Robertson et al., Galaxy formation and evolution science in the era of the Large Synoptic Survey Telescope
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Thank you for your attention.
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SNR

(
S
N

)2 = ∑
(k1 ,k2 ,k3 )

∫ +1
−1 dµ

∫ 2π

0 dφ 1
sBVs

(
PA(k1, k2, k3))2

Var
(
PA(k1, k2, k3))

3∏
i=1
(

dki∆ki

k2f
)

×
{

π ki = kj + kk2π otherwise

x

y

z

k1

k2

k3

n̂

φ

θ

Eleonora Vanzan 18 / 17



Covariance

P̂A(k , K ) ≡ 12 (δ1(k )δ2(K − k ) − δ1(K − k )δ2(k ))
under the null hypothesis:

Cov(k , k ′)K = 12 [P11(k )P22(k ) − P12(k )P12(k )] [δD
k+k ′ − δD

k−k ′
]

but since PA(−k ) = −PA(k ), one can consider only one emisphere in k space and then combine
the contribution from both k and −k mode:[

⟨PA(k )2⟩ − ⟨PA(k )⟩2]−
[
⟨PA(k )PA(−k )⟩ − ⟨PA(k )⟩⟨PA(−k )⟩]

Covemi(k )K = 12(P11(k )P22(|K − k |) + P11(|K − k |)P22(k ))− P12(k )P12(|K − k |)
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