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1 Introduction

Exploring the physics which governs the very early universe may provide a unique probe of
the high energy fundamental theory such as string theory. Especially, the primordial non-
Gaussianity (PNG), generated during inflation, encodes the information about non-linear
dynamics of the inflationary universe. Given that the inflaton, which played the main role
in the inflationary universe by driving the accelerated expansion, had interacted with other
fields, the fluctuation of the inflaton can capture the information of these other species.

Especially when the characteristic scale of string theory is not too far from the energy
scale of inflation, there may be copious stringy corrections, including contributions of massive
higher spin fields. In case such higher spin fields had a non-negligible coupling with the
inflaton, we may be able to probe a distinctive signal of stringy corrections by detecting
the imprints of these fields on the PNG. In Ref. [1], Arkani-Hamed and Maldacena derived
the PNG generated from the massive fields with integer spins s and showed the massive
fields with s 6= 0, can generate the PNG with a characteristic angular dependence (see also
Refs. [2, 3] for earlier studies about imprints of massive scalar fields). To be more explicit, a
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massive spin-s field yields a contribution which is proportional to (kL ·kS)s in the bispectrum
with kL/kS � 1, where kL and kS denote the long and short modes of the bispectrum.

The measurements of the Cosmic Microwave Background (CMB) have given the tightest
constraints on various types of the PNG, including the angular dependent PNG [4]. A
significant improvement of the constraints, however, may come out from next generation large
scale structure (LSS) surveys such as Large Synoptic Survey Telescope (LSST) [5], Euclid [6]
and Wide-Field Infrared Survey Telescope (WFIRST) [7]. The angular independent local-
type bispectrum, parametrized by f loc

NL, generates a strong scale-dependence in the halo bias
parameter [8–10], providing a powerful tool to explore the PNG. An extensive review on this
subject can be found e.g. in Refs. [11, 12].

More recently, in Ref. [13], Schmidt et al. showed that the angular dependent PNG,
which may encode the information on the non-zero spin fields, generates a scale-dependent
contribution in the bias parameter for the intrinsic galaxy shape. The intrinsic galaxy align-
ment has been detected for the early-type galaxies, while for late-type galaxies, it was mea-
sured to be null-consistent [14–16] (see also Ref. [17]). The cosmic shear originates from
the intrinsic alignment as well as the gravitational lensing. The next generation imaging
surveys [5–7] are expected to measure the shape and distance of galaxies with unprecedented
precisions. The constraint on the amplitude of the angular dependent PNG obtained in
Ref. [13] is looser than the one obtained from the CMB measurements [4]. The dominant
limitation of detecting the squeezed PNG from the scale-dependent bias is due to the cosmic
variance, because the signal of the PNG in the bias parameter appears at large scales. This
limitation can be circumvented by using multi-tracers [18, 19]. In fact, in Ref. [20], by using
multi-tracers, a tighter constraint was obtained also for the angular dependent PNG. (In
Ref. [21], constraints on various types of the angular independent PNG were obtained by
using multi-tracer technique.)

In Refs. [4, 13, 20], the imprints of the massive fields with s 6= 0 are investigated
by focusing on the angular dependent contributions. In addition, here, we will also focus
on the fact that the amplitude of the PNG generated from such massive fields exhibits a
characteristic scale dependence, which was not taken into account in Refs. [4, 13, 20]. Since
the PNG was generated through an excitation of the massive field, the amplitude shows
an oscillatory feature whose frequency is determined by the mass scale Ms (when Ms is in
the principal series) [1–3]. In addition, as a consequence of the dilution due to the cosmic

expansion, the amplitude of the “squeezed” PNG is suppressed by (kL/kS)
3
2 . In this paper,

we will show that including the scale-dependent amplitude in accordance with the model
prediction leads to a qualitatively different scale dependent bias from the one obtained in
Refs. [13, 20]. In particular, we will find that because of the scale dependent coefficient

(kL/kS)
3
2 , the signal of the PNG becomes more prominent at smaller scales. (A related issue

was discussed for another bias parameter in Refs. [22, 23].)
In this paper, we also consider another origin of the intrinsic galaxy alignment. The

PNG generated from the massive fields with s 6= 0 in a quasi de Sitter spacetime preserves
the global rotational symmetry, while it depends on the angle between the two wavenumbers
kL and kS. On the other hand, when there exists a vector field during inflation, it also can
generate an angular dependent PNG, breaking the global rotational symmetry [24, 25]. In
this case, we will show the spatial distribution of the intrinsic alignment also exhibits the
violation of the global isotropy. Meanwhile, a limitation of the survey region can induce a
difference between the genuine distribution of the fluctuation prior to observations and the
apparent distribution [26, 27]. Because of that, even if the genuine distribution preserves the

– 2 –



global rotational symmetry, the observed distribution can exhibit an apparent violation of
the symmetry.

Having these possibilities in mind, we compute the spectra of the cosmic shear and the
galaxy overdensity, when the distribution of the intrinsic galaxy shape violates the global
rotational symmetry. Comparing the resultant spectra to those obtained by using the PNG
generated from the massive spin-2 field, we address whether we can qualitatively distinguish
these two different cases or not. Unless this is possible, the signal from a massive spin-2 field
such as Kaluza-Klein graviton can degenerate with signals from other sources. We will find
that while these two cases predict similar spectra of the galaxy overdensity and the E-mode
cosmic shear, the case with the global anisotropy predicts a non-zero B-mode cosmic shear
due to the parity violation and a mixing of non-diagonal modes in the spherical harmonic
expansion due to the violation of the global rotational symmetry.

This paper is organized as follows. In Sec. 2, we briefly describe the ansatze of the PNGs
whose imprints will be addressed in this paper. Then, we summarize the basis formulae we
use in computing the angular power spectra. In Sec. 3, following Ref. [13], we compute
the angular power spectra of the galaxy overdensity and the cosmic shear when there exists
the angular dependent PNG generated from massive non-zero spin fields. Using this result,
we also perform the Fisher matrix analysis to estimate the forecast on uncertainties of the
non-Gaussian parameters. In Sec. 4, we compute the predicted cosmic shear, when the
distribution of the intrinsic alignment does not preserve the global rotational symmetry,
clarifying the difference from the prediction in Sec. 3. In Sec. 5, we summarize our results
and discuss remaining issues. A detailed computation of the formulae in Sec. 5 is summarized
in Appendix A and Appendix B.

In this paper, we assume the Planck fiducial [28] flat ΛCDM cosmology with Ωb0h
2 =

0.022, ΩCDM0h
2 = 0.12, h = 0.67, ns = 0.9645, kp = 0.05 Mpc−1. With Ωb0 and ΩCDM0,

Ωm0 is defined as Ωm0 ≡ Ωb0 + ΩCDM0. To calculate the matter power spectra at present and
the transfer function, we use the public code CAMB [29].

2 Preliminaries

In this section, we summarize the ansatze of the PNGs which we consider in this paper.
Then, we briefly describe basic formulae which will be used in our computation. A more
detailed explanation can be found, e.g., in Refs. [13, 30].

2.1 Various primordial non-Gaussianities

Weak gravitational lensing stretches an image of cosmological structures. We can probe
the projected distribution of gravitational potential lying between source galaxies and us by
measuring shapes of galaxies. However, this cosmic shear signal can be contaminated by a
local coherence of intrinsic shapes of source galaxies. In Ref. [31], Catalan et al. discussed
several cases where a position-dependent gravitational force, characterized by the tidal force,
leads to an intrinsic distortion of galaxies. In Ref. [32], it was argued that the cross-correlation
between the intrinsic shear and the gravitational lensing shear can lead to a non-negligible
signal. Extensive reviews on the intrinsic galaxy alignment can be found e.g., in Refs. [33, 34].

The intrinsic shear of galaxies yields a noise contamination in extracting the information
of the gravitational lensing shear out of detected cosmic shear signals. However, as was
pointed out in Ref. [13], the intrinsic galaxy alignment itself provides information on the
squeezed PNG which depends on the angle between two momenta kL and kS. In this paper,
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we further explore this possibility, considering a wider class of PNGs which can generate the
intrinsic shape correlation. In this subsection, we summarize the ansatze of the PNGs we
address in this paper.

2.1.1 Primordial non-Gaussianity from massive fields

A well-controlled model of inflation from string theory possesses the energy scale hierarchy
as H(< MKK) < Mstring < Mpl, where H, MKK, and Mstring denote the Hubble param-
eter during inflation, the Kaluza-Klein scales, and the string scale, respectively (see, e.g.,
Ref. [35]), i.e., there is a hierarchical energy gap between H and Mstring. On the other hand,
when H is not very far from Mstring, there will be copious stringy corrections, which may
include those of massive spin fields with their spins s ≥ 2. If such massive non-zero spin fields
had interacted with the inflaton during inflation, it may be possible to explore an imprint of
the stringy corrections by measuring the primordial curvature perturbation ζ, while building
such a model remains still rather challenging.

In Ref. [1], making full use of the de Sitter symmetry, Arkani-Hamed and Maldacena
derived the squeezed bispectrum of ζ which was generated through an interaction between
the inflaton and a massive higher spin field with spin s and mass Ms in the principal series,
i.e.,

M0

H
≥ 3

2
,

Ms

H
≥ s− 1

2
(s 6= 0) , (2.1)

as

Bmassive(kL, kS) '
∑

s=0, 2, ···
A(ζ)
s Ps(k̂L · k̂S)

(
kL

kS

) 3
2

× cos (νs ln(kL/kS) + ϕs)P (kL)P (kS) , (2.2)

with kL/kS � 1 and k̂α ≡ kα/kα (α = L, S). Here, Ps denotes the Legendre polynomials,
given by

P0(x) = 1 , P1(x) = x , P2(x) =
1

2
(3x2 − 1) , · · · , (2.3)

and P (k) denotes the power spectrum of ζ.
Since this bispectrum describes a non-local contribution generated through an inter-

action between the inflaton and the massive field, it includes non-analytic terms with non-
integer powers of momenta. The parameter νs, which determines the frequency of the oscil-
lation, is given by the imaginary part of the scaling dimension for each field 1. For a massive
scalar field with mass M0, ν0 is given by

ν0 =

√(
M0

H

)2

− 9

4
(2.5)

1The scaling dimension of a spin-s massive field in (d+ 1)-dimensional de Sitter space is give by [36]

∆s =
d

2
±

√(
s+

d− 4

2

)2

− M2
s

H2
. (2.4)
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and for a massive spin-s field with mass Ms, νs is given by

νs =

√(
Ms

H

)2

−
(
s− 1

2

)2

. (2.6)

The suppression factor (kL/kS)3/2 appears, since the massive field was diluted at least
until the Hubble crossing of the short mode kS. In Ref. [37], it was shown that when the
propagation speed of the inflaton is smaller than 1, the Hubble crossing is shifted to an earlier
time, relaxing the suppression due to the dilution. Alternatively, this suppression factor may
be overcome by considering interactions. Notice that in Eq. (2.2), the contributions from
odd spin fields vanish because of the symmetry of the de Sitter spacetime [1]. Meanwhile, a
deviation from the de Sitter spacetime can enhance the contributions from odd spin fields.

The amplitude of the bispectrum A
(ζ)
s is typically suppressed by two ways in slow-roll inflation

models: suppressions by slow-roll parameters, which appear from interaction vertices, and
also by the factor e−πνs , whose square give the Boltzmann factor of a massive field. (About
an expression of the phase ϕs, see e.g., Ref. [37].)

The bispectrum (2.2) was originally evaluated at the time when all the modes exit
into the super Hubble scales [1]. Notice that to connect the bispectrum evaluated at the
Hubble crossing time with observable fluctuations, we need to solve the succeeding time
evolution. In Refs. [38, 39], considering a rather general setup, which can also apply to
an inflation model with massive non-zero spin fields, the condition that ensures the time
conservation of ζ in super Hubble scales was derived by generalizing the Weinberg’s adiabatic
condition [40]. In the following, we assume that the adiabatic condition is satisfied and the
curvature perturbation ζ is conserved all along in the super Hubble regime2. Changing the
variable from ζ to the primordial Bardeen potential φ as φ = (3/5) ζ, we consider the squeezed
bispectrum for φ given by

Bφ(kL, kS) '
∑

s=0, 2, ···
As Ps(k̂L · k̂S)

(
kL

kS

)∆̃s

× cos (νs ln(kL/kS) + ϕs)Pφ(kL)Pφ(kS) , (2.7)

where As ≡ (5/3)A
(ζ)
s and Pφ denotes the power spectrum of φ. In Eq. (2.2), ∆̃s is given

by 3/2. When we set ∆̃0 = 0 and ν0 = 0, the term with A0 gives the squeezed bispectrum
parametrized by f loc

NL = A0 cosϕ0/4.
In Ref. [13], considering the bispectrum (2.7) with the scaling dimension ∆s set to 0,

which does not include the dilution factor nor the oscillatory contribution, it was shown that
the angular dependent PNG from a massive spin-2 field leads to an intrinsic galaxy alignment
at large scales. As is expected, by including the factor (kL/kS)3/2, the signal of the PNG at
large scales becomes less significant. Nevertheless, we will find that in such case, the signal of
the PNG given by (2.7) can become prominent at smaller scales. This is common for massive
particles in the principal series with general integer spins.

In the following, taking into account more general cases, e.g., where the suppression due
to the dilution is relaxed by considering interactions or a deviation of the propagation speed
from 1, or where the massive field is in the complementary mass range, we also consider the
case where ∆̃s and νs are not given by ∆̃s = 3/2 and Eqs. (2.5)-(2.6).

2In solid inflation [41], it was shown that a similar angular dependent PNG to those from higher spin fields
can be generated. Notice, however, that there are several qualitative differences in these two cases such as the
non-conservation of the curvature perturbation at large scales in the former case.
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2.1.2 Primordial non-Gaussianity with global anisotropy

Detecting an imprint of the PNG (2.2) provides a distinctive signal of higher spin fields
which may be predicted by string theory. In order to assert that the enhanced intrinsic
alignment [13] is a unique signal of such spinning fields, the signal has to be distinguishable
from those generated by other sources. As an example, let us consider a PNG given by

B̄φ(kL, kS; p̂) =

∞∑
l=0

[
Āl + B̄l k̂L · k̂S + · · ·

]
i
1−(−1)l

2 Pl(p̂ · k̂S)Pφ(kL)Pφ(kS) , (2.8)

where l sums over all non-negative integers. In addition to the terms which depend on the
angle between kL and kS, the bispectrum B̄φ also contains the terms which depend on the
constant unit vector p̂. While the global rotational symmetry is preserved for the bispectrum
Bφ, it is not the case for B̄φ. In the square brackets, we abbreviated terms with more powers

of k̂L · k̂S. The coefficients Āl and B̄l do not depend on k̂S, but can depend on kL, kS, and
k̂L · p̂.

The PNG (2.8), which depends on the constant vector can be generated, when the
primordial curvature perturbation is also sourced by a vector field (see e.g., Refs. [24, 25]).
Even if the contribution from the vector field, which breaks the global rotational symmetry, is
suppressed in the power spectrum, being compatible with the current CMB observations [42,
43], it is not necessarily suppressed also in the higher-point functions. (The global anisotropy
in the galaxy and CMB spectra was studied e.g., in Refs. [44–46].) This possibility was
explored in Ref. [24] and claimed that this is in fact possible in the presence of an enhanced
cubic interaction. (See also Refs. [47, 48].)

Similarly to the case with the angular dependent PNG with the global isotropy (2.2),
the angular dependent PNG without the global isotropy (2.8) also can deform intrinsic shapes
of galaxies. Having said this, let us ask the following question; Given that these two different
cases are not distinguishable from the power spectrum but the difference shows up only from
non-Gaussian correlators such as the bispectrum, can we observationally distinguish these
two cases? If this is not possible, the enhanced cosmic shear due to the intrinsic alignment
cannot be a unique signal which shows the presence of massive fields with the spin s ≥ 2 in
the early universe. We will address this question in the succeeding sections.

2.2 Bias model

In this paper, following Ref. [13] (see also Ref. [49]), we assume a local expansion of the galaxy
number density perturbation δn and the three-dimensional galaxy shape function, defined as

gij ≡ [Tr Ikl]
−1

(
Iij −

1

3
δijTr Ikl

)
, (2.9)

with the second moment of the surface brightness of galaxies Iij as follows

δn(x, z) = bn1(z)δ(x, z) +
1

2
bn2(z)δ2(x, z) +

1

2
bnt (z)(Kij)

2(x, z) + · · · , (2.10)

gij(x, z) = bI1(z)Kij(x, z) +
1

2
bI2(z)Kij(x, z)δ(x, z)

+
1

2
bIt(z)

[
KikK

k
j −

1

3
δij(Klm)2

]
(x, z) + · · · (2.11)
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at each redshift z and each position x. Here, δ denotes the perturbation of the dark matter
energy density and Kij denotes the tidal tensor, defined as

Kij =
1

4πGρ̄a2

[
∂i∂j −

1

3
δij∇2

]
Φ = Dijδ , (2.12)

where Dij ≡ ∂i∂j/∂2 − δij/3. Here we introduced the bias parameters bni (z) and bIi(z) with
i = 1, 2, · · · , bnt (z), and bIt(z). In Eq. (2.11), we assume that the galaxies are deformed only
by the tidal force.

In actual measurements of the cosmic shear, we observe the intrinsic shapes of galaxies
which are projected onto the two dimensional sphere (in addition to the lensing effect):

γI ij ≡
(
PikPjl −

1

2
PijPkl

)
gkl , (2.13)

where Pij is the projection tensor defined as

Pij ≡ δij − n̂in̂j , (2.14)

by using the unit vector along the line of sight n̂.

2.3 Projection and Decomposition into E/B-mode

Next, we decompose the traceless 2-tensor projected on the two-dimensional sky γij into the
two components which transform as a spin s = ±2 field. Deferring a detailed computation e.g.
to Ref. [30], here we just summarize our notation. We express the orthonormal coordinate
system defined for the normal vector along the line-of-sight direction n̂ as (eψ, eθ, n̂), where
eθ and eψ denote the two bases for the azimuthal and colatitude angles. Using eθ and eψ,
we introduce

m± ≡
1√
2

(eθ ∓ ieψ) =
1√
2

 cos θ cosψ ± i sinψ

cos θ sinψ ∓ i cosψ

− sin θ

 , (2.15)

which satisfy

mi
±m± i = 0 , mi

±m∓ i = 1 , mi
±n̂i = 0 , Pijm± j = m± i . (2.16)

Under a rotation around n̂ by an angle ψ, m± transform as spin ±1 vectors, i.e., m± →
e±iψm±.

Using m±, we define spin ±2 functions

±2γ ≡ mi
∓m

j
∓ γij , (2.17)

with which we can expand γij as γij = +2γ m
i
+m

j
+ +−2γ m

i
−m

j
−. Using the coefficient of the

expansion in terms of the spin weighted spherical harmonics ±2Ylm, given by

alm =

∫
dΩ±2γ(n) [±2Ylm(n̂)]∗ =

√
(l − 2)!

(l + 2)!

∫
dΩ ð̄2

+2γ(n̂)Y ∗lm(n̂), (2.18)
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we define the E-mode and the B-mode as 3

aE
lm ≡

1

2

[
alm + (−1)|m|a∗l−m

]
, (2.19)

aB
lm ≡

1

2i

[
alm − (−1)|m|a∗l−m

]
. (2.20)

Here, ð̄ denotes spin-lowering operators, given by [30]

ð̄sf = − sins θ

[
∂θ +

i

sin θ
∂φ

]
(sin−s θsf). (2.21)

Under the parity transformation, the E-mode and the B-mode transform as aE
lm →

(−1)laE
lm and aB

lm → (−1)l+1aB
lm, respectively. Meanwhile, δn can be expanded by the

spherical harmonics Ylm and we express the coefficient as an
lm. When the global isotropy

is preserved, the angular power spectra are given in the form

〈aXlmaY ∗l′m′〉 = CXYl δl, l′δm,m′ , (2.22)

with X,Y = n,E,B, which denote the perturbations of the galaxy number density, the
E-mode, and the B-mode, respectively.

3 Angular dependent PNG with global isotropy

In this section, we compute the influence of the PNG described in the previous section on
the power spectra for X = n, E, and B.

3.1 Angular power spectrum

The presence of a PNG modifies the relation between the galaxy distribution and the distri-
bution of the gravitational potential. As was argued in Ref. [13], when we assume the local
expansion for δn as in Eq. (2.10), only the angular independent PNG, i.e., the term which is
proportional to P0 in Eq. (2.7), contributes to the scale-dependent bias between δ and δn (for
a more general expansion of δn, see Ref. [50]). Similarly, with Eq. (2.11), only the angular
dependent PNG which is proportional to P2 contributes to the scale-dependent bias of gij .
In fact, when the primordial bispectrum is given by Eq. (2.7), as is well known, the squeezed
non-Gaussianity generates the strong scale dependence in the effective bias parameter [8],

δn(z, n̂) =

∫
d3k

(2π)
3
2

eixk̂·n̂ bneff(z, k)δ(z,k), (3.1)

and

±2γI(z, n̂) =

∫
d3k

(2π)
3
2

eixk̂·n̂ k̂2
±b

I
eff(z, k)δ(z,k) , (3.2)

where the scale dependent bias parameters are given by

bneff(z, k) ≡ bn1 +
bnNGA0

2

(
k

k∗

)∆̃0

M−1(z, k) cos

(
ν0 ln

(
k

k∗

)
+ Θ0

)
(3.3)

3Since we use the spherical harmonics whose complex conjugate is given by Y ∗lm = (−1)|m|Yl−m, we need
to insert (−1)|m| in the definitions of aElm and aBlm.
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for the perturbation of the number density and

bIeff(z, k) ≡ bI1 + 3bINGA2

(
k

k∗

)̃∆2

M−1(z, k) cos

(
ν2 ln

(
k

k∗

)
+ Θ2

)
(3.4)

for the intrinsic alignment. Here, using ϕs, the phase included in the PNG, the phase Θs can
be determined for a given halo model. M(k, z) relates φ and δ as δ(z,k) =M(z, k)φ(k) and
is given by

M(z, k) ≡ 2

3

k2T (k)D(z)

Ωm0H2
0

, (3.5)

where T (k) is the transfer function and D(z) is the growth factor. A computation for ∆̃0 =
∆̃2 = 0 and ν0 = ν2 = 0 is given in Ref. [13]. An extension to include non-zero values of ∆̃0,
∆̃2, ν0, and ν2 proceeds straightforwardly. For ν0 6= 0 or/and ν2 6= 0, the oscillation in the
PNG leads to the oscillatory feature in the effective bias parameters bIeff and bneff .

The non-linear bias parameters bnNG and bING appeared after renormalizing the divergent
contributions [13]. Here, k∗ is a reference scale, which appears as the lower end of the integral
over kS in our computation. To be consistent with the squeezed configuration of the PNG,
the wavenumber k for which we study the imprint should satisfy k < k∗. In the following,
we set k∗ as k∗ = 1[Mpc−1], which gives a typical mass of a galactic halo 4.

The intrinsic alignment itself is not directly observable. The cosmic shear that we
observe is a summation of the intrinsic alignment and the gravitational lensing shear. Using
Eqs. (3.1) and (3.2) and including the lensing effect, we obtain

CEE
l =

2

π

(l − 2)!

(l + 2)!

∫
k2dkPm(k)

[
F I
l (k) + FG

l (k)
]2
, (3.6)

CnE
l =

2

π

√
(l − 2)!

(l + 2)!

∫
k2dkPm(k)

[
F I
l (k) + FG

l (k)
]
F n
l (k) , (3.7)

Cnn
l =

2

π

∫
k2dkPm(k) [F n

l (k)]2 , (3.8)

with

F I
l (k) =

1

2

(l + 2)!

(l − 2)!

∫
dz
dNI

dz

D(z)

D(0)

jl(x)

x2
bIeff(z, k) , (3.9)

F n
l (k) =

∫
dz
dNn

dz

D(z)

D(0)
jl(x)bneff(z, k) , (3.10)

FG
l (k) =

1

2

(l + 2)!

(l − 2)!

∫ χmax

0

dχ

χ

3H2
0 Ωm0

k2

(1 + z)D(z(χ))

D(0)
jl(x)

∫ χmax

χ
dχ̃H(χ̃)

dNG

dz

(χ̃− χ)

χ̃
,

(3.11)

where Pm(k) denotes the matter power spectrum evaluated at present, jl denotes the spherical
Bessel function of order l. We put the indices {I, n,G} to denote the intrinsic alignment, the
perturbation of the number density, and the gravitational lensing shear, respectively. In this

4A change due to a different choice of k∗ degenerates with other parameters such as A0, bINGA2, Θ0, and
Θ2. In Ref. [22], k∗ (in their notation, R∗ = 1/k∗) is determined by the Lagrangian radius of the halo of
interest.
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paper, we neglect the non-linear loop corrections. Then, the absence of the parity violation
leads to the vanishing B-mode and the global rotational symmetry ensures the absence of a
correlation between different multipoles.

To compute the contributions from the fluctuations at a given redshift along the line of
sight, in Eqs. (3.9)-(3.11), we introduce the redshift distribution function of galaxies dNa/dz
with a = I, n and G. We assume the functional form for dNa/dz as

dNa

dz
∝
(

z

z∗ a

)αa

exp

[
−
(

z

z∗ a

)βa]
. (3.12)

Following Refs. [5, 51], we choose αI = αG = 1.24 and βI = βG = 1.01, and αn = 1.25,
βn = 1.26, and z∗ n = 1.0, considering an LSST like survey. Here, to study how the forecast
on parameter uncertainties changes, depending on the galaxy redshift distribution, we leave
z∗ I, which we assume to be equal to z∗G, as a free parameter. This parameter amounts
to 0.51 for LSST lensing survey. In a more realistic setup, we should choose a different
distribution for dNI/dz and dNG/dz, since the intrinsic alignment has been detected only for
early-type galaxies [14–16].

3.2 Numerical analysis

Using Eqs. (3.6) - (3.8), in this subsection, we numerically compute the power spectra for the
perturbation of the number density and the E-mode cosmic shear. Here, we adopt the Limber
approximation [52, 53] for l ≥ 60. For a simple halo model, the non-linear bias parameter
for the number density bnNG is given by [8, 9, 54] (see also Ref. [55])

bnNG = (bn1 − 1)δc , (3.13)

where δc (= 1.686) denotes the critical density for spherical collapse. Along the line with the
convention of the tidal alignment [56], we set the linear bias parameter bI1 as

bI1(z) = b̄I1Ωm0
D(0)

D(z)
, (3.14)

which is consistent with observations of luminous red galaxies. Meanwhile, the non-linear
bias parameter for the galaxy shape bING is not very well known. In this paper, assuming
that bING is a constant parameter which is comparable to bI1 [13], we parametrize bING as

bING = b̄ING b̄
I
1 Ωm0 = b̄ING b

I
1(z)

D(z)

D(0)
. (3.15)

Here, b̄ING is another constant parameter.
The left panel of Fig. 1 shows the angular spectrum of the E-mode cosmic shear, given

in Eq. (3.6) for three different initial conditions (at the reheating surface). The blue line
shows the case with A2 = 0, which includes the case with the Gaussian initial condition.
The green dotted line shows the case with b̄INGA2 = 100 and ∆̃2 = ν2 = Θ2 = 0, which was
studied in Ref. [13]. The red dashed line shows the case with b̄INGA2 = 8000, ∆̃2 = 3/2,
ν2 = 3, and Θ2 = 0, which can be generated from the massive spin 2 field. Here, we set the
(remaining) bias parameters as bn1 = 2, b̄I1 = −0.1, and b̄ING = 1 [13] and z∗ a with a = I, G as
z∗ I = z∗G = 0.3. As was already argued, other terms in the ansatz of the PNG (2.2) do not
contribute to the cosmic shear for the bias ansatz assumed here (see Sec. 2.2). The right panel
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Figure 1. These plots show the angular auto-power spectra CEE
l (Left) and Cnn

l (Right) for initial
conditions with different PNGs. The blue solid lines show the case with b̄INGA2 = 0 (Left) and
A0 = 0 (Right), including the Gaussian initial condition. In the left panel, the green dotted line
shows the case with b̄INGA2 = 100 and ∆̃2 = ν2 = Θ2 = 0 and the red dashed line shows the case with
b̄INGA2 = 8× 103, ∆̃2 = 3/2, ν2 = 3, and Θ2 = 0. In the right panel, the green dotted line shows the
case with A0 = 10 and ∆̃0 = ν0 = Θ0 = 0 and the red dashed line shows the case with A0 = 8× 103,
∆̃0 = 3/2, ν0 = 3, and Θ0 = 0. The shaded regions show the noise due to the cosmic variance
computed for the Gaussian initial condition. Here, we set z∗ a with a = I, G as z∗ I = z∗G = 0.3.

of Fig. 1 shows the angular power spectrum of δn for the three different initial conditions:
A0 = 0 (Blue), A0 = 10, ∆̃0 = ν0 = Θ0 = 0 (Green dotted), and A0 = 8000, ∆̃0 = 3/2,
ν0 = 3, Θ0 = 0 (Red dashed). The imprint of the PNG with A0 6= 0 on Cnn

l appears in a
similar way to the one of the PNG with A2 6= 0 on CEE

l . In Fig. 1, we set the non-Gaussian
parameters b̄INGA2 and A0 to those which roughly amount to the 1-σ uncertainties obtained
in Sec. 3.3. The deviations of the cases with ∆̃s = 3/2 (the red dashed lines) from the
Gaussian case (the blue solid lines), which are not visible in Fig. 1, are manifestly shown in
Fig. 2.

While the angular power spectrum CEE
l starts with the quadrupole component, in the

left panel of Fig. 1, we only plotted CEE
l with l ≥ 3. For l = 2, taking the limit x = kχ� 1,

we find that the contribution of the PNG in CEE
2 given by Eq. (3.6) is proportional to∫

d3kPφ(k) [13], letting thus computed CEE
2 sensitive to the fluctuations at scales which

are much larger than the Hubble scale of our universe. This requires us to reconsider the
expression of CEE

2 given by Eq. (3.6) more carefully. Leaving this subtle issue for a future
study, here we only consider CEE

l with l ≥ 3. For the auto-correlation of δn, we plotted Cnn
l

with l ≥ 2, including the quadrupole contribution.
SinceM(k, z) scales as k2 in the limit k → 0, for ∆̃2 = 0, the second terms of bIeff(z, k)

and bneff(z, k) become larger at larger scales, leading the relative enhancement for small ls.
On the other hand, for ∆̃2 = 3/2, the enhancement at the low multipoles are not significant.
Instead, the imprint of the PNG becomes more and more significant at higher multipoles.
This can be understood as follows. For k � keq, where keq denotes the comoving Hubble
scale at the matter-radiation equality and is given by keq ' 1.6×10−2h/Mpc,M(z, k) ceases
to depend on k. Therefore, in the range k � keq, the second terms of bIeff(z, k) and bneff(z, k)
can dominate the first terms for ∆̃2 > 0 and ∆̃0 > 0, respectively. For the higher multipoles
on which the information of the modes k > keq is encoded, using the Limber approximation,
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we find that the auto-correlations of the contributions from the PNG scale as

CEE,PNG
l ∝ l2∆̃2−3+ns−1 , Cnn,PNG

l ∝ l2∆̃0−3+ns−1 , (3.16)

where ns is the spectral index for the adiabatic perturbation. (Here, dropping the oscillatory
contributions, we only picked up the powers of l.) Therefore, especially for ∆̃s ' 3/2 with
s = 0, 2, the contributions from the PNG in the angular spectra stay almost constant at the
higher multipoles in contrast to the linear contributions which are suppressed.

3 5 10 20 30 50 100 200 600
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ν2 = 3,Θ2 = 0

ν2 = 3,Θ2 = π/2
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ν2 = 6,Θ2 = π/2
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∆
n
n
l

ν0 = 0,Θ0 = 0

ν0 = 3,Θ0 = 0

ν0 = 3,Θ0 = π/2

ν0 = 6,Θ0 = 0

ν0 = 6,Θ0 = π/2

Figure 2. These plots show the fractional changes ∆α
l , defined in Eq. (3.17), for α = EE (left) and

for α = nn (Right). The parameters ∆̃0 and ∆̃2 are both chosen to be 3/2. In the left panel, b̄INGA2

is set to b̄INGA2 = 8000 and in the right panel, A0 is set to A0 = 8000. The shaded regions show the
variance computed by taking into account the cosmic variance. Here, we set z∗ a with a = I, G as
z∗ I = z∗G = 0.3.

To exhibit the enhancements of the contribution from the PNG at the high multipoles
more clearly, in Fig. 2, we plot the fractional changes of CEE

l and Cnn
l which quantify the

contributions from the PNG as

∆α
l ≡
|Cαl − Cαl ,Gauss|

Cαl ,Gauss

(α = EE, nn) , (3.17)

where Cαl ,Gauss denotes the angular power spectrum computed for the Gaussian initial condi-
tion. The different lines show the PNG with the different periodic oscillations and the phases.
Notice that there is a phase difference between ∆EE

l and ∆nn
l with the same oscillatory pe-

riod, i.e., ν2 = ν0, and the phase, i.e., Θ2 = Θ0. This is because the E-mode cosmic shear
is contaminated by the lensing effect, whose correlation with the intrinsic contribution leads
to the anti-correlation, and also because the integrands in Eqs. (3.6) and (3.8) have different
powers of k for each multipole l.

In Ref. [22], the modification of the halo bias due to the presence of the PNG with
A0 6= 0 and 0 ≤ ∆̃0 ≤ 2 was computed. It was shown that for a larger ∆̃0, the signal of the
PNG appears in the small scales (see also Ref. [57]). Here, we have shown that the signal
of the PNG with A2 6= 0 and ∆̃2 = 3/2 also becomes more prominent at higher multipoles
which capture the contributions of the modes k > keq.

For ∆̃s = 0, the information of the PNG is encoded in large scale fluctuations. Therefore,
a detection of such a PNG is usually limited by the cosmic variance. On the other hand, for a
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larger value of ∆̃s, the situation becomes very different, since the signal of the PNG appears
in small scales. For an accurate computation, we need to include non-linear evolution. This
is left for our future study [58].

3.3 Fisher matrix analysis

In this section, we study how well future observations will be able to constrain the model
parameters by using the Fisher matrix formalism (see e.g., Refs. [59–61]). The Fisher infor-
mation matrix is given by

Fij =
∑
l

(2l + 1)fsky

2
Tr

(
C−1∂C

∂pi
C−1 ∂C

∂pj

)
, (3.18)

with the covariance matrix

C(l) ≡

(
Cnn
l CnE

l

CnE
l CEE

l

)
. (3.19)

Here, pi is a model parameter. Recall that in this section, we consider the case with the parity
symmetry and the global rotational symmetry, which lead to the absence of the B-mode and
correlations among different multipoles.

As a noise effect, here we consider the shot noise which we assume to be white spectrum
as

NEE =
σ2
γ

n̄G
, Nnn =

1

n̄n
, NnE = 0 , (3.20)

where σ2
γ is the dispersion of the intrinsic shape with instrumental noise per component, n̄G

is the projected surface density of galaxies with shapes per steradian, and n̄n is the galaxies
clustering density per steradian. We include this noise effect, changing the angular power
spectra in Eq. (3.19) as

Cαl → Cαl +Nα
l , (α = EE, nn, nE) . (3.21)

In the following, considering a noise estimation for an LSST-like measurement [5, 51], we use
fsky = 0.5, n̄G = 37/arcmin2, n̄n = 46/arcmin2, and σγ = 0.25 .

The present setup includes the parameters

{bn1 , b̄I1, A0, b̄
I
NGA2, As}, (3.22)

where As is the amplitude of the scalar power spectrum at the pivot scale kp = 0.05Mpc−1,
and the parameters

{∆̃0, ν0, Θ0, ∆̃2, ν2, Θ2}, (3.23)

which characterize the scale dependence of bIeff(z, k) and bneff(z, k). Since b̄ING and A2 entirely
degenerate, here we take b̄INGA2 as a single parameter. In the following, considering a certain
model of inflation, we fix the parameters (3.23) to specific values. In particular, we consider
the PNGs which are generated in two different inflation models:
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1. Inflation model with multi-light scalar fields and a massive spin-2 field in the principal
series coupled with the inflaton, where the PNG with A0, A2, ν2 6= 0 and ∆̃0 = ν0 =
Θ0 = 0 and ∆̃2 = 3/2 can be generated5.

2. Inflation model with a massive scalar field and a massive spin-2 field which are both
in the principal series and are both coupled with the inflaton, where the PNG with
A0, A2, ν0, ν2, 6= 0 and ∆̃0 = ∆̃2 = 3/2 can be generated.

Here, marginalizing over other parameters, we discuss a possible constraint on the pa-
rameters p1 ≡ A0 and p2 ≡ b̄INGA2. When all other parameters, leaving aside either of p1

or p2, are fully marginalized, the 1σ bound on pi is given by σ(pi) =
√

(F−1)ii (see e.g.,
Ref. [59]). Here, we choose the fiducial values of the parameters (3.22) as

(bn1 , b̄
I
1, A0, b̄

I
NGA2, As) = (2, −0.1, 0, 0 , 2.2× 10−9) ,

where the fiducial value of As is set to the best fit value of Planck 15 [28]. For the Fisher
analysis, we use the angular power spectra with 3 ≤ l ≤ 600. Table 1 and Table 2 show the
1-σ uncertainties of pi (i = 1, 2) for the model 1 and the model 2, respectively.

ν2 = 3 σ(f loc
NL) σ(b̄INGA2) ν2 = 6 σ(f loc

NL) σ(b̄INGA2)

Θ2 = 0 1.9 7.5× 103 Θ2 = 0 1.9 2.1× 104

Θ2 = π/2 1.9 7.1× 103 Θ2 = π/2 1.9 2.5× 104

Table 1. 1-σ uncertainties of the non-Gaussian parameters A0 and bINGA2 for the model 1 with
the other parameters fully marginalized. The parameter ν2 was set to ν2 = 3 (Left) and ν2 = 6
(Right). Here, considering an LSST-like measurement, we set z∗ a with a = I, G as z∗ I = z∗G = 0.51.
Adjusting to the convention, we used f locNL, which is related to A0 as f locNL = A0/4.

ν0,2 = 3 σ(A0) σ(b̄INGA2) ν0,2 = 6 σ(A0) σ(b̄INGA2)

Θ0,2 = 0 3.5× 103 1.0× 104 Θ0,2 = 0 7.4× 103 3.1× 104

Θ0,2 = π/2 4.3× 103 1.0× 104 Θ0,2 = π/2 8.7× 103 3.7× 104

Table 2. The same as Table 1 for the model 2. The parameter ν0 and ν2 were set to ν0 = ν2 = 3
(Left) and ν0 = ν2 = 6 (Right). For simplicity, we choose the same value for the phases Θ0 and Θ2.

In order to examine a possible degeneracy among the non-Gaussian parameters, we also
compute a partially marginalized bound on the parameters pi(i = 1, 2), using the submatrix
(F−1)i=[1,2],j=[1,2]. Here, we marginalize only over the parameters {bn1 , b̄I1, As}. The result

is in Fig. 3. As is shown in the left panel, there is almost no degeneracy between f loc
NL and

b̄INGA2. This is because f loc
NL contributes to low ls, but b̄INGA2 contributes to high ls. On the

other hand, as is shown in the right panel, there is some degeneracy between A0 and b̄INGA2,
because both of them contribute to high ls 6. (A correlation between the PNGs from fields
with different spins was discussed in Ref. [65].)

5As was argued in Refs. [62, 63], f loc
NL is suppressed in single clock models of inflation.

6Our constraint on f loc
NL is much tighter than the one in Ref. [13]. This is mainly because our redshift

distribution dNn/dz extends to higher redshift region than the one used in Ref. [13]. In fact, when we use
the redshift distribution for LSST red samples [64] and set n̄I, n̄G and n̄n to the values used in Ref. [13], i.e.,
n̄I = n̄G = 3 and n̄n = 26, we obtain σ(f loc

NL) = 8.3, σ(b̄INGA2) = 3.0 × 103 for ν2 = 3 and Θ2 = 0. Now,
σ(f loc

NL) = 8.3 is almost same as the one in Ref. [13].
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Figure 3. These plots show 1-σ and 2-σ uncertainties in the non-Gaussian parameters A0 and b̄INGA2,
when we marginalize over {bn1 , b̄I1,As}. The red solid lines show the 1-σ contours and the blue dotted
lines show the 2-σ contours. The left panel is the model 1 (with ∆̃0 = ν0 = Θ0 = 0 and the right one
is the model 2 (with ∆̃0 = 3/2). Other parameters are set to ∆̃2 = 3/2, ν2 = 3, Θ2 = 0 (Left) and
∆̃0 = ∆̃2 = 3/2, ν0 = ν2 = 3, Θ0 = Θ2 = 0 (Right).

The constraint on A0 with ν0 = Θ0 = 0, so no oscillatory feature, was discussed in
Ref. [22], including also the non-linear loop corrections. As is shown in Fig. 2, the enhance-
ment due to the PNG becomes less significant for a larger value of νs, since the oscillatory
contribution is more smoothed out by integrating over k. Because of that, constraints for
ν0 = ν2 = 6 become weaker than those for ν0 = ν2 = 3.

10 20 30 50 100 200 600
lmax

100

101

102

103

R
(2

)
σ

ν0, 2 = 0

ν0, 2 = 3

10 20 30 50 100 200 600
lmax

100

101

102

103

R
(0

)
σ

ν0, 2 = 0

ν0, 2 = 3

Figure 4. The left and right panels show R
(2)
σ and R

(0)
σ , respectively, which are defined in Eq. (3.24).

The blue solid lines show the case with ν0 = ν2 = 0 and the orange dotted lines show the case with
ν0 = ν2 = 3. For both cases, we set Θ0 = Θ2 = 0.

When ∆̃s with s = 0, 2 are 3/2, the dominant signals of the PNG come from the small
scales with k > keq. Therefore, the possible constraints on the non-Gaussian parameters are
highly sensitive to kmax or lmax. In Fig. 4, to see the lmax dependence of 1-σ uncertainty, we

– 15 –



plotted

R(s)
σ ≡

σ3≤l≤lmax(xs)

σ(xs)
s = 0, 2 , (3.24)

with x0 = A0 and x2 ≡ b̄INGA2. Here, σ3≤l≤lmax(xs) denotes the 1-σ uncertainty when we

only use 3 ≤ l ≤ lmax, i.e., σ(xs) = σ3≤l≤600(xs). For both s = 0 and s = 2, R
(s)
σ,max does not

change much until around lmax = 100 and it significantly drops for lmax >∼ 100, approaching
to 1.

0.2 0.4 0.6 0.8 1.0 1.2 1.4
z∗ I

103

104

105
σ
(b̄

I N
G
A

2
)

ν2 = 0

ν2 = 3

ν2 = 6

Figure 5. This plot shows how the 1-σ uncertainty of b̄INGA2 changes under a variation of z∗I = z∗G
for different values of ν2. Here, we chose Θ2 = 0.

The forecast of 1-σ uncertainties in the non-Gaussian parameters also depends on the
redshift distribution of galaxies dNa/dz. Figure 5 shows a change of the 1-σ uncertainty for
the parameter b̄INGA2 under a variation of z∗I(= z∗G). As we change z∗I to a smaller value,
the peaks of the linear spectra shift to lower multipoles, leaving more spaces for the PNG
with ∆̃s > 0 to exhibit the signal at the high multipoles. Because of that, a galaxy survey
which explores lower redshift tends to give a tighter constraint if it were to be no oscillation
(see the plot with ν2 = 0). Notice however that σ(b̄INGA2) does not monotonically decrease
as we decrease z∗I in the presence of the oscillation, i.e., ν2 6= 0. It is because depending
on the phase Θ2, the oscillation can reduce the signal of the PNG at the high multipoles at
which the contribution from the PNG can dominate the linear contributions.

In the present analysis, we only considered a single tracer and integrated over the whole
redshift distribution of galaxies, loosing the information about modes along the line of sight
(see also the discussion in Ref. [13]). Therefore, using tomographic information for multi
tracers will improve our constraints on the non-Gaussian parameters. (For a multi-tracer
analysis with ∆̃2 = ν2 = 0, see [20]. See also Ref. [50].)

4 Intrinsic alignment with global anisotropy

In the previous section, we showed that the angular dependent PNG generated from a massive
spin-2 field can lead to the oscillatory feature in the intrinsic galaxy alignment, characterized
by bIeff(z, k), at small scales with k > keq. In this section, we discuss other sources of the
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intrinsic alignment, focusing on whether there is a qualitative difference between their signals
and the one discussed in the previous section.

4.1 Angular dependent PNG with global anisotropy

In the previous section, we discussed the intrinsic alignment generated from the angular
dependent PNG which preserves the global rotation symmetry. Next, we consider the PNG
(2.8) with a violation of the global rotational symmetry, which may be sourced from a vector
field during inflation. Using Eqs. (2.10) and (2.11) and repeating a similar computation to
the one in the previous section, we find that the PNG (2.8) yields the following contributions
in the galaxy shape function gij :

gij ∝
(
p̂ip̂j −

1

3
δij

)
φ ,

(
p̂i∂j + p̂j∂i −

2

3
δij p̂

k∂k

)
φ , · · · , (4.1)

which breaks the global rotational symmetry. The computation becomes somewhat lengthy
and is summarized in Appendix A.

Including a typical contribution of the intrinsic alignment in the presence of the global
anisotropy, here, we consider the case where the galaxy shape function is given by

gij(x) =

∫
d3k

(2π)
3
2

eik·x

[
bI1

(
k̂ik̂i −

1

3
δij

)
δ(z, k)

+ 3bpNGĀ2

(
k

k∗

)∆p
(
p̂ip̂j −

1

3
δij

)
φ(k)

]
, (4.2)

where bpNG denotes the bias parameter after the renormalization. (Here, we introduced the
factor 3 for the non-Gaussian contribution, adjusting to the notation in the previous section.)
For instance, when the primordial bispectrum is given by Eq. (2.8) with Ā2 6= 0 and B̄2 =
O((kL/kS)), the leading contribution of gij takes the form of Eq. (4.2).

Meanwhile, any of galaxy surveys can probe only a finite spatial region in the universe.
Because of that, even if the primordial bispectrum preserves the global isotropy, the limitation
of the survey region can lead to an apparent anisotropic clustering of galaxy distributions,
depending on the shape of the survey region [27] (see also Ref. [26]).

In the following, considering gij given by Eq. (4.2) without specifying the origin of the
global anisotropy therein, we consider its observable imprints on the cosmic shear. We assume
the power spectrum of φ with the global isotropy. (Recall that in a certain parameter range
of the model in Ref. [24], the global anisotropy appears only from the bispectrum.)

Using the prescription in Sec. 2.3, we obtain the coefficient aIA
lm for the expansion series

of the intrinsic galaxy shear in terms of the spin weighted spherical harmonics as

aIA
lm = 2π

√
(l + 2)!

(l − 2)!

∫
d3k

(2π)
3
2

δ(k)
2∑

s=−2

F
IA,(s)
l,m (k)il+sY ∗l+s,m(k̂) , (4.3)

where δ(k) is the matter perturbation at present and F
IA,(s)
l,m (k) is given by

F
IA,(s)
l,m (k) ≡

∫
dz
dNI

dz

D(z)

D(0)
jl+s(x)

×

[
− b

I
1

x2
δs,0 + 3bpNGĀ2

(
k

k∗

)∆p

M−1(z, k)
(l − 2)!

(l + 2)!
α

(s)
l,m

]
. (4.4)
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The detailed computation and the expression of α
(s)
l,m are summarized in Appendix B. Notice

that the violation of the global rotational symmetry leads to the contamination of the different
multipoles l + s with s = ±1, ±2. The first term in the square brackets of Eq. (4.4) is the
contribution which preserves the global rotational symmetry and the second term is the one
which does not. The overall factor of the second term has the typical form of the scale
dependent bias.

Notice that for the present pattern of the symmetry breaking, all of α
(s)
l,m vanish for

l = 0 and l = 1. Therefore, the lowest multipole of the cosmic shear is still l = 2. Also notice
that αl,m takes a different value, depending on the value of m, and in particular, we find

α
(s)
l,−m = α

(s)
l,m (s = 0, ±2) , α

(s)
l,−m = −α(s)

l,m (s = ±1) . (4.5)

In doing the harmonic expansion, we defined the z axis (with the colatitude angle θ = 0) to
be along the constant vector p̂. Some of the properties described here are specific for this
coordinate choice (see Appendix B.2).

4.2 Angular power spectrum

Using aIA
lm, given in Eq. (4.3), now we can compute the angular power spectrum of the cosmic

shear. The second term in the left-hand side of Eq. (4.2) only contributes to the intrinsic
alignment, leaving the perturbation of the number density and the gravitational lensing shear
intact. Therefore, simply changing the contribution of the galaxy alignment into Eq. (4.3) in
the computation of the previous section, we can obtain the angular power spectra as

〈aXlmaY ∗l′m′〉 = CXYl,l′;mδm,m′ , (4.6)

where X, Y = n, E, B. Notice that since the parity symmetry is broken by the constant
vector field p, the B-mode cosmic shear takes a non-vanishing value. For instance, the auto-
correlation of the B-mode is given by

CBB
l,l′;m =

1

2π

√
(l − 2)!

(l + 2)!

√
(l′ − 2)!

(l′ + 2)!
(3bpNGĀ2)2

∑
s=±1

∑
s′=±1

δl+s, l′+s′α
(s)
l,mα

(s′)
l′,m

×
∫
dz
dNI

dz

∫
dz′

dNI

dz′

∫
dkk2 jl+s(kχ(z))jl′+s′(kχ(z′))

(
k

k∗

)2∆p

Pφ(k). (4.7)

Since there is no parity violation in the lensing contribution, the B-mode cosmic shear only
appears from the intrinsic galaxy alignment. (Other origins of the B-mode cosmic shear were
reported, e.g., in Refs. [66–68].)

Except for X = Y = n, on which the violation of the global rotational symmetry does
not affect, Cl,l;m has non-diagonal components on l. This is summarized in Table 3. We
find that the auto-correlations CEE

l,l′;m and CBB
l,l′;m and the cross-correlation CEB

l,l′;m take non-
vanishing values, when l − l′ are even numbers. On the other hand, the cross-correlations
CnE
l,l′;m and CnB

l,l′;m take non-vanishing values, when l − l′ are odd numbers. This is because

aE
lm consists of the density perturbation with l, l ± 2 and aB

lm consists of the one with l ± 1.
For an

lm, there is no mode coupling between different multipoles.
Figure 6 shows the auto-correlations of the E-mode and the B-mode, when the PNG is

given by Eq. (2.2) with Ā2 6= 0 and B̄2 = ∆p = 0. In this case, the galaxy shape function
is given by Eq. (4.2) with ∆p = 0. For a comparison, we also plotted the angular spectra
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l′ l − 4 l − 3 l − 2 l − 1 l l + 1 l + 2 l + 3 l + 4

CEE
l,l′;m Red 0 Green 0 Blue 0 Red 0 Green

(solid) (dashed) (dotted) (dot- (cross)

dashed)

CEB
l,l′;m 0 0 0 0 0

CBB
l,l′;m 0 0 Red 0 Green 0 Blue 0 0

(solid) (dashed) (dotted)

CnE
l,l′;m 0 0 0 0 0 0

CnB
l,l′;m 0 0 0 0 0 0 0

Table 3. For the components which identically vanish, we put 0, otherwise non-zero. The modes
with colour descriptions are shown in those colours in Fig. 7, which shows the auto-correlations of the
E-mode and the B-mode.
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No NG
NG w/ global isotropy
NG w/o global isotropy (m=0)
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l,
l

NG w/o global isotropy (m= l)

NG w/o global isotropy (m= l− 1)

Figure 6. The left panel shows the E-mode cosmic shear and the right panel shows the B-mode
cosmic shear for three cases; the blue solid line shows the case with the Gaussian initial condition,
the green dotted line shows the case with the PNG (2.2) with A2 6= 0 and ∆̃2 = ν2 = Θ2 = 0, and
finally the orange dashed and dot-dashed lines show the case with the PNG (2.8) with Ā2 6= 0 and
B̄2 = ∆p = 0. The non-Gaussian parameters are set to b̄INGA2 = b̄pNGĀ2 = 100. In the first two cases,
the global rotational symmetry is preserved, while it is broken in the last one. The angular power
spectra for the PNG (2.8) has the non-diagonal components of l and the azimuthal dependence. Here,
we only plot the power spectra with l = l′. We plotted m = 0 and m = 2 for the E-mode and m = l
and m = l − 1 for the B-mode. Here, we set z∗I = z∗G = 0.51.

for the Gaussian initial condition and also for the PNG (2.2), which preserves the global
rotation symmetry, with A2 6= 0 and ∆̃2 = ν2 = Θ2 = 0. In this computation, we choose the
bias parameters in the same way as in the previous section, i.e., (3.14) and bpNG = b̄pNG b̄

I
1 Ωm0

with b̄I1 = −0.1. Here, other bias parameters are irrelevant. The PNG (2.8) leads to the
enhancement of the E-mode at large scales likewise the PNG (2.2) with ∆̃2 = 0. When we
increase ∆̃2 or ∆p, the signal from the PNG shows up at higher multipoles as was discussed
in the previous section. Because of the parity violation in the galaxy alignment, the B-mode
takes a non-vanishing value and is enhanced especially at low multipoles. Here, again we
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removed l = l′ = 2, which are also affected by the super Hubble contributions.
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l−
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l ′ = l− 2

l ′ = l

l ′ = l+ 2

Figure 7. The angular power spectra of the E-mode (Left) and the B-mode (Right) for the diagonal
and non-diagonal components. The left panel is the E mode auto-correlation with m = m′ = 0. The
right one is the B mode auto-correlation with m = m′ = l− 2. The non-Gaussian parameters are set
to b̄INGA2 = b̄pNGĀ2 = 100. Here, we set zI = z∗G = 0.51.

Figure 7 shows the angular power spectra of the E-mode and the B-mode for the diagonal
and non-diagonal components of ls. For the E-mode, we find that the diagonal component
with l = l′ takes a larger amplitude than the non-diagonal components with l − l′ = ±2 and
l−l′ = ±4 and among the non-diagonal components, the former takes a larger amplitude than
the latter. This can be understood by focusing on the contributions of the linear alignment
term and the lensing term. They do not contribute to CEE

l,l′;mwith l− l′ = ±4 and contribute
to the one with l − l′ = ±2 only as the cross-correlation with the term from the PNG.
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Figure 8. The left panel shows the azimuthal dependence for CEE
l,l;m′ and the right one shows the

same for CBB
l,l;m′ . Here, the angular power spectra are normalized by the maximum values for each l.

Here, we set z∗I = z∗G = 0.51.

As another consequence of the violation of the global rotational symmetry, the angular
power spectra (other than Cnn) take different values for different ms. This is summarized
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in Fig. 8, which shows the azimuthal dependence of CEE
l,l′;m and CBB

l,l′;m with l = l′. Notice
that the azimuthal modes m which are highly asymmetric lead to the larger parity violation,
generating larger values of CBB

l,l′;m. In fact, CBB
l,l′;mvanishes for m = 0. In contrast, CEE

l,l′;mtakes
non-vanishing values for all azimuthal modes and the amplitude does not change as much as
CBB
l,l′;mdoes.

5 Conclusion

The angular dependent primordial non-Gaussianity (PNG), which can be generated from
massive non-zero spin fields during inflation, serves a source of the intrinsic galaxy alignment.
Especially for ∆̃s = 3/2, which is usually the case for massive fields (without an introduction
of non-trivial interactions to sustain against the dilution), the signal of the PNG becomes
more and more significant at small scales with k > keq. This is in sharp contrast to the signal
from the PNG with ∆̃s = 0, which includes the squeezed bispectrum parametrized by f loc

NL.
Since the scale dependent bias generated from the PNG with ∆̃s = 0 is mainly enhanced at
large scales, the detection is severely limited by the cosmic variance, while this problem may
be somewhat circumvented by using multi-tracers [18, 19]. (See also Ref. [69].) On the other
hand, since the signal from the massive fields appears in small scales, the issue of the cosmic
variance is not crucial for the detection. Moreover, the distinctive oscillatory feature may
allow us to discriminate from other contributions. These aspects are common for massive
fields irrespective of their spins.

In this paper, we did not take into account the non-linear time evolution. Obviously,
this is not sufficient to estimate the signal in the small scales accurately. We will report our
computation which takes into account the non-linear clustering in our forthcoming paper [58].
Since these non-linear effects act as contaminations, the constraints on the PNG from massive
particles, whose imprint is prominent at small scales, will become weaker unless we are able
to subtract them out. (For other effects which are not considered here, see Ref. [13].)

The intrinsic galaxy alignment also can be generated from the angular dependent PNG
which violates the global rotational invariance. When the galaxy shape function gij has
the contribution which violates the global rotational symmetry, we find the following three
distinctive consequences: i) Non-zero B-mode cosmic shear ii) Correlations between different
multipoles l (depending on the choice of the z axis, there also appear correlations between
different ms) iii) Azimuthal dependence of angular spectra. These aspects provide qualitative
differences from the case with the angular dependent PNG (2.2).

In this paper, in computing the cosmic shear, we simply used the redshift distribution
of the galaxy sample given in Ref. [51]. While the intrinsic alignment for red galaxies is
observationally confirmed, the intrinsic alignment of blue galaxies has been observed to be
null consistent (see, e.g., Ref. [16]). For a more realistic computation, we will need to choose
the redshift distribution of the galaxy sample more carefully. As was discussed in Sec. 3.3,
the forecast of the parameter uncertainty changes depending on a choice of the redshift
distribution function of galaxies.
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A Derivation of scale dependent bias

In this Appendix, following Ref. [13], we derive the scale dependent bias for gij and δn in
the presence of the PNG with the global anisotropy (2.8). Here, the constant vector p̂ is
left arbitrary. Here, for simplicity, we use the PNG (2.8) with ∆p = 0, but an extension to
∆p 6= 0 proceeds straightforwardly.

A.1 Galaxy shape

To compute the scale dependent bias bIeff(z, k), we compute the two point function 〈δ(x)gij(y)〉.
Using Eq. (2.11), we find that this two point function includes the three-point functions

〈δ(x)δ(y)Kij(y)〉 and

〈
δ(x)

[
KikK

k
j −

1

3
δij(Klm)2

]
(y)

〉
. (A.1)

Here, we compute the contribution of the squeezed bispectrum to the first term. Using the
primordial bispectrum, defined as

〈φk1φk2φkL
〉 = (2π)−

3
2 δ(k1 + k2 + kL)Bφ(k1,k2,kL), (A.2)

the first term can be rewritten as

〈δ(x)δ(y)Kij(y)〉 ≈
∫

d3kL

(2π)3
eikL·rM(kL)

∫
d3k1

(2π)3

[
k1ik1j

k2
1

− 1

3
δij

]
×M(k1)M(|k1 + kL|)Bφ(k1,−(k1 + kL),kL), (A.3)

where k1 corresponds to the short mode. Since we only take into account the contribution
from the squeezed configuration, we used ≈ instead of the equality. Expanding this three-
point function in terms of q = kL/kS � 1, we obtain

〈δ(x)δ(y)Kij(y)〉 ≈
∫

d3kL

(2π)3
eikL·rM(kL)

∫
d3kS

(2π)3

[
kSikSj

k2
S

− 1

3
δij

]
×M2(kS)Pφ(kL)Pφ(kS)

∞∑
l=0

[
Āl + B̄lµ+O(q)

]
i
1−(−1)l

2 Pl(p̂ · k̂S), (A.4)

with µ = k̂S · k̂L. Here, we used M(|kS + kL|) =M(kS) +O(q).
For our computational convenience, we change the coordinate system such that p lies

along the z axis as p̃i = Rij(p̂)pj = (0, 0, p̃), where Rij(p̂) is a rotational matrix. Then, kS

and kL are transformed into

ˆ̃
ka =

(√
1− µ2

a cosψa,
√

1− µ2
a sinψa, µa

)
, (a = L, S) (A.5)
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with

µ = k̂S · k̂L =
√

(1− µ2
S)(1− µ2

L) cos(ψS − ψL) + µSµL, (A.6)

where we introduced µX ≡ p̂ · k̂X . In this coordinate, we obtain

k̃Sik̃Sj

k2
S

=


cos2 ψS(1− µ2

S) cosψS sinψS(1− µ2
S) cosψSµS

√
1− µ2

S

cosψS sinψS(1− µ2
S) sin2 ψS(1− µ2

S) sinψSµS

√
1− µ2

S

cosψSµS

√
1− µ2

S sinψSµS

√
1− µ2

S µ2
S

 . (A.7)

Using this expression and integrating with respect to ψS, we obtain∫ 2π

0

dψS

2π

[
ˆ̃
kSi

ˆ̃
kSj −

1

3
δij

]
= P2(µS)

[
ˆ̃pi ˆ̃pj −

1

3
δij

]
, (A.8)

and ∫ 2π

0

dψS

2π
µ

[
ˆ̃
kSm

ˆ̃
kSn −

1

3
δmn

]
=

1

5
[P1(µS)− P3(µS)]

[
ˆ̃pm

ˆ̃
kLn + ˆ̃pn

ˆ̃
kLm −

2

3
µLδmn

]
+ µLP3(µS)

[
ˆ̃pm ˆ̃pn −

1

3
δmn

]
. (A.9)

Notice that as is shown Eq. (A.6), µ depends on µS, , µL, ψS, and ψL. Using these formulae,
Eq. (A.4) can be recast into

〈δ(x)δ(y)Kij(y)〉

=

∫
d3kL

(2π)3
eikL·rM(kL)Pφ(kL)

∫
dkS

(2π)2
k2

SM2(kS)Pφ(kS)

×
∫ 1

−1
dµS

∞∑
l=0

i
1−(−1)l

2 Pl(µS)

{[
p̂ip̂j −

1

3
δij

] [
ĀlP2(µS) + B̄lµLP3(µS)

]
+

1

5
B̄l [P1(µS)− P3(µS)]

[
p̂ik̂Lj + p̂j k̂Li −

2

3
µLδij

]
+O(q)

}
=

∫
d3kL

(2π)3
eikL·rM(kL)Pφ(kL)

∫
dkS

(2π)2
k2

SM2(kS)Pφ(kS)

× 2

5

{
1

3
iB̄1

[
p̂ik̂Lj + p̂j k̂Li −

2

3
µLδij

]
+ Ā2

[
p̂ip̂j −

1

3
δij

]
+

5

7
iB̄3

[
µL

[
p̂ip̂j −

1

3
δij

]
− 1

5

(
p̂ik̂Lj + p̂j k̂Li −

2

3
µLδij

)]
+O(q)

}
. (A.10)

Here, we used the orthogonality of the Legendre polynomials. Noticing the fact that the
second term in Eq. (A.1) is related to the first term as〈

δ(x)

[
KikK

k
j −

1

3
δij(Klm)2

]
(y)

〉
=

1

3
〈δ(x)δ(y)Kij(y)〉+O(q), (A.11)

we can immediately compute the second term.
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Using

ξ(r) =

∫
d3kL

(2π)3
eikL·rM2(kL)Pφ(kL), (A.12)

ξδφ(r) =

∫
d3kL

(2π)3
eikL·rM(kL)Pφ(kL), (A.13)

I(r) =

∫
d3kL

(2π)3
eikL·rM(kL)

kL
Pφ(kL), (A.14)

and the variance of the matter density field
〈
δ2
〉
, given by

〈
δ2
〉

=

∫
dk

2π2
k2M2(k)Pφ(k), (A.15)

we finally obtain

〈δ(x)gij(y)〉 = bI1Dijξ(r) +
1

10
Ā2(bI2 +

1

3
bIt)

(
p̂ip̂j −

1

3
δij

)
ξδφ(r)

〈
δ2
〉

+ B1

(
p̂ip̂j −

1

3
δij

)
p̂ · ∂x I(r) + B2

(
p̂i∂j + p̂j∂i −

2

3
δij p̂

k∂k

)
I(r), (A.16)

where B1, B2 are

B1 ≡
1

14
(bI2 +

1

3
bIt)B̄3

〈
δ2
〉
, (A.17)

B2 ≡
1

210
(7B̄1 − 3B̄3)(bI2 +

1

3
bIt)
〈
δ2
〉
. (A.18)

A.2 Number density

To compute the scale dependent bias bneff(z, k), we compute the two-point function 〈δ(x)δn(y)〉,
which includes the three-point functions〈

δ(x)δ2(y)
〉

and
〈
δ(x)(Kij)

2(y)
〉
. (A.19)

The first term is given by

〈
δ(x)δ2(y)

〉
=

∫
d3kL

(2π)3
eikL·rM(kL)Pφ(kL)

∫
d3kS

(2π)3
M2(kS)Pφ(kS)

×
∞∑
`=0

i
1−(−1)l

2
[
Āl + B̄lµ+O(q)

]
P`(µS), (A.20)

where we used Eq. (2.8) and M(|kS + kL|) = M(kS) + O(q). Since this formula does not
depend on the azimuthal direction, µ in the square brackets can be simply replaced with
µSµL after integrating over ψS. Using the orthogonality of Legendre polynomials, we obtain

〈
δ(x)δ2(y)

〉
=

∫
d3kL

(2π)3
eikL·rM(kL)Pφ(kL)

∫
dkS

(2π)2
k2

SM2(kS)Pφ(kS)

×
[
2Ā0 +

2

3
iµLB̄1

]
+O(q). (A.21)
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Using [
k̂Sik̂Sj −

1

3
δij

] [
̂(kS + kL)

i ̂(kS + kL)
j
− 1

3
δij
]

=
2

3
+O(q2) , (A.22)

we also can compute
〈
δ(x)(Kij)

2(y)
〉

easily as
〈
δ(x)(Kij)

2(y)
〉

= 2
3

〈
δ(x)δ2(y)

〉
+ O(q2).

Using these formulae, we obtain

〈δ(x)δn(y)〉 = bn1ξ(r) +
1

2
Ā0

〈
δ2
〉

(bn2 +
2

3
bnt )ξδφ(r) +

1

6
B̄1

〈
δ2
〉

(bn2 +
2

3
bnt )p̂ · ∂xI(r). (A.23)

B Derivation and Feature of Angular power spectra

B.1 Calculation of intrinsic galaxy shape with global anisotropy

Here, we perform the harmonic expansion of the intrinsic alignment term in the cosmic shear.
For our convenience, we decompose the contribution of the intrinsic alignment aIA

lm as

aIA
lm = a

(0)
lm + a

(p)
lm ,

where a
(0)
lm is the contribution from the first term of Eq. (4.2) and a

(p)
lm is the one from the

second term. In the Fourier space, we obtain

±2γ
IA(z, n̂) =

∫
d3k

(2π)
3
2

eixk̂·n̂mi
∓m

j
∓

[
bI1k̂ik̂jδ(z, k) + 3bpNGĀ2

(
k

k∗

)∆p

p̂ip̂jφ(k)

]
(B.1)

with x ≡ kχ(z) and k̂ ≡ k/k. In performing the expansion in terms of the spherical har-
monics, we choose the z axis along the direction of p̂, i.e., p̂ = (0, 0, 1). With this choice,
we obtain mi

± p̂i = − sin θ/
√

2. For our purpose, we write the basis of the Fourier mode
expansion as

eixk̂·n̂ =
∞∑
l=0

(2l + 1)iljl(x)Pl(k̂ · n̂) = 4π
∞∑
l=0

l∑
m=−l

iljl(x)Ylm(n̂)Y ∗lm(k̂) . (B.2)

Using k̂ie
ixk̂·n̂ = (1/ix)∂/∂n̂ieixk̂·n̂ and

±2Ylm(n̂) = 2

√
(l − 2)!

(l + 2)!
mi
∓m

j
∓

∂2

∂n̂i∂n̂j
Ylm(n̂) ,

we obtain the contribution from the first term as

a
(0)
lm = −bI1

√
(l + 2)!

(l − 2)!

∫
d3k

(2π)
3
2

∫
dz
dNI

dz

1

x2
iljl(x)Y ∗lm(k̂)δ(z, k) (B.3)

for l ≥ 2 and a
(0)
lm = 0 for l = 0, 1. Here, we inserted the redshift distribution of the galaxy

sample dNI/dz. Using Eq. (B.2), the contribution from the second term can be expressed as

a
(p)
lm = 2π

√
(l − 2)!

(l + 2)!

∞∑
l′=0

l′∑
m′=−l′

il
′
∫

d3k

(2π)
3
2

∫
dz
dNI

dz
φ(k)jl′(x)Yl′m′(k̂)

×
∫
dΩnY

∗
lm(n̂)ð̄2

[
Yl′m′(n̂) sin2 θ

]
. (B.4)
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Since the constant vector p̂ violates the global rotation symmetry, a
(p)
lm can be contaminated

by non-diagonal multipoles with l′ 6= l and m′ 6= m, while a
(0)
lm does not depend on contribu-

tions of other multipoles. Performing the integral over the solid angle of n̂, which is lengthy

but straightforward, we obtain Eq. (4.3), where coefficients α
(s)
l,m are given by

α
(0)
l,m = −2(l − 1)(l + 2){l(l + 1)− 3m2}

(2l − 1)(2l + 3)
(−l ≤ m ≤ l) , (B.5)

α
(+1)
l,m = −2m(l − 1)

√
(l −m+ 1)(l +m+ 1)

(2l + 1)(2l + 3)
(l ≥ 1, −l ≤ m ≤ l) , (B.6)

α
(−1)
l,m = 2m(l + 2)

√
(l −m)(l +m)

(2l − 1)(2l + 1)
(−l + 1 ≤ m ≤ l − 1) , (B.7)

α
(+2)
l,m =

l(l − 1)
√

(l −m+ 2)(l +m+ 2)(l +m+ 1)(l −m+ 1)

(2l + 3)
√

(2l + 1)(2l + 5)

(l ≥ 2, −l ≤ m ≤ l) , (B.8)

α
(−2)
l,m =

(l + 1)(l + 2)
√

(l −m)(l +m)(l +m− 1)(l −m− 1)

(2l − 1)
√

(2l − 3)(2l + 1)

(−l + 2 ≤ m ≤ l − 2) , (B.9)

and otherwise 0.

B.2 Rotation of axis

In the previous subsection, we calculated the angular power spectrum, choosing the z-axis
(with θ = 0) such that being along p̂. With this choice, we found that there is no cross-
correlations between different ms. Next, we will show that the diagonalization over m is
specific for this choice of the axis and in general there exist the cross-correlations.

Rotating the z axis to the direction (θ, ψ) changes the coefficients salm of the expansion
in terms of the spin weighted spherical harmonics sY lm as

sãlm =

√
4π

2l + 1
(−1)m

∑
m′
−mYl m′(θ, ψ)salm′ . (B.10)

Using this expression, we find that aE
lm and aB

lm both transform in the same way as

ãXlm =

√
4π

2l + 1
(−1)m

∑
m′
−mYl m′(θ, ψ)aXlm′ (B.11)

for X = E, B and the angular power spectra in the two frames are related as

〈ãXlmãY ∗l′m′〉 = (−1)m+m′
√

4π

2l + 1

√
4π

2l′ + 1

×
∑
m̄

−mYl m̄(θ, ψ)−m′Yl′ m̄
∗(θ, ψ)〈aXlm̄aY ∗l′m̄〉 (B.12)

for X, Y = E, B. Now, we see that in a general frame, both of l and m are not diagonal.
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