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What can galaxy shapes tell us about physics beyond the standard model?
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The shapes of galaxies trace scalar physics in the late-Universe through the large-scale gravitational
potential. Are they also sensitive to higher-spin physics? We present a general study into the observational
consequences of vector and tensor modes in the early and late Universe, through the statistics of cosmic
shear and its higher-order generalization, flexion. Higher-spin contributions arise from both gravitational
lensing and intrinsic alignments, and we give the leading-order correlators for each (some of which have
been previously derived), in addition to their flat-sky limits. In particular, we find nontrivial sourcing of
shear EB and BB spectra, depending on the parity properties of the source. We consider two sources of
vector and tensor modes: scale-invariant primordial fluctuations and cosmic strings, forecasting the
detectability of each for upcoming surveys. Shear is found to be a powerful probe of cosmic strings,
primarily through the continual sourcing of vector modes; flexion adds little to the constraining power
except on very small scales (£ Z 1000), though it could be an intriguing probe of as-yet-unknown rank-
three tensors or halo-scale physics. Such probes could be used to constrain new physics proposed to explain

recent pulsar timing array observations.
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I. INTRODUCTION

Through current observational projects such as DES,
KiDS, and HSC (e.g., [1-4]), and forthcoming experiments
such as Rubin and Roman (e.g., [5,6]), we will measure the
apparent shapes of hundreds of millions of galaxies across a
wide range of redshifts. The technical barriers associated
with such measurements are huge; thanks to decades of
computational, observational, and theoretical work, we are
now in a regime where they can be made robustly,
facilitating their use in modern cosmological analyses.

The principal use of galaxy shape catalogs is as a probe
of the underlying matter density of the Universe (e.g., [7-
11]). Due to gravitational lensing, photons emitted from
some distant galaxy are continuously deflected by matter as
they traverse the vast expanses of space before reaching our
telescopes; as such, their deflection angle encodes the
gravitational potential, @, projected along the line of sight.
For coherent sources such as galaxies, the net effect of
lensing is to distort the shape of the galaxies, such that
an initially circular projection is distorted to an ellipse
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(at leading order). Furthermore, the intrinsic shape of the
galaxy is itself a probe of @ (which itself can contain novel
physics [e.g., [12—14]]), through tidal interactions as the
galaxy forms (e.g., [15-20]). Collating the distortions
measured from millions of objects (accounting for their
significant noise) yields a large-scale map of @, or, through
the Poisson equation, the matter density, p,,.

a. Vectors and tensors A full description of gravitational
lensing involves not just the scalar part of the metric,
hoo o @, but also vector and tensor parts, hy; and h;; (e.g.,
[21-24]). The same holds also for the intrinsic shapes of
galaxies, again through the tidal tensor, 7;; [25], though
these have been little discussed for vector modes. As such,
the shapes of galaxies provide a window into the vector and
tensor sectors of the Universe that are hard to observe in
other probes (such as galaxy density, at leading order
[26,27]). In the standard cosmological model, we expect
such contributions to be trivially small; however, nonstand-
ard cosmological models can source vector and tensor
modes, and thus be probed using galaxy shapes.

There exist a large number of theoretical models capable
of generating vector and tensor modes in the late Universe.
Many such scenarios are rooted in inflation, principally
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from the appearance of vector and tensor fields, for
example in vector inflation and axionic models optionally
including Chern-Simons interactions [28-35]. They can
also be sourced from single field inflation; whilst primor-
dial vectors decay quickly, primordial gravitational waves
(tensor modes) are a signature of many canonical scenarios
(see e.g., [36] for recent constraints). An array of late-time
sources are also possible, driven by old and new fields.
Many of these are motivated by our lack of understanding
of dark energy; modified gravity scenarios such as quintes-
sence, vector dark energy, and Chern-Simons general
relativity, could lead to a spectrum of new perturbations
which become relevant at late times, thereby evading
constraints from the cosmic microwave background (e.g.,
[29,37-41]). A network of cosmic strings (arising from
some symmetry breaking scenario, such as GUT models)
would also lead to continuous production of vector and
tensor modes, and thus distortion of galaxy shapes (e.g.,
[24,42,43]). These are of particular current relevance
(e.g., [44]) given their plausibility as a model for explaining
the recent detection of a stochastic gravitational wave
background from pulsar timing array experiments [45—48].
Finally, such physics could conceivably break parity
symmetry; to some extent, this is expected from primordial
phenomena such as baryogenesis (e.g., [32,49,50]), and is
of particular current interest given the potential detections
on the CMB and distribution of galaxies [51-58] (though
see the no-go theorems in [59,60]).

b. Shear and flexion To make use of the tranche of
cosmological information contained within galaxy shapes,
we require some way of distilling this information.
Conventionally, this is performed by considering the
“shear” of galaxies, y;;, which measures their ellipticity
(e.g., [7,9]). Since this is a rank-two tensor, it is sensitive to
rank-two components of the metric, including 9;0;h,
6,~h0j, hij, i.e., scalars, vectors, and tensors. In general,
the shear is computed for each galaxy of interest, which
are combined to make full-sky maps, usually expressed in
terms of electric and magnetic components, yZ and y%. By
measuring the two-point correlation functions, particu-
larly (y£yE*), we can probe the power spectrum of matter,
and thus constrain parameters such as the matter density
and clustering amplitude, as well as more esoteric physics
such as primordial non-Gaussianity from higher-spin
particles [12]. For vectors and tensors, there is informa-
tion also in the B-mode spectra, such as (yBy%*), with
parity-violating physics appearing in the cross-
spectra (yfyB*). Further information may also arise in
higher-order correlators and cross-spectra, which probe
bispectra and beyond (cf. [61] for scalar physics, and
[12,62—-64] for other applications including [anisotropic]
primordial non-Gaussianity and higher-spin inflationary
phenomena).

The gravitational distortions of galaxies are not fully
encapsulated by the shear tensor, 7;;. At next order, one

can define the “flexion” components, F;j, and G,
which parametrize the octopole moments of an image
(e.g., [65-71]). This is a rank-three tensor, and thus sensitive
of scalar, vector, and tensor physics.l It may also be a probe
of new physics sourced by some irreducible rank-three
tensor, such as torsion. In this case, the field can be written
in terms of “gradient” and “curl” modes; only the latter is
sourced by standard model physics, e.g., (F9*F7). Flexion
has been discussed in a range of previous works, with the
general conclusion being that it becomes useful in scalar
analyses only on very small scales (e.g., [66,70]); here, we
include the flexion in a complete manner, and assess
whether the above conclusions remain true for vector
and tensor physics.

In the remainder of this work, we will present an in-depth
overview of the effects of vector and tensor physics on
shear and flexion, considering both intrinsic and extrinsic
(Iensing) contributions, providing a general dictionary of
novel phenomena to galaxy shapes. To this end, we will
first set out our conventions for new physics in Sec. II via
their impact on the metric tensor, and give two motivating
examples of beyond-ACDM physics, before presenting a
pedagogical overview of galaxy shape observables in
Sec. III. In Sec. IV, we will discuss the sourcing of shear
and flexion by scalars, vectors, and tensors, before giving the
associated power spectra in Sec. V, including their small-
scale limiting forms. To put our results in context, Sec. VI
considers the ability of upcoming cosmic shear surveys
to detect vector and tensor modes using the two fiducial
models discussed in Sec. II (sourced by inflation and cosmic
strings). Finally, we conclude in Sec. VII. Appendix A
provides a brief summary of the two-sphere mathematics
used in this work, with Appendix B outlining our cosmic
string tensor model. Finally, Appendices C and D derive full-
sky power spectra associated with intrinsic and extrinsic
vector modes, and Appendix E lists the mathematical
kernels appearing in the power spectra.

II. SCALARS, VECTORS, AND TENSORS

A. General formalism

Weak gravitational interactions induce a distortion in the
background (FRW) metric of the Universe, which takes the
form

ds* = a*(n)(n,, + hy,)dx*dx”, (1)

where 7 and x are conformal time and comoving space, N
is the flat-space metric, and a(n) is the scale factor (e.g.,
[72-74]). In the weak field limit, the perturbation /,,, can be

'Whilst one can go further still and define a rank-four tensor, it
is not of interest to this work (though it can enable constraints on
spin-four primordial non-Gaussianity transferred to the scalar
sector [12]).
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decomposed into independent scalar, vector, and tensor
modes, with the scalar part taking the form
hoo ==2%(x.n).  hi;=hiy =0,

h$, = =20 (x, )5,

(2)

in the conformal-Newtonian gauge, where @ and ¥ are the
Bardeen potentials. In the absence of anisotropic stress,
©® = V; this will be assumed below. In the presence of
vector modes, we can write
h(‘)/() :0, h(‘)/l:hx):Bl(x,ﬂ), hl‘;zajH,—l—alH], (3)
for divergence-free vectors B; and H;. Again working in the
conformal-Newtonian gauge, we can set H; =0 and
consider only B; (equivalent to working with the gauge-
invariant potential —o,; = B; — d,H; [24]). Finally, the
tensor degrees of freedom can be written in the form (again
working in the conformal-Newtonian gauge)
T _ T _ T _ T _
hgo = 0, ho; = hig = 0, hi; = hij. (4)
where h;; (not to be confused with £,,) is the transverse-
traceless rank-two tensor associated with gravitational
wave propagation.
in the discussion below, we will find it useful to expand

the metric perturbations in Fourier-space via the relations
(e.g., [75,76])

D(x,7n) —le”"xcb(k,n),

Bilxi) = [ emrS el @B, (k).
A==+

() = A e e (), e ), (5)
A==+

where [, = [dk/(2x)®. Here, we have decomposed the
vector and tensor modes in helicity states, defined as

M k)= (@ Fie)) V2 e (k)=el (k) (k). (6)

where {el,ez,fc} is a locally orthonormal basis set. As
such, the impact of scalar, vector, and tensor modes on the
metric, and thus gravitational lensing, is controlled by the
(scalar) helicity components {®, B, h}.

Most metric perturbations of interest in cosmology are
controlled by stochastic processes such as inflationary
quantum mechanical fluctuations, and are thus random
fields. As such, their properties can be encapsulated by
correlation functions, the simplest of which are power
spectra:

(@(k.n)®" (K1) = Po (k.nn.n') x (27)*6p (k= )
(K1) =835 x Py, (k.n.n') x (27)*6p (k= K')

(s el (K ') = 85, x Py, (ko) x (226 (k—K'),
(7)

(noting that the mean of each field can be set to zero
according to the equivalence principle). Here, we have
assumed that the relevant physics is homogeneous (leading
to the Dirac delta) and isotropic (such that the correlators
depend only on |k|); furthermore, the different helicity
states are uncorrelated. Finally, we may optionally assert
parity conservation (i.e., symmetry under point reflections):
this enforces Pg, = Pp_and P, = P,,_, though this is not
generically required.2

Additional information on the metric perturbations is
provided by the Einstein equations, which specify the time
evolution of fluctuations. For the scalar sector, their
linearization leads to the well-known form ®(k,n) =
Ts(n)®(k,ny), where the transfer function T¢(y) is con-
stant in matter domination, and we normalize to the value of
the spectrum today (at # = #5,). From the ij part of the
perturbed Einstein equation, we obtain the following
equations for the evolution of vector and tensor modes
(e.g., [77,78]):

¥

o
Bi(x.n) + 2H(n)B;(x.n) = =162Ga* (n) g 6T ;(x. )

(e ) + 2H () by (e n) = V(. m)

= 162Ga*(n)T7;(x., n). (8)

Here, primes denote derivatives with respect to conformal
time, H () = a’(n)/a(n) is the conformal Hubble param-
eter, and 5lej‘T are the vector and tensor parts of the
perturbed stress-energy tensor. From this equation, it is
clear that vector and tensor modes can be either (a) pri-
mordial, evolving under the homogeneous equations, or
(b) dynamically sourced by phenomena contributing to the
nonscalar stress-energy tensor (such as cosmic strings and
neutrino free-streaming). In the next section, we will
consider examples of each form.

B. Motivating examples

1. Inflationary perturbations

In the standard paradigm, quantum fluctuations in
inflation source scalar perturbations to the metric, which
seed structure formation in the late Universe. A variety of
models also predict a primordial spectrum of vector and
tensor modes, for example due to gauge fields active in

’In gravitational wave literature, the total gravitational wave
power spectrum is often denoted P, = P;, + P, .
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inflation or large excursions of the inflaton. Conventionally,
such spectra are parametrized as power laws:

Palk) = relhe) < 2 8300 ()"

& ko
272 k\"r
Py(k) = rr(ko) x 7A§ <k_0> , (9)

where k, = 0.002 Mpc~! is a fiducial scale, ny is a slope,
and ry specifies the amplitude relative to the scalar power
spectrum amplitude, A%. For ny =1, ny =0, we find a
scale-invariant form. Observations of the CMB place strong
constraints on tensors, with r7(kg) < 0.03 [36,79] with a
fiducial value ny = —ry/8. In some scenarios, the primor-
dial perturbations can violate parity symmetry (as discussed
in Appendix B of [25]); in this case, there is a different
amplitude for the two parity states, with

Py (k) =(1+ey)Pg(k), Py (k)=(1%er)Py(k), (10)

for chirality parameter ey.

To model vector and tensor modes in the late Universe,
we require the evolution of B; and h;; as well as the
primordial form. This is obtained by solving the homo-

geneous version of (9), yielding (e.g., [78]):

Bi(k,n) = Ty(n)Bi(k.n.),  Tv(n) = (%ﬁ)z

To(hon) o 2000 gy

h;;(k,0) = Tr(k,n)h;;(k), kn

where 7, is some reference scale and we give the approxi-
mate form for the tensor transfer function in matter
domination. In this regime, the vector modes decay away
quickly, whilst the tensor modes evolve much more
slowly, and propagate as a damped wave. For this reason,
vector modes are rarely considered in cosmology, since
those produced only by inflation are vanishingly small at
late times.

Incorporating these transfer function definitions, we can
write the power spectra in separable form:

(@k.m)®*(K'.1')) = Ts(n)Ts(nf)Po(k) x (27)*5p (k — k')
(By(k.n)B;, (k') = &35 x Ty(n)Ty () Py, (k) x (27)*6p (k — k')
(hy (e )y (K ")) = 8 x Tr(k.m)Tr(k.n) Py, (k) x (27)*6p (k — K'); (12)

this holds true in the linear regime for any primordial
perturbations in the early Universe.

2. Cosmic strings

An example of late-time new physics that could generate
detectable vector and tensor modes is cosmic strings (e.g.,
[24,41-43,80-82]). These are one-dimensional topological
defects that are a generic prediction of any grand uni-
fication model, sourced by phenomena such as spontaneous
symmetry breaking or from superstring theory. A network
of strings will contribute to the late-time energy momentum
tensor through anisotropic stress, and thus act as a non-
decaying source for both vector and tensor metric pertur-
bations B; and h;;. These source photon-baryon vorticity,

|

and thus generate CMB B-modes, allowing them to be
indirectly constrained [41]. They could also be a possible
source of the signal detected in recent pulsar timing array
experiments [44].

Full modeling of the cosmic string correlators is non-
trivial, and beyond the scope of this work. For our purposes,
we consider only a simple prescription (known as the
“velocity-dependent one-scale” model), which posits a
Poissonian sample of string segments with some tension
Gu and intercommuting (i.e., reconnecting) probabilty P
(following [e.g., [24] ]). Each Nambu-Goto string segment
can be described by a position ¢ and a (conformal) time # on
the string world sheet, and give the following contribution to
the stress-energy tensor in the transverse gauge [43]:

A
6,7x

1
o6TH (x,n) = do ) . . )éplx—=x(0,7m)). 13
) =n [ (_W anx,aqx,_aﬁxlaﬂx]) o (x —x(0.1) (13)

Using the Einstein equations (8), we can compute the vector and tensor metric perturbations arising from the strings, and
thus the associated power spectrum of B; and h;;. For the vector modes, an explicit calculation can be found in [24]; for
tensors, we provide a derivation in Appendix B. Following a number of simplifying assumptions (detailed in Appendix B),
we obtain the following forms for the equal-time power spectrum of vector and tensor modes:
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B 2V/6702, dmytat 5 ké/a
Putonn) = 16mGP S () a7
2a4 5
Py, (k. n) = (162Gu)? 9(1{6;8) s (—) er f{’fH s + (1 = 02)?), (14)

where v, and & are the average string velocity and
length, H is the Hubble parameter, and « is the
scale factor (dropping the x-dependence for clarity). As
in [24], we will assume the fiducial values & = 1/(Hy,),
vins = (1 —m/3y,)/2, with correlation length y, =
(mv/2/3¢P)"/? for ¢~0.23 and P~ 107> [82]. Notably,
the spectra do not depend on the helicity state, thus the
effects are parity-conserving. These forms will be used in
Sec. VI to forecast the detectability of the cosmic string
tension parameter Gu from galaxy shape statistics.

III. GALAXY SHAPE OBSERVABLES

A. Shear and flexion: Single sources

A photometric galaxy dataset consists of a large number
of two-dimensional galaxy images, sorted into redshift
bins. As discussed above, our main interest is not the
images themselves, but their distortions; this can be para-
metrized in terms of the image moments (defined in some
locally orthogonal basis {é,,é,}; e.g., [9]):

[ dé1(6) A0 -+ A0,
" [ d61(6)

Qi .., = ie{l1,2}. (15)

This depends on the observed brightness profile 1 (5) and

the position vector Aé, relative to some suitably defined
image center. Noting that the first moment Q; vanishes

(due to the definition of Aé), the simplest way to para-
metrize the image distortions is via the dimensionless shear
parameters:

1Qll Q22

_ 101+ 0y
V1= 3 =S

, = , 16
2 72 3 2 ( )

for {, = Q41 + Oy. The complex shear, y; * iy,, is a spin-
42 quantity; under rotation of the é; basis vectors by an
angle ¢, it transforms as (y; & iy,) — e*(y, & iy,).
Analysis of almost all current photometric surveys proceeds
by measuring the shear of each galaxy, combining them to
produce redshift-binned maps, then using the statistics of
these to place constraints on cosmology, through a theo-
retical model of lensing and intrinsic effects [1-4,83].
Whilst the shear fully encapsulates the quadrupolar
distortions of the image, there is more information to be
found if one looks also to the octopole moments, through
the fully symmetric tensor Q;; [12,68,69]. Much as the

|
image quadrupole can be used to form spin-1+2 quantities
(y1 £ iy,), the image octopole can be used to form spin-+1
and spin-+3 quantities, known as flexion of the first and
second kind:

40111+ O 4011+ O
F__i’ ‘FE_i’
Y9 ¢ PTo g

40111 —-301» 430112 — O
gE_ E} gE_ ’ 17
=37 2 =3 Z (17)

where the normalization is given in terms of the image
hexadecapole; {3 = Q1111 + 201122 + O20,- Under rota-
tion by ¢, the complex-valued flexions transform as
(fl + lfz) - €ii(p(f1 + l.fz), (gl + ig2)€i3iw, thus
they are spin-one and spin-three respectively. Unlike a
number of previous works (e.g., [65,69]), we will take
flexion to be defined by (17), rather than considering them
to be a derived quantity arising in second-order lensing.
The effects of shear and flexion on a circular source are
depicted in Fig. 1.

B. Shear and flexion: Full-sky

By combining the shear and flexion measurements from
a large catalog of galaxies, we can produce maps of the
large-scale distortion fields binned in comoving distance, y.
These are defined as

X, (#) = A“d)(na()()x(xﬁ,ﬂ Xe{y.F.G}. (18)

where X (yit, y) is the shear or flexion at positionx = yi and
comoving distance y = 5, — # (which acts as a time coor-
dinate, with horizon y ). Here, we have averaged over a bin
n,(y) in distance (or redshift, via n,(y)dy = n,(z)dz); due
to the difficulties in measuring the redshifts of lensed
galaxies, these are usually broad.

In practice, computing maps of shear and flexion over
large swathes of the sky is nontrivial. Unless one restricts to
very small scales, it is imperative to account for the
variation of the basis vectors entering the shear and flexion
definitions (15) across the sky.3 To this end, we rely on

*Note that this is ignored in many previous flexion treatments
(though see [71] for a counterexample).
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FIG. 1.

(g) F2 (h) G

Visual depiction of weak lensing distortions applied to a simulated galaxy. The unlensed galaxy in the first figure corresponds

to a perfect Gaussian circle (neglecting shape noise for the purpose of visualization), and the following figures show the distortion of that
galaxy with 10% convergence/shear (y;, and «), 1% flexion of the first kind (F,), and 10% flexion of the second kind (G, ,). The
differing spins (0, 2, 1, 3 in the four columns respectively) show different characteristic distortion shapes that can be constrained from

real galaxies. Figure created using the flexion code of [65].

full-sky mathematics (the basics of which are outlined in
Appendix A), first defining the basis vectors

cosfcosp T ising

cos@sing Ficosg |,

R R
m (it) =—ﬁ(ea +ie,)(f) =7 "
(19)

(e.g., [8,84]) where we henceforth omit the dependence
on n=(0,p) for clarity. These satisfy m'my; =0,
mi,m; =1, and m’_f; = 0. Given some locally orthogo-
nal vector set {é,é,,ii}, these asymptote to m. =
(é, F ié,)/\/2, restoring the definitions of Sec. IIT A.

As discussed in Appendix A, any rank-n tensor,
X;, i (@), defined on the two-sphere can be written
uniquely in terms of the basis vectors m_ and coefficients
with spin-+n, spin-+(n — 2), etc. As such, the (redshift-
binned) image quadrupole can be written in a coordinate
independent form in terms of spin-+2 coefficients _,y (i)
(which generalize the complex y; & iy, quantities defined
above):

! . . .

é—foj(") = py()ymym,; + Ly()m_m_;.  (20)
Similarly, the octopole distortions can be decomposed
into a spin-+1 piece |, F (i) and a spin-+3 contribu-
tion _;G(#):

1 R 9 N .
gQijk(n) —3 Fijx(i) +§gzjk(”) ,
. 1 . .
Fi(n) = WG [ F (@) (n;jmyy + 2 perms) +_ F (i) (n;jm_y + 2 perms)]
. 1 . .
Gijn(R) = BV [3G(@)m . im jm g+ 5 G(R)m_im_;m_], (21)
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where 77;; =

diag(1, sin? 0) is the spatial metric on the two-sphere. Here, ., and ;G are the full-sky generalization of the

first and second flexion introduced previously. In the complex notation of [65,66], +1.7-" = F,_F = F*, with an analogous

result for the spin-+3 flexion.

Since the basis functions are orthogonal, (20) and (21) may be used to extract the shear and flexion directly:

| 1
(i) = gm'xm];Qij(ﬁ) 2%, [(Q11 = 0xn) £i(Q12 + 021)](R)
82
LF(i) = 9\§_m:|:m$miQt]k( ) = 9—3[(Q111 + Q112) £ (021 + 002)](1)
. 8V2 R . R
¢3g(”) 3 2 m:pchmez/k(") ; [(Qm - 3Q112) + l(3Q122 - szz)](”% (22)

where we have taken the local limit on the right-hand side
(RHS), finding equivalence with the previous results. For
the remainder of this paper, we will work only with the
shear and flexion components of definite spin, i.e., ,,y(f),
4 F (@) and ,G(#) as in previous work using the full-sky
shear (e.g., [8,71]).

C. Angular spectra

Much as Fourier modes are a convenient manner in
which to characterize information for 3D observables,
spherical harmonic coefficients provide a natural descrip-
tion of quantities on the two sphere (e.g., [7,8]). In general,
a spin-s quantity (X(f2) can be written [cf. (A7)]

co 4
SX(ﬁ) = Z Z stmszm(ﬁ) <~ stm(ﬁ)

_ / dit X (R)[,Y ()], (23)

where (X, are the coefficients of (X(72), and Y, (i) are
spin-weighted spherical harmonics, which are discussed in
Appendix A. In this work, the quantities of interest are the
shear, and the first and second flexion, whose harmonic
coefficients are respectively ,,v,,, 1 F s, and 3G, .
These can be further decomposed into components with
definite behavior under parity-transforms:

2V em = ygm + iygm’ ﬂ:l”Ffm - :t lj:z,’m’
ﬂ:3gfm = Cm + lg;m’ (24)

where E and ¢ (“curl”) are parity-even, whilst B and g
(“gradient”) are parity-odd.

Using the harmonic coefficients, we can form angular
power spectra, which are the primary quantity of interest in
photometric analyses. For two fields X and Y (e.g., y* and
F¢€), this is defined by

CXY ab __

. 1 <
XY.,ab __
<Xl;mY?m> Cf “= 20+ 1 § : X;mY?’m
m

—
(25)

for redshift bins a, b, where the expectation is
taken over the underlying random fields. The RHS gives
the standard power spectrum estimator. For a parity-
conserving source, EE, BB, gg, cc, Eg, and Bc spectra can
be nonzero; however EB, gc, Ec, and Bg spectra indicate
parity-violating physics, since the overall spectrum is
parity-odd.

IV. SOURCES OF SHEAR AND FLEXION

We now ask the following question: what are the
possible sources of galaxy shear and flexion, and how
do these depend on scalar, vector, and tensor perturbations
in the Universe? Three possibilities arise: (1) intrinsic
distortions present in the true galaxy shapes induced by
tidal fields, (2) extrinsic distortions from weak lensing of
the galaxy photons by the intervening potentials, and
(3) stochastic contributions, from observational effects
and noise. Below, we consider each in turn, before
discussing the corresponding power spectra in Sec. V.

A. Intrinsic alignments

The galaxy brightness profile, 1(6), probes the projected
shape of the galaxy, and is thus sensitive to any physical
processes that source nonsphericity, such as large-scale
tidal fields. Understanding the intrinsic contributions from
scalar degrees-of-freedom has been the subject of a large
array of works (e.g., [15-20,85-88]); comparatively less
attention has been paid to higher-spin perturbations and
flexion (though see [70] for an overview of the scalar
sources of intrinsic galaxy flexion, and [22,23,25,85,87,89]
for a detailed discussion of tensorial intrinsic alignments).

As discussed in Sec. III A, galaxy shear and flexion
measure the quadrupole and octopole image moments, Q;;
and Q;j. These are themselves projections of the three-
dimensional galaxy shape, quantified by the generalized
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moment of mass tensor /;
mass distribution p(x):

1oeedn & fdxp(x)Axl ’ 'Axn for

i 1
Qij(x.x) < P;P; <Ii’j’(x7)() - 555/Tf1k1(x’)()>’
Qijk(x»)() & 7)57)]]:[7)511"]"/{' (x.x) (26)

(e.g., [85]), where P;; = &;; — A1 is a projection operator
and i,j,...€{1,2,3}. Crucially, the moment of mass
tensor traces the metric perturbations, which thus leads
to an intrinsic shear and flexion contribution.

In the simplest approximation, we can assume that the
three-dimensional galaxy shape responds linearly to the
Newtonian potential ®@; invoking symmetry and the equiv-
alence principle, we find I;;(x) o 0;0,®(x), I;;(x)
0,0;0,®(x) (e.g., [16]). Notably, the image quadrupole
depends on the trace-free combination ¢;(x) = (9,0,
— 365 V2)®(x, ), thus we are assuming that Q;; responds
linearly to the local tidal field (e.g., [15,16,18,70,85]), i.e.,

1 o i’
C_2Qij(x»)() . o« PiPitpy(%,x),
1
C_SQijk(xv)() i “Zplplpk ’Jk’( x,x), (27)
,int

inserting a factor of y to the second equation on dimensional
grounds. Using (22), we thus obtain the intrinsic contribu-
tions to shear and flexion from a scalar metric perturbation at
some distance y:

b () [mism’0,0,]®(x.7),

7w D= (S50 st 00,005,
(8*@19500) ik 010,00 (x. ),

(28)

127( »)()|Smt

3G(x.x) |S,int =

using that 77;m’i = m',_ and 5Km im /.= 0. This introduces
bias parameters bg(y) and by (;() these quantify the linear
responses of the shear and flexion to scalar metric pertur-
bations, and depend primarily on the formation epoch
of the galaxy. Working in 2a(y)/(3H3<,,) units (such
that V2@ ~ § in the Poisson equation), each bias is expected
to be O(1) [70,85,86], as confirmed experimentally [17].
To form the observables, (28) must be averaged over a
redshift bin, as in (18).

By a similar logic, vector and tensor metric perturbations
also lead to distortions in the galaxy shape. Whilst these
could be modeled using the above symmetry arguments
(which imply that Q;; is a projection of 9(;B;) and h;;), this
does not properly account for time evolution. Here, we

instead adopt the approach of [22,23], which computes the
shape distortion by first estimating the induced tidal field,
t;;. Using Fermi normal coordinates and assuming the
synchronous gauge such that h,; = 0, we have [22,84]

[a™! (ah;)" + hooijl(x.0). (29)

1
tii(x, %) =5

For scalar perturbations [defined by (2), with time-invariant
@], this recovers the results of (28) [cf., [15,17]]. For
vector perturbations, the synchronous gauge implies
h J|sync = —2B; )|y (for the previously used conformal
Newtonian gauge variable B;), thus

tij(x. )y = =la~" (@B ) (x.x)
— - |2+ a0 | By
= _IVB(i,j) (x.2)s (30)
defining a time-derivative operator Z, for simplicity.

Similarly, the tidal field induced by a tensor mode is
given by

12| = + ) H ()() hij(x ,x)—zfrh,,(x,x)
(31)

defining the Z; operator. Using (27), the leading-order
shear and flexion contributions from vector and tensor
metric perturbations are given by [cf., [25] ]

i27<xv)(>|v,im by(x) [m¢

ﬂ]:(xalﬂv.im:( )(bv()( ) mﬂ"ﬂ"i }IVBk( X)s

01 IVB ( )

¢3g<xv)(>|v.im:< )(bv<)( ) m¥m¢m¥ }Ika( X,
(32)
and

:t2y(xﬂ)()|T.int =br(x) [miqtm{F}IThij(xv)()’

ilj:(x’)(NT,int: < 8v2 bTU()) [mﬂFmﬂFmi)a]IThjk( )
8v2 )
i3g(xﬂ)()|T,int = (T)(bT()()>[mﬂFmﬂFmﬂFa]IT (X x)-

(33)

As before, the bias parameters by (y) and by (y) encode the
responses of shear and flexion to metric perturbations
(which we allow to differ between scalars, vectors, and
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tensors, for full generality), and are expected to be O(1) in
2a(y)/(3H3Q,,) units, whence we can switch between
density and potential fluctuations [22,23,86], with by ~ 0.1
found experimentally [17]. Given these results, coupled
with the power spectra of ®, B;, and h;; (7), we may
compute the statistics of shear and flexion; this is detailed
in Sec. V.

The above derivation makes a number of limiting
assumptions. Firstly, we assume that the galaxy at some
lookback time n = 5y — y traces the tidal field at the same
same time, rather than its full history. Secondly, we neglect
dependence of the bias parameters by ; on the wavelength
of vector or tensor mode. A number of works have
considered a more nuanced “fossil” approach [23,25,89],
by explicitly computing the impact of tidal fields on the
second-order density field, both in theory and simulations.
For primordial gravitational waves, this was found to
somewhat enhance the intrinsic alignment signal, and give
some scale-dependence [cf. [87], Fig. 1]. For the purposes
of forecasting, we neglect these effects since (a) a uniform
rescaling is fully degenerate with the unknown bias
parameters if the perturbations are separable in time and
space, and (b) the scale dependence is weak for tensor (and
vector) modes with k > 1073h Mpc~!. We proceed with a
general warning however that the precise values of vector
and tensor biases are not well understood.

B. Weak lensing

Next, we consider extrinsic distortions to the observed
galaxy shape, which arise from the gravitational deflection
of photons as they travel from the source galaxy to the
observer (e.g., [7,8,90]). This is a well-known source of
shear, convergence, and flexion [7,65,66,69], and encodes
information on all types of metric perturbation.

The effects of lensing are encoded in the transformation
between unlensed and lensed coordinates, 6; and (9:.;

- | .

where the matrices A;; and D are linear transformations
of the scalar perturbation ®(x,y) (in the weak-field
limit):
Al(x,y) = 8 — 0hoyb(x.x),
D*(x,x) = =90405¢p(x. x) (35)

(e.g., [7,65,90]). This uses the projected potential ¢(x, )
for a source at x = yit and redshift y:

) 2/1 x=x .
n,y) =— dy' (', ), 36
dri.y) el M 'n.y') (36)

(e.g., [8]), which integrates over the distribution of matter
between the source (at ¥’ = y) and the observer (at y’ = 0).

Associated with jhis transformation is a distortion in the
galaxy image, 1(@), which manifests as a quadrupole
moment (and beyond). From the definitions in Sec. III, this
sources convergence, shear, and flexion fields of the form:

_Aij(xv)() :K(xJ()nij +12 }'(xv)()mHerj +2 V(x’)()m—im—j
Dji(x.0) =F j (,20) +Giji (x.7) (37)

(e.g., [8]), where F,;; and G, can be written in terms of
spin-+1 and 43 components as in (21).* Unlike for the
intrinsic contribution, there is no prefactor of 1/3 in front of
Gijk» thus the spin-+3 flexion is here enhanced relative to the
spin-=£1 form. In the local limit, (37) reduces to the standard
relations (e.g., [65,60]):

1—x-— -
Aij:< 71 72 )
—2 l—k+7

D __1(3-7:1+gl ]:2+gz)
N\ Fat G -6 )
F Fi -
Dl_ﬂ:_l< »+ G 1 g1)’ (38)
2\F -G 3F,-G

where _,y =y, £y, etc. As in (22), orthogonality of the
basis vectors allows us to derive expressions for the shear
and flexion in terms of ¢:

v (i y) |S,ext = [m:Fiijjaéaé]q’)(;(ﬁ,)(),
X i Ak N
1 F (i y) |S,exl = \/E[m¢,-m¢jmik()é %09)]45()(",)(%
3G x) |S,ex[ = \/E[mﬁm?jm?kaéaéag]‘ﬁ()(ﬁv%)- (39)

Alternatively, shear and flexion can be written in terms of
“spin-derivatives,” themselves defined in Appendix A. In
this form:

R 1 .
+27()("’)() ‘S,em = Eaaﬁb()(n’)()s

) Lo
+1f()(n’){)‘S,ext =5 [000 + 000 + 00|y, )

. 1 .
120087 o = = 5,000 i, 1) (40)

(e.g., [8]), where d (d) raises (lowers) the spin by one, and
components with negative spins are obtained by interchang-
ing d and 4. This allows for convenient computation of the
statistics of shear and flexion from those of ¢.

Vector and tensor perturbations provide an additional
source of photon deflections, and thus contributions to
shear and flexion. To obtain their form, we use the general
gauge-invariant results of [[84], Eq. 64] (see also [21]),
finding:

We will ignore convergence contributions in this work since
they are largely determined by shear (though see also [91]).
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A X )(/ i j ~
izy(){n’)(”&ext = 2‘/0 d)(/;()( —)(/)ijm#aiajCD()(/n,)(’),

. P x x N, .

ity = [ty (1 - 2;) .8 +L —x’)(nkm;m&a,-ajm} i),
. 1 . 1

t2y()(n7)(>|T,ext = —Ehi()("v)() _Ehi(o’())

/

e V4 . 1 X P n .
- [far (1—zx)uaimk)m;nk]—/zi+2Xo{—x/)m;mﬂaiajhk,)nknf]o{/n,m (41)

where 7,;(0,0) is the tensor perturbation evaluated at the

observers position, 0, = m’.0;, and h.. = m%tm’%h;;. Not-
ing that ¢}, = )(_17350/-, it is straightforward to show the
scalar piece equals that of (39). For the vector piece
(which is equivalent to that of [24]), we have two
contributions, depending on the first and second deriva-
tives of B respectively; in practice, the second term is
expected to dominate on all but the largest scales. The
tensor spectrum contains unintegrated terms correspond-
ing to the field at the source and observer positions; the
former contributes analogously to the intrinsic piece
discussed in Sec. IV A, and can be absorbed by redefining
Irhij — [Zr—1/(2br(x))]h;;. The latter piece contrib-
utes only to the £ = 2 modes [22,84], and acts to remove
the k — O limit.

The approach of [84] may be further extended to
compute the lensing contribution to the flexion parameters
JF and G from vector and tensor modes. However, this is
nontrivial, and, foreshadowing the conclusions of Sec. VI,
unlikely to be of significant practical use. For our purposes,
we will make the following assumption for vector and
tensor sources:

A F O )| ® =007 (2, )
BGOR ) & =007 QO ) |
1 F O ) exe ® =007 O 1) |exes

G0, )|t ® =057 (0 )| exe- (42)

This is justified by noting that the flexion lensing tensor
Dk = 9, A/ contains one additional spin-derivative com-
pared to A¥ (since m_;d}, = —d and m 0}, = —0 locally).
On small scales, d and 0 permute, thus this recovers the
scalar results of (40) (e.g., [65,66]). In practice, the
contribution of flexion is strongly subdominant outside
the small-scale limit, thus this approximation is generally
appropriate.

|ext’

C. Other sources

The last major source of shear and flexion is stochasticity
due to both experimental noise and the intrinsic variation in

I

galaxy shapes (e.g., [1]). Here, we assume that the local
measurement of a given observable, X € {y, F, G}, follows
a Gaussian distribution with variance ¢%, and (ignoring
other sources) zero mean, i.e.,

2

f(,wj\/(o,%"), ie{1,2}, (43)

for the component projected onto the €; axis. We will
further assert that the noise is uncorrelated (such that
each galaxy is independent), and that the variances are
independent of redshift and position. This yields a
Poissonian distribution, with a simple power spectrum
(cf. Sec. III C). Typical values for the noise amplitudes
are o, = 0.4 [86], and 67 = 65/3 = 0.009 sr™! [69]; the
additional factor of three in the second flexion arises from
its definition in (21).

Additional contributions to shear and flexion arise from
higher-order effects, neglected in the above sections. Under
our previous assumption, conventional physics generates
only parity-conserving modes (y%, F9, G9), thus any robust
detection of the parity-breaking modes (y2, F¢, G) would
imply evidence for new phenomena. In praxis, second-
order effects can generate B- and c-modes even from scalar
sources, and thus yield correlators such as (y#y#*), which
requires new physics. For example, the intrinsic alignment
of galaxies contains a term o ¢;;5 (for matter overdensity &)
due to the nonuniform distribution of source galaxies; as
shown in [15,25], this generates both shear £ and B
components, whose spectra involve the convolution of
two Pg spectra (via the Poisson equation). Similarly,
post-Born effects in weak lensing lead to a shear B-mode
signal [92], with another generated from the relation
between shear and “reduced shear,” g=y/(1 —«k) [22].
In the forecasts of Sec. VI, we will consider contributions
of these phenomena to the E- and g-mode spectra (since
they are heavily subdominant), but add a rough estimate of
their size in the B-mode spectra, following previous works.
Importantly, such effects cannot contribute to the parity-
odd correlators such as EB, since their underlying physics
is parity-conserving. Ignoring systematic contamination,
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this makes EB-spectra a bountiful place in which to search
for new physics.

V. POWER SPECTRA

Armed with the statistics of scalar, vector, and tensor
perturbations and their relation to shear and flexion, we
may now proceed to compute the observed angular power
spectra, CX¥. We will first compute the general full-sky

form for both intrinsic and extrinsic sourcing, before
considering the flat-sky simplifications in Sec. V B.

A. Full-sky spectra

In the weak-field regime, the observable quantities y%-5,
F9<, and G%¢ are linear transformations of the underlying
metric perturbations (Sec. III). As such, the power spectra,
Ci,f Y depend on two copies of the perturbation in question
and can be written in the general form

2 [ .
CE s =~ |7 Rk FE G P ) Po (ko)

0

2 foo )
X (v )y = / Kdk FYY (k) FV (k) [P, (ko x') £ Pp_(k.y. 1))

T Jo

2 fo .
X )y = ;/ Rk FXT (k) Fp " (ko )[Py, (ko) £ Py (koy 2, (44)

0

where the transfer function F ?'P encodes the (local)
response of the field X to the perturbation P€{S,V, T},
and the second and third lines have a negative sign only for
parity-odd spectra. In practice, the observables are binned
in redshift via (18), which modifies the kernels

F¥S(k,g) > FX, (k) = / " g FS (k) (45)

and C}¥(y.y') = C}!, (absorbing the redshift-dependent
parts of Pg, Pp, P;, into the transfer functions). In the
below, we will present the relevant transfer functions,
which fully specify the observable power spectra.

1. Intrinsic contributions

As shown in [84], the angular power spectrum of a
general spin-+s quantity , JV(y#,y) (with s > 0), can be
obtained as follows:
(1) Compute the contributions to , W (yit,y) arising
from a single Fourier mode parallel to the Z axis, i.e.,
k = kz, and a single helicity state A.

(2) Apply spin-raising and spin-lowering operators
(see Appendix A) to , W(yi,y;kZ, 1) to obtain

the spin-zero quantities 0°, W (y#,y;kZ,4) and
O Wy, y; k2, 2).

(3) Extract the spherical harmonic coefficients,
Wy (xi k2, 2), by integrating the scalars against
Y3, (i) (A12). These may be split into E and B (or g
and ¢) contributions, as in Sec. III C.

(4) Compute the angular power spectra by taking the
expectation of two W%, (y; k2, 1) functions, integrat-
ing over Fourier modes k and averaging over m. Via
isotropy, this gives the full power spectrum from all
k modes, not just k = kZ, and allows extraction of
the associated transfer functions via (44).

In Appendix C, we utilize this scheme to derive the shear
and flexion power spectra sourced by intrinsic vector
alignments (a novel feature of this work). Since the
computations for scalars and tensors are analogous (and
the shear results can be found in previous work, e.g.,
[22,85] for scalars, though with less attention paid to parity-
breaking contributions), we present only the final expres-
sions here. Before redshift integration, the shear kernels are
given by (dropping factors of i¥)

E f—2)'f+s !
Fy P k, R ( P
¢ ) \/(f+2)! £—s

W) (7 NPy A1), g Je(x)
: (ﬁ Re[0S) ()29 7, 1)

B p
F};’ (k’)()|int =

where P€{S,V,T} labels the source-type, with corre-
sponding source spin sp = {0,1,2}. This involves two
sets of operators: (a) the time-derivative operators Zp of
Sec. IVA (with Zg(y) = 1), acting on the source power

W) (X N A1), g Je(X)
() il 00,0, (46)

spectrum; and (b) the spatial nyp(x) operators acting on
the spherical Bessel functions, j,(x), with x = ky. These
are low-order polynomials in x and d,, and their form is
given explicitly in (E1) of Appendix E.
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A similar calculation yields the flexion kernels:

R O CA W Tt
F7 k)l = —\/ e L CA RIS
F ko)l = \/ ) (1) Rl 0 7,0
FE \/ Rl D) (2 i 140 7,0, @)

these depend on a new set of derivative operators 0 +.pand

Qg‘P given in (E2) and (E3) respectively. Each of these
kernels can be binned in redshift via (45).

Notably, the above scalar operators 0 x.s(x) are explicitly
real, thus the scalar B- and c-mode transfer functions
vanish. This is as expected; a scalar contains insufficient
degrees-of-freedom to generate parity-breaking distortions.
As such, if one is interested only in scalar physics (which is
usually the case), we need analyze only E and g mode
spectra. In contrast, vector and tensor modes generically
source both E/g and B/c distortions, making the latter
observable a smoking gun for new physics (once noise and
higher-order effects are taken into account). Furthermore,
|

Z¢fm 56Yfm ( )

2V O ) s e =

+1‘7:()(ﬁ’)(>|5.ext =

_62¢5m@)[555+565 +000]Y (1),
‘m

we note that the vector and tensor spectra entering (44)
involve either the sum or the difference of the two helicity
spectra; this enters in the EB, gc, Ec, and Bg correlators,
and implies that such spectra provide access to the parity-
violating physical sector (e.g., [25]).

2. Extrinsic contributions

For scalar perturbations, computation of the weak
lensing power spectrum is straightforward [8]. First, we
write the definition of shear and flexion in terms of the
lensing potential ¢ (40), expanding the latter in spherical
harmonics:

1
+3g0(ﬁ7)()|5,ext = _§;¢fzn()(>aaayfm(ﬂ)' (48)

Using the spin-derivative relations given in (A8), this can be rewritten in terms of spin-weighted spherical harmonics,
allowing the relevant £ and B mode coefficients to be extracted via orthogonality (A9):

1 (£ +2)!

}/gm(xﬂs.ext = E (f — 2>|¢t’m()()7
Fl s = § b)) (5o €= DE+ D12+ D] 18D =51/ (5 g benta)e (49)
‘m :

Asin Sec. VA 1, scalar physics sources only E and g modes at leading order. To form power spectra we proceed to expand
the scalar perturbation in Fourier space and evaluate its two-point correlator yielding:

x

2 X -
—z/d'
cJo )()(

¢L’m (X) =

dn q)()(/ n,y )Yfm(ﬁ)

4m Jelky )@k )Y, (k).

2/ x=x
dy' 50
cJo xx (50)

using (36) (e.g., [8]). Integrating over redshift, we find the extrinsic scalar transfer functions:
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/ £+2)! [1n a,
F;L,”a ext f 2 / Jf k)()

g udy .
FE S(MMW—Q e =2+ 220+ 0] [ % g 0icti)

9 l f+3 xu d
Fg S ext / )( ]f k)() (51)

where q,(y f“ dy' n,(x") (Y — is the lensing efficiency. We note that any redshift-dependent
contribution to the power spectrum (1 e., the potential growth factor) should be included in the y integrals. Finally, we
note that the full scalar transfer functions are the sum of the intrinsic and extrinsic contributions (which are nontrivially
correlated).

The power spectra arising from vector and tensor lensing can be computed analogously to the intrinsic contributions
(Sec. VA 1); this is presented in Appendix D, with the tensor case following [22] (see also [23,84,85]). The main result is
the following set of shear transfer functions

P W= 55 e R [ Y i, R, 0]+ () - )R () 2
Wl = g iy, om0

FLT 0l =1 [ 0nGORIQL (0] + () = ) ReIQ o)) 257

Pl = [ Lm0, 0252, 5

defining the redshift-integrated kernel m,, (y) = f}? i dy' n,(y'). This depends on the Q derivative operators whose forms are

given in (E4). As before, the vector and tensor modes source both £ and B mode contributions, and, if the underlying
physics is parity-violating, leads to an EB spectrum.

Under the approximation (42), we may compute the flexion correlators directly from those for the shear. In particular,
expanding |,y in spin-weighted spherical harmonics and using relation (A10) leads to:

IR e AU I A GRS e A TN
0l = [ e Wl LWl =\ [ Wl (5

The flexion power spectra thus take the forms of (52), but o B PN S /A
with the additional #-dependent prefactors given above, wsXaom = [ denaly) [ dive,Yy, (@)X, £ iXo] (i 7).
which asymptote to +¢ in the large-# limit. (54)

3. Other contributions where the left-hand side can be decomposed into E and B

As discussed in Sec. IV C, stochastic contributions to  (or g and ¢) modes, both of which are nonvanishing.
shear and flexion are modeled as a random fluctuations in ~ Assuming each galaxy to be uncorrelated implies that
each of two orthogonal directions (e.g., [7]). Averaging  (X,;(x)X;(x')) = 6%dp(x —x); after imposing spin-
over sources within some bin a, the contribution to the = weighted spherical harmonic orthonormality (A9), this
spin-+s piece in harmonic space is leads to the shear spectra

063541-13



PHILCOX, KONIG, ALEXANDER, and SPERGEL

PHYS. REV. D 109, 063541 (2024)

E E b ]/B]/B ab
C7’ v.a =C ,
¢ 4

noise noise

2
Lo (55)

ng

(g

XH
=A dy na()ny ()02 55,

with analogous forms for flexion. The RHS is obtained in
the limit of nonoverlapping bins containing 7, discrete
sources per unit steradian. As expected, the Poisson noise is
scale-independent, and contributes only to autospectra.
Higher-order contributions to the B and g modes are
more difficult to compute since the underlying integrals are
convolutional. [92,93] present a careful treatment of sec-
ond-order lensing effects; here, we use a rough estimate of
their magnitude only, since our focus is on non-ACDM
physics. This is obtained by assuming that the spectra are
dominated by reduced shear contributions (i.e., those

o« k7,;), which lead to the approximate form CQByB |62 ex ™
1073 x (1 + q)2C§EyE|S,ext, where ¢ ~ 1 is the lensing bias
(cf. Fig. 7 of [22]). We assume a similar form for the flexion
c-mode spectra; C2 7" | . 2 1073 x (1 4 ¢)>CL"7’
and similarly for G.

S.ext?

B. Flat-sky limits

The results presented in Sec. VA give the complete
descriptions of the angular power spectra of shear and
flexion on all scales; however, they are expensive to

|

implement, and difficult to interpret. At large £, one can
make use of the Limber approximation, which states [94]
(see, e.g., [95-97] for associated works):

Jo(x) ~ \/zzyél)(x -v), > 1, (56)

where v = ¢ + 1/2. This can be used to remove the Bessel
function integrals present in each transfer function,
allowing the full spectrum to be computed via a
single integral.” Below, we discuss the limiting forms for
both the intrinsic and extrinsic spectra, paying close
attention to their scale dependence.

1. Intrinsic contributions

In the large-£ limit, the scalar intrinsic alignment kernels
(46) and (47) have the limiting forms:

E bs(x)
S sW) .
P ) 5 OS5 ),
g 1 G,.S 45 ()() .
F? ’S(k»)()hmz_gng (kv)()|im“f3 922 Je(x),  (57)

using the small-scale limit of the Qg;rsl) operators given in
Appendix E. Integrating over redshift and using (56) leads
to the simplified forms:

k b2
7E.S.a — e
Fe (k) i 2172\ 2" (/K)bs(v/).
54 1 sa 4dkv | =@ =
F"%(k) o ™ —gFg > (Kl % =g~ /5, 1a W/ K)bs (/). (58)

where we omit the y-dependent part of the power spectrum for clarity. The utility of such expressions is clear if we consider

the power spectra themselves, for example:

E E

b

CJ’Y*“
14

S,int

C?"F‘/,ab 1 9’9" ab

~ —

Sint 9 ‘

N 160°
sint . 81

4 leod
“VZ A )(—)gna(;()nb(;()b%(;()Pq>(V/)(J(J()

im0 Polv 2. 2:1) (59)

[95,98]; this can now be computed as a single redshift integral, which is highly accurate for # = 100. Notably, the spectra

are diagonal in redshift if bins a and » do not overlap.

The limiting forms for vector and tensor sources are a little more complex. Using the results of Appendix E, the limiting

forms of the vector unbinned kernels are given by

>This assumption is not always appropriate: primordially sourced tensors evolve under an oscillatory transfer function
Ty « ji(kn)/(kn), thus the integrals in question contain two Bessel functions, and are thus not well approximated by (56).
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PV ], 2 R T, ) 23T )
FEY )| m g )| MZM O,
F7 Y (k. y) mtz—%F?’V(k,){) R 2\/_19;()() (()Lv (). (60)

Notably, the B- and c-modes are proportional to j,(x), whilst the E and g-modes depend on the Bessel function derivatives
J»(x), and are thus suppressed. This occurs due to projection: the 3D vector field is parity-odd, but can induce a small
parity-even component when projected onto the two-sphere [cf. [99] ].

Integrals involving Bessel function derivatives are harder to simplify using the Limber approximation (though see
Appendix E of [25] for a number of useful simpliﬁcations).6 Instead, one can obtain the redshift-binned kernels using
integration-by-parts, for example:

P e [ a0 S0 = ) 2 0] = [ a0 ) 2 ko,

n N 22k’ 2v/2ky
~ |n by(x) . ol = S5 0 by (x)
Pty e = [ o) ﬁkzx]w/k, (61)

assuming the redshift bin to have finite support over [y, v»], and inserting (56) in the second expression.7 If the number
density distribution falls smoothly to zero at the boundaries, then the first term is negligible; however, it can be important in
the case of (largely unphysical) sharp bin boundaries. Using these relations, one can derive the flat-sky limits of power
spectra, for example, the auto-spectra of B- and c-modes:

Cr"’yB .ab

2 (o
v | B D P () + Prn el )

A\ [ -
v (C20) [ SR 0 Prs, ) + P ). ()

C?"F”,ab ~ i Cg”g”,ab

vint 81

absorbing the 7y operators into the power spectrum.
The flat-sky limits of tensor correlators can be derived similarly. The unbinned kernels can be written:

ET 2 T BT br
Fo (ko) i <§—2)b W5 WTi). T (”) Jr@Ir(). (63)
0 2
P, e (35 -2) 2 mit. )|, e (%‘2> 0 mrto)
FET )|, =k (= 2220 07, ). ()

We find the opposite conclusion to the vector case: the B- and c-modes are derivative suppressed compared to the E- and
g-modes [99]. Their binned forms can be obtained using integration by parts, as in (61). The unsuppressed flat-sky auto-
power spectra take the form:

EJE 4 d)(
AR IR a0 P, (2 2.2) + Pron (/577
9F9 q 1 9G9 20 o d){ ~
R A R e ( 5 ) /0 2 m OB Py W7 2) + Prn W) (69)

Whilst one can rewrite Ji(x) as the difference between two spherical Bessel functions then apply the Limber approximation, this is
numerically unstable.

"For clarity, we have dropped the y dependence arising from Zy(y)Zy (y')P 5, (k. x.x'). In practice, this can be included by enforcing
a separable correlator via Py (k,y.x') ~ \/Px(k, x.x)Px(k.x'.x') for X€{® B, h.}.
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The utility of the above simplifications is twofold: firstly,
they allow for efficient computation of the high-¢ spectra
(which would otherwise require a dense three-dimensional
numerical integration grid), and secondly, one can easily
assess the ¢-scalings of the correlators. These are given
explicitly in Table I for each intrinsic autospectrum sourced
by scalar, vector, and tensor physics. This clearly demon-
strates three points, noted above:

(1) All flexion spectra are suppressed by #> with respect
to shear, and thus contribute significantly only on
small scales.

(2) Scalar perturbations generate only £- and g-modes at
leading-order, whilst vectors and tensors generate
also B- and c-modes.

(3) Intrinsic vector E- and g-mode spectra are deriva-
tive-suppressed compared to B- and c-modes; the
reverse is true for tensors.

The first property implies that flexion will be useful only on
small scales, matching previous conclusions (e.g. [65]).
From the third, we conclude that the often-ignored B- and
c-mode spectra are an excellent place in which to search for
vector perturbations; in contrast, tensors require E- and
g-modes, which contain large contributions from scalar
physics, thus hampering their detectability. If the sources
are parity-violating, the cross-spectra (particularly EB) can
be of significant use, though the projection effects partially
suppress such signals [25,99].

2. Extrinsic contributions

The large-Z limit of scalar lensing spectra is straightfor-
ward. From (50), the scalar transfer functions have the
asymptotic form

1 .
~—F7 5 (k. y)

ext £ ext

1 _~
L)
2 [xndy

M A 7%()()]?(1‘)()’ (66)

FL (k)

leading to autospectra of the form

rErE~ab~”4 > dy
cy M A )?f]a()()%()()an(V/ﬂ(v)(,)() (67)

TABLE 1. Approximate scalings of the intrinsic alignment
and lensing power spectra in the large-# limit, as derived from
Sec. V B. In each case, we give the #-dependence of CX¥/ Cébyb,
considering both shear and flexion, and scalar, vector, and tensor
physics. We display results only for the first flexion, noting that 7
and G have the same scalings at large-£Z. The scalings of cross-
spectra may be found by taking the harmonic mean of autospectra
scalings, i.e., the C;RF scaling for vector intrinsic alignments is

E E
VE* x ¢4 = ¢3 that of C, 7. Note that the amplitudes of intrinsic
vector E/g-modes and tensor intrinsic B/c-modes are suppressed
due to the presence of Bessel function derivatives.

Intrinsic rEyE yByB FIF9 Fexe
Scalar 1 0 22 0
Vector 1 2 22 .
Tensor 1 2 2 0
Extrinsic yEyE yByP FIF9 e e
Scalar 1 0 22 0
Vector 1 72 2 0
Tensor 1 L2 2 0

(e.g., [95]), invoking the Limber approximation (56).
Unlike the intrinsic spectra, this is not diagonal in redshift.

For the vector and tensor kernels, computation proceeds
analogously to Sec. VB 1. From (52), and using the
limiting forms of the Q operators given in Appendix E,
we find

ext X

£ (xndy Je(x)
F oV (k z—/ 2 g ,
.a ( ) 2\/5 0 P q ()()
4 XH d)(
FL -V (k z—/ < m,(y)js(x
Z.a ( >ext 2\/5 0 x ()()Jf( )
e [xn dy Je(x)
F},E,T k z_/ A L’
AL o Al 2

/B £ [rnd i
R~ [ i (68
ext 0 X

X

This leads to power spectra of the form

yEyE,ab l/4 o d)(
A e W aw()Ps, W/ x) +Ps_ W/, x)]

crretl
‘ V.ext 8

12 [o
N_/O %ma(ﬂ()mb()()[l:’&(v/)(,)(,)()—|—PB(y/)(,)(’)()]

7ErE.ab vt [ dy
c’ v | 4@ )P, Wl 20) + Pr(wfx 102)]
T ext 64 0o X

BB

b

C}’}’,a
¢

2 oo
o35 Lm0 P el 2)+ Pl ), (69)
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under the Limber approximation. For the flexion
spectra, we employ the simplifying ansatz of (53), which
implies

iF, T (k)

w=iFE 0| e x B ()

ext ’ ex

.G VT
~—iFy / (k)

s
ext

.~ FeV)T Bv/T
iF} "' (k) ~—¢x FLV T (k)|

ext ext ext

(70)

allowing simple computation of the flexion spectra
(e.g., [65,60]).

A summary of the extrinsic autospectrum scalings is
given in Table I, alongside the intrinsic results. As
before, the flexion spectra are suppressed by £ com-
pared to the shear spectra, and the tensor B- and c-modes
are suppressed compared to the E- and g-modes, though
there are no Bessel function derivatives in this case.
Here, we find the opposite scalings of vector modes
(with E- and c-modes enhanced on large scales rather
than B- and g-modes). This can be rationalized by
looking at how vector modes impact intrinsic and
extrinsic shear, (32) and (41). In the former case, we
have dependence only through the projected derivatives
0, B, whilst the latter also contains a term involving
0.0.B) (proportional to ¢(y)) for By = B;i’, which
dominates in the large-# regime. Since this is a radial
projection instead of an angular projection, E- and B-
modes are interchanged, leading to the different
scalings.

VI. NUMERICAL RESULTS

Having discussed the physical sources of galaxy shape
distortions and their associated power spectra, we now
proceed to perform a numerical study of new physics in
shear and flexion. To this end, we will consider two
beyond-ACDM physics models, described in Sec. II:
(1) nonstandard inflation, with independent primordial
sourcing of vector and tensor degrees of freedom; and
(2) alate-Universe network of cosmic strings, which jointly
sources vector and tensor modes. By combining the power
spectra of the metric fluctuations with the above results, we
can consider the heuristic forms of the generated shear and
flexion spectra, and forecast the possible constraints on the
model amplitudes.

A. Setup

a. Perturbations As discussed in Sec. II B 1, we model
primordial power spectra using power laws, relative to a
fiducial scale k, = 0.002 Mpc™! (e.g., [36]). Here, we
assume a tensor exponent ny = —ry/8 (motivated by
simple inflationary models), with an independent

scale-invariant vector exponent, ny = 1.} For plotting,
we will assume the fiducial values ry = ry =1, with
the vector transfer functions normalized to their values at
the last scattering surface (noting the strong decay as
a=2(z)). To test constraints on parity-violating physics,
we will allow for maximum fiducial chirality ey ; = 1,
noting that the set of spectra sourced by parity-odd and
parity-even physics are disjoint at leading order.

The power spectra of the cosmic shear metric perturba-
tions is modeled as described in Sec. II B2 (using the
results derived in Appendix B), using the fiducial parameter
values given therein, with a baseline (squared) string
tension (Gu)? = 107'® and an intercommuting probability
of P = 1073, which sets the amplitude of both vector and
tensor contributions (e.g., [24]). In the standard string
model, only parity-even correlators are sourced; here, we
will allow for parity-breaking contributions via a global
chirality parameter ¢ = 1, analogous to the primordial case.
Finally, the intrinsic alignment spectra require the time-
differentiated vector and tensor spectra: following a similar
derivation to that given in Appendix B, the equal-time
correlators can be shown to equal

1
Pryn, () = { Ga + 30 Py, (o),

1
Py (ko) = { 5GP + 20, (aHP +3 (SaH)P4o22

2
+9k4vﬁns}Phi(k,n,n) (71)

assuming time independence for »Z.. and the comoving

string density.

b. Experimental parameters To compute the shear and
flexion power spectra we must also specify the number-
density of source galaxies and their noise properties.
Following [70], we will assume a projected galaxy density
of 40 arcmin—2, with the normalized distribution

n(2) <£> ol (72)

<0

where @ =2, f#=3/2, and z, = 0.64, as relevant for a
Euclid-like survey [100]. This is split into three equally
populated bins, each following a smooth (overlapping)
distribution. We will assume a sky fraction of
fsy = 0.3636, as relevant for Euclid [101].

8Strictly, it is inconsistent to simultaneously assume almost
scale-invariant tensors (ny = —ry/8) and exactly scale-invariant
vectors (ny = 1), if sourced by a common inflationary origin.
Here, we consider the two perturbations separately, and note that
small deviations of either from scale-invariance will have very
minor impact on our constraints.
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To model the intrinsic contributions, we require the
shear and flexion alignment biases, by(y) and by(y).
Due to hydrodynamic effects, these are difficult to predict
from theory or simulations, even for the scalar case.
Here, we follow [85], and fix the scalar shear bias to
bs(x) = b1 (2) s with bi(r) = =0.12,0D(0)/D(x).
consistent with [17]. Assuming all components to impact
the shear only through the tidal tensor yields the relations
by = bg/2, by = —by, reinserting the previously dropped
constants of proportionality [cf., [22]]. We additionally
assume the same bias for shear and flexion, i.e., by = by,
motivated by the analytic results of [[70], Eq. 18].

¢. Numerical setup We numerically compute angular
power spectra for all auto- and cross-spectra of shear and
spin-£1 flexion for 39¢-bins in the range [2, 2000], using
linear spacing for £ < 10 and logarithmic else. We ignore
the spin-+3 flexion for clarity, noting that this will not
change our overall conclusions. Spectra are computed in
Python using numerical quadrature, with the Limber
approximation (Sec. V B) used for Z > 100 (except for
pathological situations, such as primordially sourced ten-
sors). Throughout, we assume the fiducial cosmology {h =
0.7,A, = 1.95x 107, n, = 0.96,Q;, = 0.049,Q,, = 0.3},
and evaluate scalar spectra using the “halofit” formalism to
approximate nonlinear effects [102].

B. Power spectra
Under null assumptions (i.e., without vector and tensor
modes), the following spectra are sourced at leading order:

E,E 9T Exg
LT, CEF LT (from scalars)

E E 0 T B, B ¢ TC .
cLr, e LT, e (from noise).  (73)
For noise and intrinsic-only contributions, only autospectra
a = b are sourced (for redshift bins a, b, in the large-Z
limit), whilst lensing sources also a # b bin pairs and cross-
correlations with intrinsic effects. At second order, scalars

also source contributions to C;R”R, CZ7 and CQBP, which
are modeled as discussed in Sec. VA 3. In the presence of
vector or tensor perturbations, we source the following
spectra:

E E BB ¢ E g B rc . .
cr.cLr. el el ,Cf/T ,C;f (parity-conserving)

cr .l T o (parity-breaking). (74)
depending on the parity-properties of the underlying metric
correlators.

a. Inflationary perturbations In Fig. 2, we plot the
primordially-sourced vector and tensor correlators of
shear and flexion, alongside the fiducial power spectra
arising from scalar physics and noise. Notably, detecting
such spectra will be challenging. Whilst we forecast a very

strong shear E-mode signal (principally arising from
lensing), the only other scalar cross-spectrum with a
realistic hope of being detected is that between y* and
F9 (or between y* and GY), which requires a large £,y
[cf. [67,68,70]]. As previously noted, the parity-
odd scalar modes are strongly suppressed compared to
the parity-even forms, and do not contribute to parity-
violating cross-spectra.

Spectra sourced by primordial vector perturbations
show a strong scale dependence, with largest contribu-
tions seen on smallest scales. In this scenario, the
correlators are dominated by weak lensing contributions,
and, as predicted in Table I, E-modes exhibit steeper
scalings with # than B-modes. If one considers the
intrinsic contributions alone, the opposite is true, match-
ing Sec. V B, and analogous conclusions can be drawn for
flexion (though at much lower signal-to-noise). In our
fiducial parametrization, we find extremely small ampli-
tudes for the vector spectra; we will discuss the resulting
constraints on ry and ey ry in Sec. VIC.

The primordial tensor contributions are very different
from those of vectors. As in [22], the spectra peak on
ultralarge scales but quickly decay away to small values
(whose inference is complicated by numerical error
intrinsic to the Bessel function integrals). In this case,
the intrinsic alignment E-mode contribution dominates at
large scales, but much of this power is canceled by an
analogous extrinsic contribution due to the equivalence
principle. The gravitational waves contribute nontrivially
to an array of correlators with different #-dependencies;
however, their power is always small, even at the fiducial
amplitude r7 = 1. As shown in [22] and discussed below,
the signal can be boosted somewhat by using a higher-
redshift galaxy sample.

b. Cosmic strings Figure 3 shows the analogous results
for the cosmic string power spectrum, which are much
more promising. With the fiducial string tension of
Gu = 1078, vector contributions to galaxy shapes are
significant, and are usually larger than the scalar pieces,
particularly for low-£ B-modes and high-Z E-modes. Many
of spectra are dominated by lensing contributions [cf.,
[24] ], though intrinsic alignment contributions are found to
be important for B-modes, and the cross-correlation of
lensing and intrinsic effects dominates in the y* —y?
spectrum. Flexion spectra are also of interest, with a clear
signal appearing in the y£ — F9 correlator for Z = 100. The
parity-odd signal may also be detectable through the y* —
¥® cross-spectrum though we note that this is not sourced in
the standard string paradigm.

The tensorial contributions induced by cosmic strings are
heavily suppressed compared to the vector pieces, with
correlators one-to-two orders of magnitude smaller. The
overall scalings with £ also differ slightly from vectors, due
to differing absolute importance of intrinsic and extrinsic
contributions (cf. Table I). For the string scenario, we
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FIG. 2. Shear and flexion spectra sourced by scalar physics as well as primordially-generated vector and tensor modes. Each panel
shows a separate cross-spectrum, as marked in the title, and the two plots show parity-conserving (top) and parity-breaking (bottom)
correlators. The gray bands indicate 1o errorbars, with dashed (dotted) lines showing spectra containing only lensing (intrinsic
alignment) contributions. The experimental setup is as described in Sec. VI A for a Euclid-like experiment, and we plot only results from
the central redshift bin with Z ~ 0.95. The fiducial spectra have amplitudes ry = 1 for tensors, and r, = 1 for vectors, with the latter
spectra defined relative to the surface of last scattering. For parity-violating correlators, we assume a chirality parameter ey 7 = 1.
Gravitational wave contributions (green) are difficult to detect except on ultralarge scales in shear. Vector modes of this type contribute
significantly only on small scales, though this depends on the primordial tilt. The scatter in the tensor curves is not physical; this arises
from numerical inaccuracies in the oscillatory integrals.
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FIG. 3. As Fig. 2, but for a late-time network of cosmic strings, which sources both vector and tensor correlators. Here, we set the
fiducial string tension to Gu = 1078, and optionally allow for parity-odd contributions with chirality e = 1. For this choice of amplitude,
we find large contributions from vector lensing modes, particularly in shear E- and B-mode correlators on small scales.
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TABLE IL

Constraints on the amplitudes of primordial and string-induced vector and tensor modes, obtained from Fisher forecasts

appropriate for a Euclid-like survey, measuring shear and flexion for £ € [2,2000]. In each case, we give the 1o constraint on the model
amplitude (ry for primordial sources, (Gu)? for strings), quoting primordial vector results relative to the amplitude at last scattering.
Parity-odd constraints assume maximal chirality (¢ = 1), and we additionally separate vector and tensor contributions to (Gu)2. In
general, we find that the addition of flexion somewhat improves constraining power for spectra contributing at high-#, and parity-odd
spectra are less constraining than parity-even spectra. The constraints on primordial tensors (i.e., gravitational waves) are generally
weak, whilst those on strings are relatively tight. The #-dependence of these constraints is explored in Figs. 4 and 5.

Observable Parity olry] olrr] ov[(Gu)?) or[(Gu)?]
Shear Even 4.5 % 10* 260 22 x 10720 1.2x 1071
Shear Odd 2.6 x 107 600 1.1 x 1071 5.0x 107V
Shear & flexion Even 3.9 x 104 260 2.0 x 10720 1.1x 1071
Shear & flexion Odd 2.3 x 107 600 1.0 x 1071 5.0 x 10777

conclude that the vector contributions will dominate the
constraining power on the model amplitude; however, this
statement is strongly model-dependent.

C. Fisher forecasts

We now elucidate the constraining power of shear and
flexion on the physical models themselves. For this, we
utilize a Fisher forecast (e.g., [103]), computing the optimal
constraints on some set of parameters {p,}, via
6%(py) > Fy., for Fisher matrix

oD, _ oD,
F,= —tcl—=. 75
aff zf: apa 3 apﬂ ( )

This depends on a data-vector, D,, and covariance C,,
where the former contains all independent auto- and cross-
spectra. Using three tomographic bins, we find a total of 42
(12) parity-even and 36 (9) parity-odd spectra when flexion
is (is not) included. Assuming Gaussian statistics, the
covariance between any pair of spectra is given by:

Cov(CEVab, cZV-ed)
265K

(A4 XZ,ac ~YW,bd XW.ad ~YZ,bc
=——2* _C,7°C," "+ C , 76
(Zf 1>fsky [ 4 4 4 4 } ( )

which is diagonal in Z. Under null hypotheses, the spectra
on the RHS contain only signals from scalar perturbations
and stochasticity; furthermore, parity-odd and parity-even
spectra are uncorrelated, thus we may compute their
contributions to parameter constraints separately.

Table II lists the forecasted constraints on the model
amplitudes of the two sources of vector and tensor physics
discussed above: the vector/tensor-to-scalar amplitude ry,
and the squared string tension parameter (Gu)>. We
consider constraints from both parity-even and parity-
odd correlators, and optionally include the flexion auto-
and cross-spectra. To ascertain the scale-dependence of the
constraints, we plot the derivatives of the Fisher matrix with

¢ in Figs. 4 and 5; this additionally shows whether the
intrinsic or lensing contributions are dominant.

a. Inflationary perturbations Considering first the pri-
mordial sources, we find that the 1o constraints on ry are
weak, with the tightest bound of &(ry) = O(10%). This
constraint is dominated by the smallest scales and lensing,
matching the conclusions drawn from Fig. 2; the former
property implies that flexion can (and does) add significant
information, tightening the bounds by some 10-20% at
¢ <2000. Noting that the amplitude parameter has been
normalized relative to the CMB, the implication of this
study is that galaxy shapes are highly unlikely to yield
useful constraints on primordially sourced vector modes.
This occurs due to the a~2(z) transfer function intrinsic to
vectorial physics.

The constraints on r7 are considerably tighter than those
on ry, yet still unlikely to be competitive in the near future.
Here, we find o(r7) ~ 260 from a Euclid-like experiment,
which is dominated by the lowest #-modes, and highly
sensitive to the sample redshift; restricting to the first
redshift bin reduces the constraining power by roughly a
factor of ten, matching the conclusions of [22].
Furthermore, intrinsic alignments dominate the information
content; this matches the results of [[22], Fig. 6], and
imparts significant model dependence since the intrinsic
alignment biases are not well known. The situation is
similar for parity-odd tensor modes, with a somewhat
weaker bound of o(erry) ~ 600; such modes are less
commonly constrained in other probes, though our bound
is still unlikely to be competitive [cf., [25]]. In this
scenario, the addition of flexion does not improve the
constraints due to the strong scale dependence.

b. Cosmic strings Turning to the cosmic string con-
straints, we find 1o bounds on the squared string tension
(Gu)> of O(107°) from parity-even correlators or
O(107") from the parity-odd sector (if present). These
agree with the lensing shear forecast of [24], though we
note that the results have strong dependence on the
assumed intercommuting probability P, with the degen-
eracy direction (Gu)?>P~3/. Furthermore, the constraints
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Contributions to the Fisher matrix (Even)
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FIG. 4. Constraints on primordial vector (top) and tensor (bottom) amplitudes from parity-even (left) and parity-odd (right) shear and
flexion power spectra. In each case, we plot the per-£ contribution to the Fisher matrix on the amplitude parameter ry, motivated by the

Cramér-Rao bound oy > F ;1/ .

. Red lines show results using only the shear correlators, whilst blue lines additionally include flexion

(and cross-correlations). Dashed lines show the constraints in the absence of weak lensing, whilst the dotted lines show the constraints
from only the first redshift bin. We observe that constraints on vector amplitudes are dominated by high-Z, whilst those on tensor

amplitudes depend principally on the largest scales measured.

are of a similar amplitude to the limits from pulsar timing
array experments, with Gu < 10710 (though this statement
is inherently model dependent) [44]. Both vector- and
tensor-derived constraints show strong scale-dependence,
with maximal detection significance at ¢ ~ 1000. As
before, this implies that flexion can lead to significantly
improved constraints, though all spectra will saturate at
high-# due to Poisson noise. Here, we find that the overall
constraints are dominated by lensing at high redshift, which
is rationalized by noting that vector modes decay quickly
after their sourcing. As in Fig. 3, we note that string-
induced tensors contain significantly less information than
vectors, with roughly 500 x weaker constraints. Overall,
the prospect of constraining cosmic strings with galaxy

shapes is promising, particularly when we include all
sources of information available.

VII. SUMMARY AND CONCLUSIONS

Perturbations in the Universe can be decomposed into
scalars, vectors, and tensors. To date, only scalar physics
has been observed; however, there exist a wealth of
cosmological models that could source vector and tensor
contributions at early or late times, thus their study can
yield strong constraints on the Universe’s initial conditions
and evolution. In this work, we provide an indepth study of
the impact of such modes on galaxy shape statistics. These
are a natural place in which to look for new physics since
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Contributions to the Fisher matrix (Odd)
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Constraints on the cosmic string tension parameter (Gu)? from parity-even (left) and parity-odd (right) shear and flexion power

spectra. This is analogous to Fig. 4, but displays the joint constraint from vector and tensor modes (with the tensor-only results shown as
dot-dashed lines). In this scenario, information is principally sourced by vector lensing correlations and is more equally distributed
across scales than for the primordial constraints (Fig. 4). At large £ (= 1000), we find that adding flexion into the analysis can lead to

improved constraints.

they are tensorial (and thus respond directly to metric
perturbations), and will be observed in great depth in the
coming decade.

New physics can distort galaxy shapes both intrinsically
(through correlations with the local tidal field (e.g.,
[12,15,17]) and extrinsically (through weak gravitational
lensing e.g., [7,10]). Both effects can be straightforwardly
written in terms of derivatives of the metric perturbations,
and thus mapped to galaxy shape observables, such as shear
and its higher-order generalization, flexion (e.g., [65,66])
(though the scale dependence of such effects may com-
plicate analyses slightly). For scalar perturbations, only
shear-E and flexion-g modes are sourced; vector and tensor
physics yield signals also in shear-B and flexion-c observ-
ables. Spectra of the latter could thus be a natural place to
search for new physics without contamination from scalar
modes (at leading order); these are additionally free from
cosmic variance limitations (though their scalings with
usually differ from the E- and g-modes) [e.g., [22]]. In
addition, if the Universe contains parity-violating physics,
such as chiral gravitational waves, EB cross-correlations
(and beyond) will be sourced (e.g., [25]), which again do
not suffer from cosmic variance at leading order. We
caution, however, that B modes are often used as a
consistency check in weak lensing analyses (see [104]
for a detailed discussion); if a survey finds a nontrivial
shear-B power spectrum (in excess of noise), this is usually
attributed to systematics effects, and the null tests are said
to have failed. Although this could well be the case, new
physics could also be hiding in such regimes!

To place these results in quantitative context, we have
considered test cases for vector and tensor physics, sourced
by primordial and late-time physics, with the latter

involving a network of cosmic strings. For a Euclid-like
lensing experiment, we concluded that primordial gravita-
tional waves would be very difficult to detect (unless one
worked at much higher redshift, as discussed in [22,25],
though without flexion), though competitive constraints on
cosmic string physics could be possible (as in [24], though
without flexion, intrinsic alignments, or tensors). Drawing
general conclusions from specific physical models is, in
general, difficult; however, we may make the following
broad statements:

(1) Shear and flexion spectra induced by new physics
models can have a wide range of scale and redshift-
dependencies, due to the large array of possible
underlying perturbation power spectra and transfer
functions. For example, cosmic strings and primor-
dial vectors source spectra dominant at high-Z,
whilst gravitational waves contribute only on very
large scales.

(i) Due to their strong scaling with redshift, vector
modes sourced in the early Universe will be essen-
tially impossible to detect using galaxy shapes (or
any other late-Universe probe). Vector modes
sourced at late times could be detectable however,
as seen from the cosmic string example.

If the new physics contributes significantly on small
scales, the addition of flexion correlators can boost
signal-to-noise, and may allow various models to be
differentiated. This may be of particular relevance
for dark matter studies, and may yield significantly
tighter constraints on phenomena such as fuzzy dark
matter (e.g., [105-110]). If irreducible rank-three
tensors also exist in the Universe (e.g., from some
modified gravity phenomena, such as torsion), one

(iii)
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might also expect them to show up in flexion
spectra.

(iv) Depending on the type of spectrum and physical
model of interest, the shear and flexion correlators
could be dominated either by lensing, intrinsic
alignments, or their cross-correlation; as such, both
effects should always be included in analysis
pipelines.

(v) BB and EB spectra could be smoking guns of new
physics. Whilst their utility depends on noise
parameters (since they are not cosmic-shear limited)
and systematic contamination, these spectra are not
sourced by scalars at leading order (or, for the cross-
spectrum, at any order). They could thus be a robust
cosmological probe, particularly for parity-violating
physics.

Based on the above, the overarching conclusion of this
work is clear: if we wish to make full use of the treasure
trove of cosmological information provided by upcoming
galaxy shape surveys, we must look not just to vanilla
ACDM physics and simple observables, but also to
nonstandard physics and higher-order statistics, such as
vectors, tensors, B-modes, and flexion.
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APPENDIX A: TENSORS ON THE TWO-SPHERE

A general rank-s tensor, 7, on the two-sphere may be
written in terms of the m_. basis vectors defined in (19) as

T i (A) = T(R)(m, ® - ® m+)i1.4.ix

+ T@)m @ ®m), . (Al
(e.g., [8.84]). Here, , T (1) is the spin-+s component of 7,
which transforms as 7 — €%, 7 under rotation by ¢.
Using the basis vector properties outlined in Sec. III B, we
may extract the spin-+s components from the components
of 7 in some arbitrary coordinate chart as
LT(R) =y m)T, (), (A2)
assuming the Einstein summation convention. In a local
orthogonal basis {&, é,, 1}, the basis vectors can be written

m, = (&, F ié,)/+/2, such that the spin components take a
simple form. As an example, a vector field has _,v(f2) =
(v, £ ivy)/V/2 locally.

To alter the spin of objects on the two-sphere, we can use
the spin-raising and spin-lowering operators, d and J
(“edth”). These are defined by their action on spin-s
functions (for both s < 0 and s > 0):

0,T(R) =

3,7 (A) =

—(sinB)*[0y + i csc 60, (sin0)~* T (i),

—(sin@)~*[0y — icsc B0, | (sin0)* T (i)  (A3)
(e.g., [8,111,112]), assuming a spherical coordinate chart
{0,¢}. Tt is straightforward to show that d,7 has spin
(s + 1) and 4,7 has spin (s — 1). In the flat-sky limit, the
operators reduce to

(A4)

i.e., —d and —d" in the complex-valued notation of [65,66].
Furthermore, the derivatives can be written in terms of the
covariant derivative V on the two-sphere:

( koS (R )]m’i+s7s7(ﬁ)),

- 57,7 (i) (AS)

Reference [8], where 7 = V m;m_m* accounts for the

spatial variation of the basis functions. A particularly useful
result is the action of s d operators on a spin-s function
(with s > 0), or s 0 operators on a spin-—s function. This
yields

i } (1= 22,7 (i)

5S_s7(ﬁ):{aﬂ—1i312}x( W) 2T (h),

(A6)

where yu = cosé.

Much like a scalar on the two-sphere can be written in
terms of spherical harmonics, a rank-s tensor can be written
in terms of spin-weighted spherical harmonics. Explicitly,

ﬁ) = ZsTfmszm(ﬁ)
‘m

(A7)

where ¢ and m are integers satisfying £ > 0, |m| < ¢. The
spin-weighted spherical harmonics may be obtained by
applying the spin-raising and spin-lowering operators to the
standard spherical harmonics, Y,,,:
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Y enli) = Y )
oY) = (T a(i) (AS)
(for s > 0). These are orthonormal (for arbitrary s):
[ Y@L @) = 85,55, (29)
and obey the relations (e.g., [8])
0 enl) = \JE= S H 5 1)1 ),
O Y (i) = =/ (€ +5)(¢ —s+1),_,Y,,(R).  (A1O)

Via orthogonality, the coefficients appearing in (A8) can be
extracted straightforwardly:

Ton= [ @ T@ @) (A1)
An additional relation of use is obtained by performing
integration by parts on the above expression, and using
(A10):

|

b (e, n) + 2% Iy (ke n) + Rha (k) = 162Gua’ / do e**(@) e,
a

[(£—1sD! )
Tfm (f‘i‘ |S) / n [Yfm(n>]
f S
G [aoT@wa@r s

for s > 0. To extract the basis functions, one can thus apply
spin-lowering or raising operations to the spin components
.+, T (), and integrate with respect to a spherical harmonic.

APPENDIX B: COSMIC STRING TENSOR
MODES

Below, we provide a brief derivation of the tensor power
spectrum arising from cosmic string sources. This follows
[24], whereupon vector perturbations were considered.
Starting from (13), the ij component of the stress-energy
tensor from a single string segment can be written

OT () = [ do o0 (50 - ') o). (B)

Via the Einstein equation (8), this can be related to the
metric perturbation /;;. Projecting onto the tensor helicity
basis (which removes the trace term), we find:

T2 ) (T — X% (0,), (B2)

where, in contrast to the above, dots and primes denote derivatives with respect to # and ¢ in this section. To proceed we
make the simplifying assumption that the source can be considered time-independent (i.e., we assume steady-state

behavior), which permits the solution:

h:l:(k’ ’7) k2

:1671'Gﬂa2 / o olkx(om) o2

(k) (' = x"") (0. ). (B3)

henceforth disregarding the propagating modes (i.e., gravitational waves). To obtain the shear and flexion predictions, one

should properly consider the unequal-time power spectrum of #;;

Py, (k.n.n')

correlation function can be obtained from (B3):
(162Gu)*a*

Phi(k,ﬂ”?):T pEi

ndV = e (R)el? (k) / doydey (e ern)=xo2) (437 — yilit) (g, ) (HF —

ij» here we follow [24] and make the assumption that

~ /Py, (k.n.n)Py (k.n/.n’). This is not exact, but is appropriate for this rough forecast. The equal-time

) (o2.m)),
(B4)

for comoving volume element dV = 4xy*/H, string segment number density n, = a*/&, survey volume V, and characteristic
string length & Asserting the isotropic and time-independent correlators (i(oy.1)i (62.1)) =36¢ V(0 —62),

(r'(01.m)1 (02.1)) = §6¢T (01 = o), with (e

2 (16xGu)?a* 4ny’a’ 1

Py, (k,n,n) = 9 & HE V

dG_dG+€_(1/6)kzagT“(a’) [V?(O'

ik-(x(o1n)~x(02)) = ¢=kTs(01=02)/6 yith ', () ~ 62T (c), we can write

_) +T3(eo)), (BS)

2

defining 6. = 6, + 6,. As in [24], we assume the correlators have the scale invariant forms V ~ 2., T ~ (1 — vZ,) on
scales ¢ < £/a, and zero else. Noting that f do .|V is the length of the string segment per unit volume, ~a?/£>+/1 — v2,, and

that |o_| < &/2a\/1 — v, we find
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Vér  Anyta ( >erf[k§/a

P, (k,n,n) = (162Gu)?
hi( ’1’7) ( ﬂ Iu) 9(1_1)%1“5) H 2\/_

][ (=2, (B6)
APPENDIX C: INTRINSIC VECTOR SPECTRA

Here, we derive the shear kernels sourced by vector intrinsic alignments, following the methodology of [85]. Starting
from (32), and expanding in helicity states using (5), we find

2y = by (r) / ) YT B 1) ), (c1)

where k. = m¢k and e(i) =mle, e For a single Fourier mode along k = kZ, the basis definition of (19) implies

ky = —(k/v2)\/1 — %, and e; = (1/2)(u £ A)e™"¢ for y = cos @ = Z - A. Additionally restricting to a single polari-
zation state A, we find the contribution

L —ik y i
ot Qi s k2, Ay oy = ﬁbv()()\/ 1 —p?(u £ 2)e Ty B, (k. y)eer. (C2)

To obtain the shear harmonic coefficients, it is convenient to first compute the spin-zero quantities 52+2y and 0°_,y. Using
relation (A6), these can be written

- R N —ik i A i
ik Wl = s e TuBs e {0, 4 52100 =2k 2y
u?
b A )
=20,y k)1 = e 0 (e
P 5 —ilq A : i

e K Dl = s b T ), = (1 = 2=y

b A () x )

2%) TyBy(ky)\[ 1= p2e Q)1 (x)e. (C3)

where x=ky, and we have defined the operator Qﬂ, (x) = x[4x + (12 + x*)0, + 8x0% + x?03]+

iAx*[x + 40, + x0?], which satisfies Q%(x) = Q;}f) (x). The spin-weighted spherical harmonic coefficients ,,y,,, =
vE, £ iy, can be obtained via the relation

o=\ oray [ @E @@ r = [ [aF @G

Equation (A12). To perform the integral over 7, we use the result proved in Ref. [84] (Appendix A):

f
/dﬁ Y, ()(1 = p?)N2eiroeion =\ /4z(2¢ + 1 +| i"i f”( )55, (C5)

xlr‘

for integer r, £, and m, and spherical Bessel function j,(x). This leads to the following shear coefficients:

N / )! f+1 j
+2yf’m(){; kZ, |V1nt 4n 2f+1 , f— VO{ IVBﬂ ) ( ) f)(c ) 5K( ). (C6)

The expression for _,y,,, is analogous, but with Q%(x) replaced with its conjugate. To form the shear power spectrum

arising from vector perturbations, we need simply take the expectation of two copies of y%, (for X € {E, B}), summing over
A, averaging over m, and integrating over k:
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X 1< R (s
C}; ! (Z*}(,)lv,im = m Z Z A(yi’gm ()(? kZa /1)|V,int7§m ()(,; kz, j')|V.in1>' (C7)
m=—¢

-7 =%l

By isotropy, this recovers the full spectrum, even though we have only considered k = kZ. In full, we obtain the spectra

X, Y 2 o X Y Vs
O 0t v = [ R L ) P Py, (o) P (k) (c8)

using the correlation properties of B, (k,y) (7), where we take the difference of two helicity states if X # Y 2 From the
spectrum, we can read off the kernels (dropping a trivial i factor)

PV )], =\ e R0 () A
ool - s

As discussed in the main text, vectors source both E- and B modes (unlike scalar perturbations); moreover, if the spectrum
does not conserve parity Pp, # Pp , and an EB cross-spectrum will be sourced. These spectra can be promoted to binned

form by simply integrating over y and )’ via (45).
The flexion kernels can be similarly computed. Restricting our attention to the spin-£1 flexion (for brevity), the Fourier-
mode expansion of (32) gives

P D = D) [ e Sk ) + 2k kel BB ) (C10)
A

The contribution to d 1 F from a Fourier mode k = kZ and a single helicity state is equal to

5 L 2V2yb B A .
5+1]-'()(n,)(; kZ, ’1)|V,int — _Tvmee 1/1(/){()” + 1_qu} [(1 - y2)3/2€”‘”(3,u + i)]IVBg(k,){)

2v2by (x) ~ilp | A ix
= —TIVBAU"Z)@ o l_ﬂzQy,v(x)e " (C11)

where Q(;)V(x) = x?[4 + 120% + 3x0,(1 + %) + idx(1 + 02)]. 0_,F takes a similar form but replacing Q(]?)V(x) with its
conjugate. As before, the spin-zero coefficients can be used to obtain the spherical harmonic decomposition of F:

R le-1) [ - o
F e k2, 2) = - ((f+1§!/d”5+1‘7:()("v)(§kz’/1)yfm(”)

f 2V2by (y) A() o\ Je(x)
= i\ /an(26 + 1) 727; TyBy(k,z) 0P, (x) XK, (C12)
again using (C5). The resulting spectrum takes the same form as (C8), but with the modified kernels
g g g sp
2V2by(x) , Je(x)
FFY = VAIR 7
(k)] = 57 Rel 0y ()2 2 T,
c 2V2by(x) o Je(x)
F7V(k,x) o 27)‘; Im[Q 5 v (x)] fx Zy. (C13)

°This arises since ReQ'™" (x) = ReQ*!(x), but InQ~" (x) = —ImO* (x).
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Derivations for other intrinsic alignment spectra, such as those sourced by scalars and tensors, follow similarly, and make

use of the kernels given in Appendix E.

APPENDIX D: EXTRINSIC VECTOR AND TENSOR SPECTRA

Here, we derive the full-sky power spectrum of shear sourced by vector and tensor lensing, following an analogous
procedure to Appendix C (from [22]). The vector contribution can be written

7 OOy et = /dx/ ”‘“‘"ZB ;()K

Ak ,(4)

A
where e‘(‘ '=# ey’

X
iy k2 :/ &/ B, (k.
+2}/(Z X )|V,ext 0 X /1( )() 2\/5

using that e

Y|

)ikl )+ (- )ik e ). D

Restricting to a single helicity state and Fourier mode with k = kZ, we find

"(u+2) ()% —)%) +x2(1 = u?) (}% —}(ﬂ e e (D2)

(V1 =u?/V2 \/_ ~ and setting x’ = ky’. The spin-zero part, 9° 4oY, can be obtained with (A6):

—H

E N A 1 X » A 2
52+2y(xn,x;kz,ﬂ)lv,ext=2\—@/) dy'B,(k.y')e i‘”{@ﬁl 2}

L [rdy i | A\ X i i
=35 731("7)(')6 AEVARSTE |:Q;(/,‘)/,l<x/)+;Q£,\)/,2(x/) eH,

(D3)

defining the new operators Q%),J /z(x), whose forms are given in (E4). The expression for d%>_,y is analogous but with all 0
operators replaced by their conjugates. As in Appendix C, we proceed by integrating (D3) against a spherical harmonic

using (C5) to yield

471' 20 + | d)( R ){/ J (x,)
+2yfm()( kzZ, l)|Vext \/7\/‘— ‘- i/ 7){ |:Q ( /) +;Q}(/ﬂ‘)/2(x/) fx/ . (D4)
if m = —4, and zero else. Integrating over redshift via (45) gives
5 V420 +1) (=2 + D),
+2yfm.a(kz, /1) V.ext o 2\/5 (f + 2) '(f _ 1) !l
" o)
[ Bk )00 () + ) = )24 (s)

exchanging the order of integration and introducing ¢, and
m, kernels. This yields spectra of the general form (44)
with the kernels given in (52).

A similar form may be obtained for the shear spectrum
from tensor modes, starting from (41). Here, we implement
the h.(0,0) term by subtracting the k — O limit of the
scalar shear kernel (which is nonzero only for £ = 2), and
absorb the — 1 i (yt, ¥) term into the intrinsic tensor shear
contribution, redefining Zrh;; — (Z7 — 1/2by(x))h;;. For
the remaining terms, a procedure analogous to the above

[

(described in detail in [22]) leads to the kernels given
in (52).

APPENDIX E: BESSEL FUNCTION OPERATORS

Below, we list the various Q(x) Bessel function oper-
ators appearing in the full-sky power spectra of Sec. VA.
Firstly, the relevant operators for shear sourced by intrinsic
scalar, vector, and tensor perturbations (Sec. VA 1) are
given by:
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O (x) = xldx + (12 + x2)0, + 8x0% + x203] + iAx*[x + 40, + x03]

O)(x) = [12 = x> + 8x0, + x20%] + 2iAx[4 + x0,], (E1)
whilst those for the spin-£1 flexion are
OV (x) = 33 [x + 40, + x2)(1 + )
O, (x) = 2[4 + 1202 + 3x0, (1 + 62) + idx(1 + %)
O, (x) = x[x + 120, + 3x0% + 2i4xd,), (E2)
and for the spin-+3 flexion:
OY(x) = =23 [x(x® + 18) + 18(x% + 4)9, + 3x(x2 + 36)0% + 12(3x2 + 10)0% + 3x(x? + 30)0? + 18x203 + %3]
Qgi,(x) = —x?[6(x? +4) + x(x* + 66)0, + 24(x* + 5)0% + 2x(x*> + 45)0} + 18x20% + x°03
+iAx(6 + x? + 12x0, + 2(x> + 15)02 + 12x03 + x29%)]
O (x) = x[x(x? = 30) — 6(x2 +20)9, — 90xd2 — 18x20% — 30 — 2ixA(6x + (¥ + 30)9, + 12x0% + x203)]. (E3)
The scalar, vector, and tensor operators act on j,(x), j.(x)/x, and j,(x)/x* respectively.
The kernels relevant to the extrinsic power spectra (Sec. VA 2) are given by
O (x) = —x[x(x® + 8) + (1147 + 12)0, + 2x(x> + 14)02 + 112203 + x30% — idx(x + 40, + x0%)]
O 5 (x) = x[x(:x + 12) + 12(x? +2)0, + 2x(x> + 18)32 + 12220} + x*0"),
01 (x) = —g [e(x2 + 14) + 2(72% + 209, + 2x(x? + 25)3 + 14x20% + 39"
— 2iA(4 + x* + 6x0, + x?07)]
(E4)

] 1
O, (x) = 5 R402 + 1) + 24 +163( + 6)9, +20°(x? +36)0% + 16503 + x*0f].

In the large-# limit, the action of the Q operators on the spherical Bessel functions simplifies considerably. The intrinsic

functions have the following asymptotic forms:
2

03, O e iaie ), OIS (G2 )it + 200100

O (W~37, ). 0P a0 viaci ). 0 (3—2) () +2iA], (%)

=it i), O S -2 (G-2) ) -20aes, ),

~.

0G5 @i (x) m=C%j,(x). QGy(0)™ :
(ES)
where j,(x) = d,j,(x). A similar form can be obtained for the extrinsic kernels
N Je(x 4 e ~ 2
Q%,M)ﬂz—;mm P, 00~ (k6
R jelx) ot e N7 a
07 () m =g () + e (x). Q) ~ o) (E7)

063541-29



PHILCOX, KONIG, ALEXANDER, and SPERGEL

PHYS. REV. D 109, 063541 (2024)

[1] T.M. C. Abbott, M. Aguena, A. Alarcon, S. Allam, O.
Alves et al. (DES Collaboration), Dark Energy Survey
Year 3 results: Cosmological constraints from galaxy
clustering and weak lensing, Phys. Rev. D 105, 023520
(2022).

[2] T.M.C. Abbott, M. Aguena, A. Alarcon et al. (Dark
Energy Survey, Kilo-Degree Survey Collaborations),
DES Y3 + KiDS-1000: Consistent cosmology combining
cosmic shear surveys, Open J. Astrophys. 6 (2023).

[3] M. Asgari, C.-A. Lin, B. Joachimi, B. Giblin, C. Heymans,
H. Hildebrandt et al., KiDS-1000 cosmology: Cosmic
shear constraints and comparison between two point
statistics, Astron. Astrophys. 645, A104 (2021).

[4] R. Dalal, X. Li, A. Nicola, J. Zuntz, M. A. Strauss, S.
Sugiyama et al., Hyper Suprime-Cam Year 3 results:
Cosmology from cosmic shear power spectra, Phys.
Rev. D 108, 123519 (2023).

[5] J. Green, P. Schechter, C. Baltay, R. Bean, D. Bennett, R.
Brown et al., Wide-Field InfraRed Survey Telescope
(WFIRST) final report, arXiv:1208.4012.

[6] P.A. Abell, J. Allison, S.F. Anderson, J.R. Andrew,
J.R.P. Angel et al. (LSST Science Collaboration), LSST
science book, version 2.0, arXiv:0912.0201.

[7] M. Bartelmann and P. Schneider, Weak gravitational
lensing, Phys. Rep. 340, 291 (2001).

[8] P.G. Castro, A.F. Heavens, and T.D. Kitching, Weak
lensing analysis in three dimensions, Phys. Rev. D 72,
023516 (2005).

[9] M. Kilbinger, Cosmology with cosmic shear observations:
A review, Rep. Prog. Phys. 78, 086901 (2015).

[10] H. Hoekstra and B. Jain, Weak gravitational lensing and its
cosmological applications, Annu. Rev. Nucl. Part. Sci. 58,
99 (2008).

[11] A. Refregier, Weak gravitational lensing by large-scale
structure, Annu. Rev. Astron. Astrophys. 41, 645 (2003).

[12] K. Kogai, K. Akitsu, F. Schmidt, and Y. Urakawa, Galaxy
imaging surveys as spin-sensitive detector for cosmologi-
cal colliders, J. Cosmol. Astropart. Phys. 03 (2021) 060.

[13] F. Schmidt, N.E. Chisari, and C. Dvorkin, Imprint of
inflation on galaxy shape correlations, J. Cosmol. Astro-
part. Phys. 10 (2015) 032.

[14] N.E. Chisari, C. Dvorkin, F. Schmidt, and D. Spergel,
Multitracing anisotropic non-Gaussianity with galaxy
shapes, Phys. Rev. D 94, 123507 (2016).

[15] C.M. Hirata and U. Seljak, Intrinsic alignment-lensing
interference as a contaminant of cosmic shear, Phys. Rev.
D 70, 063526 (2004).

[16] Z. Vlah, N. E. Chisari, and F. Schmidt, An EFT description
of galaxy intrinsic alignments, J. Cosmol. Astropart. Phys.
01 (2020) 025.

[17] J. Blazek, M. McQuinn, and U. Seljak, Testing the tidal
alignment model of galaxy intrinsic alignment, J. Cosmol.
Astropart. Phys. 05 (2011) 010.

[18] R. G. Crittenden, P. Natarajan, U.-L. Pen, and T. Theuns,
Spin-induced galaxy alignments and their implications for
weak-lensing Measurements, Astrophys. J. 559, 552
(2001).

[19] T. Kurita, M. Takada, T. Nishimichi, R. Takahashi, K.
Osato, and Y. Kobayashi, Power spectrum of halo intrinsic

alignments in simulations, Mon. Not. R. Astron. Soc. 501,
833 (2021).

[20] J. Shi, T. Kurita, M. Takada, K. Osato, Y. Kobayashi, and
T. Nishimichi, Power spectrum of intrinsic alignments of
galaxies in IlustrisTNG, J. Cosmol. Astropart. Phys. 03
(2021) 030.

[21] D. Sarkar, P. Serra, A. Cooray, K. Ichiki, and D. Baumann,
Cosmic shear from scalar-induced gravitational waves,
Phys. Rev. D 77, 103515 (2008).

[22] F. Schmidt and D. Jeong, Large-scale structure with
gravitational waves. II. Shear, Phys. Rev. D 86, 083513
(2012).

[23] F. Schmidt, E. Pajer, and M. Zaldarriaga, Large-scale
structure and gravitational waves. III. Tidal effects, Phys.
Rev. D 89, 083507 (2014).

[24] D. Yamauchi, T. Namikawa, and A. Taruya, Weak lensing
generated by vector perturbations and detectability of
cosmic strings, J. Cosmol. Astropart. Phys. 10 (2012) 030.

[25] M. Biagetti and G. Orlando, Primordial gravitational
waves from galaxy intrinsic alignments, J. Cosmol. As-
tropart. Phys. 07 (2020) 005.

[26] L. Dai, D. Jeong, and M. Kamionkowski, Seeking inflation
fossils in the cosmic microwave background, Phys. Rev. D
87, 103006 (2013).

[27] E. Dimastrogiovanni, M. Fasiello, D. Jeong, and M.
Kamionkowski, Inflationary tensor fossils in large-scale
structure, J. Cosmol. Astropart. Phys. 12 (2014) 050.

[28] L. H. Ford, Inflation driven by a vector field, Phys. Rev. D
40, 967 (1989).

[29] T. Koivisto and D. F. Mota, Vector field models of inflation
and dark energy, J. Cosmol. Astropart. Phys. 08 (2008)
021.

[30] P. W. Graham, J. Mardon, and S. Rajendran, Vector dark
matter from inflationary fluctuations, Phys. Rev. D 93,
103520 (2016).

[31] A. Golovnev, V. Mukhanov, and V. Vanchurin, Vector
inflation, J. Cosmol. Astropart. Phys. 06 (2008) 009.

[32] S. Alexander, A. Marcian0, and D. Spergel, Chern-Simons
inflation and baryogenesis, J. Cosmol. Astropart. Phys. 13
(2013) 046.

[33] E. McDonough and S. Alexander, Observable chiral
gravitational waves from inflation in string theory, J.
Cosmol. Astropart. Phys. 11 (2018) 030.

[34] S. Alexander, E. McDonough, and D. N. Spergel, Chiral
gravitational waves and baryon superfluid dark matter, J.
Cosmol. Astropart. Phys. 05 (2018) 003.

[35] S. Alexander, E. McDonough, and R. Sims, V-mode
polarization in axion inflation and preheating, Phys.
Rev. D 96, 063506 (2017).

[36] Y. Akrami, F. Arroja, M. Ashdown, J. Aumont, C.
Baccigalupi et al. (Planck Collaboration), Planck 2018
results. X. Constraints on inflation, Astron. Astrophys.
641, A10 (2020).

[37] C. Armendariz-Picén, Could dark energy be vector-like?,
J. Cosmol. Astropart. Phys. 07 (2004) 007.

[38] S. Alexander and N. Yunes, Chern-Simons modified
general relativity, Phys. Rep. 480, 1 (2009).

[39] R. Jackiw and S.Y. Pi, Chern-Simons modification of
general relativity, Phys. Rev. D 68, 104012 (2003).

063541-30


https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.1103/PhysRevD.105.023520
https://doi.org/10.21105/astro.2305.17173
https://doi.org/10.1051/0004-6361/202039070
https://doi.org/10.1103/PhysRevD.108.123519
https://doi.org/10.1103/PhysRevD.108.123519
https://arXiv.org/abs/1208.4012
https://arXiv.org/abs/0912.0201
https://doi.org/10.1016/S0370-1573(00)00082-X
https://doi.org/10.1103/PhysRevD.72.023516
https://doi.org/10.1103/PhysRevD.72.023516
https://doi.org/10.1088/0034-4885/78/8/086901
https://doi.org/10.1146/annurev.nucl.58.110707.171151
https://doi.org/10.1146/annurev.nucl.58.110707.171151
https://doi.org/10.1146/annurev.astro.41.111302.102207
https://doi.org/10.1088/1475-7516/2021/03/060
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1103/PhysRevD.94.123507
https://doi.org/10.1103/PhysRevD.70.063526
https://doi.org/10.1103/PhysRevD.70.063526
https://doi.org/10.1088/1475-7516/2020/01/025
https://doi.org/10.1088/1475-7516/2020/01/025
https://doi.org/10.1088/1475-7516/2011/05/010
https://doi.org/10.1088/1475-7516/2011/05/010
https://doi.org/10.1086/322370
https://doi.org/10.1086/322370
https://doi.org/10.1093/mnras/staa3625
https://doi.org/10.1093/mnras/staa3625
https://doi.org/10.1088/1475-7516/2021/03/030
https://doi.org/10.1088/1475-7516/2021/03/030
https://doi.org/10.1103/PhysRevD.77.103515
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.86.083513
https://doi.org/10.1103/PhysRevD.89.083507
https://doi.org/10.1103/PhysRevD.89.083507
https://doi.org/10.1088/1475-7516/2012/10/030
https://doi.org/10.1088/1475-7516/2020/07/005
https://doi.org/10.1088/1475-7516/2020/07/005
https://doi.org/10.1103/PhysRevD.87.103006
https://doi.org/10.1103/PhysRevD.87.103006
https://doi.org/10.1088/1475-7516/2014/12/050
https://doi.org/10.1103/PhysRevD.40.967
https://doi.org/10.1103/PhysRevD.40.967
https://doi.org/10.1088/1475-7516/2008/08/021
https://doi.org/10.1088/1475-7516/2008/08/021
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1103/PhysRevD.93.103520
https://doi.org/10.1088/1475-7516/2008/06/009
https://doi.org/10.1088/1475-7516/2013/04/046
https://doi.org/10.1088/1475-7516/2013/04/046
https://doi.org/10.1088/1475-7516/2018/11/030
https://doi.org/10.1088/1475-7516/2018/11/030
https://doi.org/10.1088/1475-7516/2018/05/003
https://doi.org/10.1088/1475-7516/2018/05/003
https://doi.org/10.1103/PhysRevD.96.063506
https://doi.org/10.1103/PhysRevD.96.063506
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1051/0004-6361/201833887
https://doi.org/10.1088/1475-7516/2004/07/007
https://doi.org/10.1016/j.physrep.2009.07.002
https://doi.org/10.1103/PhysRevD.68.104012

WHAT CAN GALAXY SHAPES TELL US ABOUT PHYSICS ...

PHYS. REV. D 109, 063541 (2024)

[40] S. Alexander, R. Brandenberger, and J. Froehlich,
Tracking dark energy from axion-gauge field couplings,
arXiv:1601.00057.

[41] L. Pogosian and M. Wyman, B-modes from cosmic strings,
Phys. Rev. D 77, 083509 (2008).

[42] G.R. Vincent, M. Hindmarsh, and M. Sakellariadou,
Correlations in cosmic string networks, Phys. Rev. D
55, 573 (1997).

[43] A. Vilenkin and E.P.S. Shellard, Cosmic Strings and
Other Topological Defects (Cambridge University Press,
2000).

[44] EPTA Collaboration, The second data release from the
European Pulsar Timing Array: V. Implications for mas-
sive black holes, dark matter and the early Universe,
arXiv:2306.16227.

[45] D.J. Reardon et al., Search for an isotropic gravitational-
wave background with the Parkes Pulsar Timing Array,
Astrophys. J. Lett. 951, L6 (2023).

[46] H. Xu et al., Searching for the nano-hertz stochastic
gravitational wave background with the Chinese Pulsar
Timing Array Data Release I, Res. Astron. Astrophys. 23,
075024 (2023).

[47] EPTA Collaboration, The second data release from the
European Pulsar Timing Array III. Search for gravitational
wave signals, Astron. Astrophys. 678, A50 (2023).

[48] NANOGrav Collaboration, The NANOGrav 15 yr data set:
Evidence for a gravitational-wave background, Astrophys.
J. Lett. 951, L8 (2023).

[49] S. Alexander, Inflationary birefringence and baryogenesis,
Int. J. Mod. Phys. D 25, 1640013 (2016).

[50] H. Abedi, M. Ahmadvand, and S.S. Gousheh, Electro-
weak baryogenesis via chiral gravitational waves, Phys.
Lett. B 786, 35 (2018).

[51] O.H. E. Philcox, Probing parity violation with the four-
point correlation function of BOSS galaxies, Phys. Rev. D
106, 063501 (2022).

[52] G. Cabass, M. M. Ivanov, and O. H. E. Philcox, Colliders
and ghosts: Constraining inflation with the parity-odd
galaxy four-point function, Phys. Rev. D 107, 023523
(2023).

[53] C. Creque-Sarbinowski, S. Alexander, M. Kamionkowski,
and O. Philcox, Parity-violating trispectrum from Chern-
Simons gravity, J. Cosmol. Astropart. Phys. 11 (2023) 029.

[54] O.H. E. Philcox, Do the CMB temperature fluctuations
conserve parity?, Phys. Rev. Lett. 131, 181001 (2023).

[55] R.N. Cahn, Z. Slepian, and J. Hou, Test for cosmological
parity violation using the 3D distribution of galaxies, Phys.
Rev. Lett. 130, 201002 (2023).

[56] J. Hou, Z. Slepian, and R. N. Cahn, Measurement of parity-
odd modes in the large-scale 4-point correlation function
of Sloan Digital Sky Survey Baryon Oscillation Spectro-
scopic Survey twelfth data release CMASS and
LOWZ galaxies, Mon. Not. R. Astron. Soc. 522, 5701
(2023).

[57] A. Lue, L. Wang, and M. Kamionkowski, Cosmological
signature of new parity-violating interactions, Phys. Rev.
Lett. 83, 1506 (1999).

[58] Y. Minami and E. Komatsu, New extraction of the cosmic
birefringence from the Planck 2018 polarization data,
Phys. Rev. Lett. 125, 221301 (2020).

[59] T. Liu, X. Tong, Y. Wang, and Z.-Z. Xianyu, Probing P and
CP violations on the cosmological collider, J. High Energy
Phys. 04 (2020) 189.

[60] G. Cabass, S. Jazayeri, E. Pajer, and D. Stefanyszyn, Parity
violation in the scalar trispectrum: No-go theorems and
yes-go examples, J. High Energy Phys. 02 (2023) 021.

[61] V. Ajani, M. Baldi, A. Barthelemy, A. Boyle, P. Burger
et al. (Euclid Collaboration), Euclid preparation XXIX:
Forecasts for 10 different higher-order weak lensing
statistics, Astron. Astrophys. 675, A120 (2023).

[62] O.H. E. Philcox and M. C. Johnson, Novel cosmological
tests from combining galaxy lensing and the polarized
Sunyaev-Zel’dovich effect, Phys. Rev. D 106, 083501
(2022).

[63] T. Kurita and M. Takada, Constraints on anisotropic
primordial non-Gaussianity from intrinsic alignments of
SDSS-III BOSS galaxies, Phys. Rev. D 108, 083533
(2023).

[64] C. Fedeli, M. Bartelmann, and L. Moscardini, Con-
straining primordial non-Gaussianity with cosmological
weak lensing: shear and flexion, J. Cosmol. Astropart.
Phys. 10 (2012) 018.

[65] D.J. Bacon, D.M. Goldberg, B.T.P. Rowe, and A.N.
Taylor, Weak gravitational flexion, Mon. Not. R. Astron.
Soc. 365, 414 (2006).

[66] D. M. Goldberg and D.J. Bacon, Galaxy-galaxy flexion:
Weak lensing to second order, Astrophys. J. 619, 741
(2005).

[67] E.J. Arena, D. M. Goldberg, and D.J. Bacon, Cosmic
flexion, Phys. Rev. D 105, 123521 (2022).

[68] Y. Okura, K. Umetsu, and T. Futamase, A method for
weak-lensing flexion analysis by the HOLICs moment
approach, Astrophys. J. 680, 1 (2008).

[69] Y. Okura, K. Umetsu, and T. Futamase, A new measure for
weak-lensing flexion, Astrophys. J. 660, 995 (2007).

[70] E. S. Giesel, B. Ghosh, and B. M. Schaefer, Intrinsic and
extrinsic gravitational flexions, Mon. Not. R. Astron. Soc.
510, 2773 (2022).

[71] D. Munshi, J. Smidt, A. Heavens, P. Coles, and A. Cooray,
Higher order statistics of weak lensing shear and flexion,
Mon. Not. R. Astron. Soc. 411, 2241 (2011).

[72] C.-P. Ma and E. Bertschinger, Cosmological perturbation
theory in the synchronous and conformal Newtonian
gauges, Astrophys. J. 455, 7 (1995).

[73] H. Kodama and M. Sasaki, Cosmological perturbation
theory, Prog. Theor. Phys. Suppl. 78, 1 (1984).

[74] V.E. Mukhanov, H. A. Feldman, and R. H. Brandenberger,
Theory of cosmological perturbations, Phys. Rep. 215, 203
(1992).

[75] W. Hu and M. White, CMB anisotropies: Total angular
momentum method, Phys. Rev. D 56, 596 (1997).

[76] L. Dai, M. Kamionkowski, and D. Jeong, Total angular
momentum waves for scalar, vector, and tensor fields,
Phys. Rev. D 86, 125013 (2012).

[77] W. Hu and M. J. White, CMB anisotropies: Total angular
momentum method, Phys. Rev. D 56, 596 (1997).

[78] K. Ichiki, K. Takahashi, and N. Sugiyama, Constraint on
the primordial vector mode and its magnetic field gen-
eration from seven-year Wilkinson microwave anisotropy
probe observations, Phys. Rev. D 85, 043009 (2012).

063541-31


https://arXiv.org/abs/1601.00057
https://doi.org/10.1103/PhysRevD.77.083509
https://doi.org/10.1103/PhysRevD.55.573
https://doi.org/10.1103/PhysRevD.55.573
https://arXiv.org/abs/2306.16227
https://doi.org/10.3847/2041-8213/acdd02
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1088/1674-4527/acdfa5
https://doi.org/10.1051/0004-6361/202346844
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.3847/2041-8213/acdac6
https://doi.org/10.1142/S0218271816400137
https://doi.org/10.1016/j.physletb.2018.07.065
https://doi.org/10.1016/j.physletb.2018.07.065
https://doi.org/10.1103/PhysRevD.106.063501
https://doi.org/10.1103/PhysRevD.106.063501
https://doi.org/10.1103/PhysRevD.107.023523
https://doi.org/10.1103/PhysRevD.107.023523
https://doi.org/10.1088/1475-7516/2023/11/029
https://doi.org/10.1103/PhysRevLett.131.181001
https://doi.org/10.1103/PhysRevLett.130.201002
https://doi.org/10.1103/PhysRevLett.130.201002
https://doi.org/10.1093/mnras/stad1062
https://doi.org/10.1093/mnras/stad1062
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1103/PhysRevLett.83.1506
https://doi.org/10.1103/PhysRevLett.125.221301
https://doi.org/10.1007/JHEP04(2020)189
https://doi.org/10.1007/JHEP04(2020)189
https://doi.org/10.1007/JHEP02(2023)021
https://doi.org/10.1051/0004-6361/202346017
https://doi.org/10.1103/PhysRevD.106.083501
https://doi.org/10.1103/PhysRevD.106.083501
https://doi.org/10.1103/PhysRevD.108.083533
https://doi.org/10.1103/PhysRevD.108.083533
https://doi.org/10.1088/1475-7516/2012/10/018
https://doi.org/10.1088/1475-7516/2012/10/018
https://doi.org/10.1111/j.1365-2966.2005.09624.x
https://doi.org/10.1111/j.1365-2966.2005.09624.x
https://doi.org/10.1086/426782
https://doi.org/10.1086/426782
https://doi.org/10.1103/PhysRevD.105.123521
https://doi.org/10.1086/587676
https://doi.org/10.1086/513135
https://doi.org/10.1093/mnras/stab3680
https://doi.org/10.1093/mnras/stab3680
https://doi.org/10.1111/j.1365-2966.2010.17838.x
https://doi.org/10.1086/176550
https://doi.org/10.1143/PTPS.78.1
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1016/0370-1573(92)90044-Z
https://doi.org/10.1103/PhysRevD.56.596
https://doi.org/10.1103/PhysRevD.86.125013
https://doi.org/10.1103/PhysRevD.56.596
https://doi.org/10.1103/PhysRevD.85.043009

PHILCOX, KONIG, ALEXANDER, and SPERGEL

PHYS. REV. D 109, 063541 (2024)

[79] M. Tristram, A.J. Banday, K. M. Gorski, R. Keskitalo,
C.R. Lawrence, K. J. Andersen et al., Improved limits on
the tensor-to-scalar ratio using BICEP and Planck data,
Phys. Rev. D 105, 083524 (2022).

[80] M. Hindmarsh, Small-scale microwave background fluc-
tuations from cosmic strings, Astrophys. J. 431, 534
(1994).

[81] C.J. A. P. Martins and E. P. S. Shellard, Quantitative string
evolution, Phys. Rev. D 54, 2535 (1996).

[82] K. Takahashi, A. Naruko, Y. Sendouda, D. Yamauchi, C.-
M. Yoo, and M. Sasaki, Non-Gaussianity in the cosmic
microwave background temperature fluctuations from
cosmic (super-)strings, J. Cosmol. Astropart. Phys. 10
(2009) 003.

[83] T. Hamana, M. Shirasaki, S. Miyazaki, C. Hikage, M.
Oguri, S. More et al., Cosmological constraints from
cosmic shear two-point correlation functions with HSC
survey first-year data, Publ. Astron. Soc. Jpn. 72 (2020)
16.

[84] F. Schmidt and D. Jeong, Cosmic rulers, Phys. Rev. D 86,
083527 (2012).

[85] F. Schmidt, N.E. Chisari, and C. Dvorkin, Imprint of
inflation on galaxy shape correlations, J. Cosmol. Astro-
part. Phys. 10 (2015) 032.

[86] B. Ghosh, R. Durrer, and B. M. Schifer, Intrinsic and
extrinsic correlations of galaxy shapes and sizes in weak
lensing data, Mon. Not. R. Astron. Soc. 505, 2594 (2021).

[87] K. Akitsu, T. Kurita, T. Nishimichi, M. Takada, and S.
Tanaka, Imprint of anisotropic primordial non-Gaussianity
on halo intrinsic alignments in simulations, Phys. Rev. D
103, 083508 (2021).

[88] K. Akitsu, Y. Li, and T. Okumura, Quadratic shape biases
in three-dimensional halo intrinsic alignments, J. Cosmol.
Astropart. Phys. 08 (2023) 068.

[89] K. Akitsu, Y. Li, and T. Okumura, Gravitational wave
fossils in nonlinear regime: Halo tidal bias and intrinsic
alignments from gravitational wave separate universe
simulations, Phys. Rev. D 107, 063531 (2023).

[90] N. Kaiser, G. Squires, and T. Broadhurst, A method for
weak lensing observations, Astrophys. J. 449, 460 (1995).

[91] E. M. Huff and G.J. Graves, Magnificent magnification:
Exploiting the other half of the lensing signal, Astrophys.
J. Lett. 780, L16 (2014).

[92] C. M. Hirata and U. Seljak, Reconstruction of lensing from
the cosmic microwave background polarization, Phys.
Rev. D 68, 083002 (2003).

[93] F. Schmidt, E. Rozo, S. Dodelson, L. Hui, and E. Sheldon,
Lensing bias in cosmic shear, Astrophys. J. 702, 593
(2009).

[94] D. N. Limber, The analysis of counts of the extragalactic
nebulae in terms of a fluctuating density field, Astrophys.
J. 117, 134 (1953).

[95] P. Lemos, A. Challinor, and G. Efstathiou, The effect of
Limber and flat-sky approximations on galaxy weak
lensing, J. Cosmol. Astropart. Phys. 05 (2017) 014.

[96] M. LoVerde and N. Afshordi, Extended Limber approxi-
mation, Phys. Rev. D 78, 123506 (2008).

[97] X. Fang, E. Krause, T. Eifler, and N. MacCrann, Beyond
Limber: Efficient computation of angular power spectra for
galaxy clustering and weak lensing, J. Cosmol. Astropart.
Phys. 05 (2020) 010.

[98] M. Kilbinger, C. Heymans, M. Asgari, S. Joudaki, P.
Schneider, P. Simon et al., Precision calculations of the
cosmic shear power spectrum projection, Mon. Not. R.
Astron. Soc. 472, 2126 (2017).

[99] K. W. Masui, U.-L. Pen, and N. Turok, Two- and three-
dimensional probes of parity in primordial gravity waves,
Phys. Rev. Lett. 118, 221301 (2017).

[100] R. Laureijs, J. Amiaux, S. Arduini, J.L. Augueres, J.
Brinchmann, R. Cole et al., Euclid definition study report,
arXiv:1110.3193.

[101] A. Chudaykin and M.M. Ivanov, Measuring neutrino
masses with large-scale structure: Euclid forecast with
controlled theoretical error, J. Cosmol. Astropart. Phys. 11
(2019) 034.

[102] R. E. Smith, J. A. Peacock, A. Jenkins, S.D. M. White,
C. S. Frenk, F. R. Pearce, P. A. Thomas, G. Efstathiou, and
H. M. P. Couchman, Stable clustering, the halo model and
non-linear cosmological power spectra, Mon. Not. R.
Astron. Soc. 341, 1311 (2003).

[103] M. Tegmark, A.N. Taylor, and A. F. Heavens, Karhunen-
Loeve eigenvalue problems in cosmology: How should we
tackle large data sets?, Astrophys. J. 480, 22 (1997).

[104] P. Schneider, The consequences of parity symmetry for
higher-order statistics of cosmic shear and other polar
fields, Astron. Astrophys. 408, 829 (2003).

[105] E. G.M. Ferreira, Ultra-light dark matter, Astron. As-
trophys. Rev. 29, 7 (2021).

[106] L. Hui, J.P. Ostriker, S. Tremaine, and E. Witten, Ultra-
light scalars as cosmological dark matter, Phys. Rev. D 95,
043541 (2017).

[107] W. Hu, R. Barkana, and A. Gruzinov, Cold and fuzzy dark
matter, Phys. Rev. Lett. 85, 1158 (2000).

[108] P. Mocz et al., Cosmological structure formation and
soliton phase transition in fuzzy dark matter with axion
self-interactions, Mon. Not. R. Astron. Soc. 521, 2608
(2023).

[109] T. Dome, A. Fialkov, P. Mocz, B. M. Schifer, M. Boylan-
Kolchin, and M. Vogelsberger, On the cosmic web
elongation in fuzzy dark matter cosmologies: Effects on
density profiles, shapes, and alignments of haloes, Mon.
Not. R. Astron. Soc. 519, 4183 (2022).

[110] M. A. Amin, M. Jain, R. Karur, and P. Mocz, Small-scale
structure in vector dark matter, J. Cosmol. Astropart. Phys.
08 (2022) 014.

[111] J.N. Goldberg, A.J. Macfarlane, E.T. Newman, F.
Rohrlich, and E.C.G. Sudarshan, Spin-s spherical har-
monics, J. Math. Phys. (N.Y.) 8, 2155 (1967).

[112] W. Hu, Weak lensing of the CMB: A harmonic approach,
Phys. Rev. D 62, 043007 (2000).

063541-32


https://doi.org/10.1103/PhysRevD.105.083524
https://doi.org/10.1086/174505
https://doi.org/10.1086/174505
https://doi.org/10.1103/PhysRevD.54.2535
https://doi.org/10.1088/1475-7516/2009/10/003
https://doi.org/10.1088/1475-7516/2009/10/003
https://doi.org/10.1093/pasj/psz138
https://doi.org/10.1093/pasj/psz138
https://doi.org/10.1103/PhysRevD.86.083527
https://doi.org/10.1103/PhysRevD.86.083527
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1088/1475-7516/2015/10/032
https://doi.org/10.1093/mnras/stab1435
https://doi.org/10.1103/PhysRevD.103.083508
https://doi.org/10.1103/PhysRevD.103.083508
https://doi.org/10.1088/1475-7516/2023/08/068
https://doi.org/10.1088/1475-7516/2023/08/068
https://doi.org/10.1103/PhysRevD.107.063531
https://doi.org/10.1086/176071
https://doi.org/10.1088/2041-8205/780/2/L16
https://doi.org/10.1088/2041-8205/780/2/L16
https://doi.org/10.1103/PhysRevD.68.083002
https://doi.org/10.1103/PhysRevD.68.083002
https://doi.org/10.1088/0004-637X/702/1/593
https://doi.org/10.1088/0004-637X/702/1/593
https://doi.org/10.1086/145672
https://doi.org/10.1086/145672
https://doi.org/10.1088/1475-7516/2017/05/014
https://doi.org/10.1103/PhysRevD.78.123506
https://doi.org/10.1088/1475-7516/2020/05/010
https://doi.org/10.1088/1475-7516/2020/05/010
https://doi.org/10.1093/mnras/stx2082
https://doi.org/10.1093/mnras/stx2082
https://doi.org/10.1103/PhysRevLett.118.221301
https://arXiv.org/abs/1110.3193
https://doi.org/10.1088/1475-7516/2019/11/034
https://doi.org/10.1088/1475-7516/2019/11/034
https://doi.org/10.1046/j.1365-8711.2003.06503.x
https://doi.org/10.1046/j.1365-8711.2003.06503.x
https://doi.org/10.1086/303939
https://doi.org/10.1051/0004-6361:20031035
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1007/s00159-021-00135-6
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevD.95.043541
https://doi.org/10.1103/PhysRevLett.85.1158
https://doi.org/10.1093/mnras/stad694
https://doi.org/10.1093/mnras/stad694
https://doi.org/10.1093/mnras/stac3766
https://doi.org/10.1093/mnras/stac3766
https://doi.org/10.1088/1475-7516/2022/08/014
https://doi.org/10.1088/1475-7516/2022/08/014
https://doi.org/10.1063/1.1705135
https://doi.org/10.1103/PhysRevD.62.043007

