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Long-wavelength matter inhomogeneities contain cleaner information on the nature of primordial
perturbations as well as the physics of the early Universe. The large-scale coherent overdensity and tidal
force, not directly observable for a finite-volume galaxy survey, are both related to the Hessian of large-
scale gravitational potential and therefore are of equal importance. We show that the coherent tidal force
causes a homogeneous anisotropic distortion of the observed distribution of galaxies in all three directions,
perpendicular and parallel to the line-of-sight direction. This effect mimics the redshift-space distortion
signal of galaxy peculiar velocities, as well as a distortion by the Alcock-Paczynski effect. We quantify its
impact on the redshift-space power spectrum to the leading order, and discuss its importance for ongoing

and upcoming galaxy surveys.
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I. INTRODUCTION

Observations of large-scale structure in the Universe
through a wide-area spectroscopic survey of galaxies are a
very powerful probe of fundamental physics, e.g., to test the
nature of dark energy via the baryon acoustic oscillation
(BAO) measurements of cosmological distances [1-4], to
test the gravity theory on cosmological scales [5], to weigh
the neutrino mass [6—8], to extract the physics of the early
Universe [9-11], to constrain the spatial curvature [12], and
to constrain the abundance of light relics such as axions
[13]. The current-generation galaxy surveys such as the
SDSS Baryon Oscillation Spectroscopic Survey (BOSS)
have provided stringent cosmological constraints that
are yet complementary to constraints from the cosmic
microwave background [14,15]. There are upcoming wide-
area galaxy surveys probing the three-dimensional distri-
bution of galaxies at higher redshifts: the Subaru Prime
Focus Spectrograph [16], the Dark Energy Spectrograph
Instrument [17], the ESA Euclid [18], the NASA
SPHEREX [19], and the NASA WFIRST-AFTA [20].

To attain the full potential of wide-area galaxy surveys, itis
crucial to understand the statistical properties of large-scale
structure probes. Even though the initial density field is
nearly Gaussian, the subsequent nonlinear evolution of
structure formation causes substantial non-Gaussian features
in the observed distribution of galaxies and matter [21]. Most
of the useful cosmological information lies in the weakly or
deeply nonlinear regime, where different Fourier modes are
no longer independent but tightly coupled.
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The fact that any galaxy survey has to be done within a
finite volume also causes an unavoidable uncertainty in the
actual cosmological analysis. Matter density perturbations
with very long wavelengths outside a survey volume, here-
after called supersurvey modes, should be present, but are not
directly observable. In the nonlinear regime of structure
formation, the supersurvey modes become coupled to short-
wavelength modes inside the survey volume. Consequently
cosmological probes measured from a given survey region
are modulated coherently by the supersurvey modes, and the
effects need to be taken into account in the analysis in order
not to have any bias in cosmological parameter estimation. In
addition the supersurvey modes are tricky to consider,
because their effects vanish for N-body simulations with
periodic boundary conditions that have no contribution of
modes outside the simulation box.

Various works have studied the supersurvey effects for
cosmological observables such as the weak lensing correla-
tion functions [22-37]. Most of them focused on the effects
of the large-scale coherent overdensity, denoted by &, (see
[29] for a unified formulation of the effect). The effect of &,
on subsurvey modes for a cold dark matter model with the
cosmological constant (ACDM) can be absorbed into an
apparent curvature parameter of the local volume—a sepa-
rate universe picture [32,36,38-42]. This approach allows
one to include the fully nonlinear mode-coupling of &, with
all short-wavelength modes, by performing N-body simu-
lations on a perturbed background correctly capturing the
local expansion.
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However, the effects of a long-wavelength and coherent
gravitational tidal force on short-wavelength modes have
yet to be fully studied. The coherent overdensity and the
coherent tidal force are both related to the Hessian of the
gravitational potential (or more generally the metric per-
turbations), and have comparable amplitudes in each
realization. Since the long-wavelength tidal field could
have a direct link to the physics of the early Universe (e.g.,
[11,43-45]), it would be interesting to explore the effects
from the observed galaxy distribution. Recently Ip and
Schmidt [46] developed a formulation to describe effects of
the coherent tidal force on nonlinear structure formation in
a local volume within the framework of general relativity
(see also [47-49]). In this paper we study how the super-
survey coherent tidal force causes an apparent anisotropic
clustering in the galaxy distribution. We will show that the
effects appear to look like the redshift-space distortion
(RSD) due to peculiar motions of galaxies as well as the
Alcock-Paczynski (AP) effect.

The structure of this paper is as follows. In Sec. II we
derive a formula to describe an effect of the large-scale
coherent gravitational tidal force on the redshift-space
galaxy power spectrum measured in a given realization
of a finite-volume survey, followed by its contribution to
the covariance matrix of the quadrupole power spectrum. In
Sec. III, we assess its impact on the quadrupole power
spectrum measurement for a hypothetical galaxy survey.
Section 1V is devoted to discussion. In the Appendix we
derive the response of the power spectrum to the large-scale
tide, based on the perturbation theory.

II. SUPERSURVEY TIDAL EFFECT

A. Supersurvey modes

For the purpose of the following discussion let us
consider the gravitational potential field smoothed with a
survey window function,

Py (%) EVLW / Fyoy)Wy-x). (1)

where Vi, = [ d*yW(y — x). For simplicity throughout the
paper we assume a connected survey geometry, which does
not have any hole or masked region. The survey window thus
defines the boundary of a survey region around the fiducial
point x; W(y — x) = 1 if the vector y — x is inside a survey
region, otherwise W(y — x) = 0. In this way we can consider
@y, (x) as the smoothed gravitational field as a function of the
position x. If a typical length scale of the survey window is L,
the above integration smooths out all fluctuations with scales
smaller than L around the position x. @y (x) only varies
significantly on scales comparable to or greater than L.
Now suppose that a hypothetical survey region is located
at the position x,. Then consider Taylor-expanding the
smoothed gravitational field around the position x,, as
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= q)W(XO) + vi¢W|xoxl + g”Gpma25b|x0x2

+ ZHGﬁmCZZTWij|x0xixj + O(v3q)W|x0x3)’ (2)

where the comoving displacement x' = (x —X)’,
V, =0/0x', a(t) is the scale factor of the global universe,
and &, is the smoothed overdensity in the survey window
(see below). We have used the Poisson equation, A®(x) =
47Gppma*s(x). Ty;; is the smoothed tidal field defined as
the traceless Hessian matrix of the smoothed gravitational
field

Twij =

1 1
W (CDWVU - 555A‘Dw> , (3)
and 55 is the Kronecker delta function. We introduced
the prefactor (1/47Gpya®) in the definition of 7y,;; to
make it dimensionless. By using the properties of survey
window as well as the partial integral, we can rewrite the
partial derivatives of the smoothed gravitational field, for
example, as

Viyly, = o {i/d%@(yw(y - X)}

8xi VW Xo
1 OW(y — x)
=— [ Eyd(y) ———
v | &Y W)y .
1 / OW(y — x)
=— [ &yd 1 :
- [ evewEn=EEE
1 0

= q)W,i |x0 . (4)

Xo

That is, the derivatives of the smoothed field in Eq. (2) are
equivalent to the survey window average of the derivatives
of the gravitational potential field. With this equality, we
rewrote the Laplacian of the smoothed field in the third line
on the right-hand side of Eq. (2) as

1
20yl =7 [ Eya0(y)W(ly-x)

Xo

1
b / PyarGpa®s(y)W(ly - x|)
Vw

= 47[G,bma25b|x”’ (5)

X0
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where 5,(xo) = (1/Vy) [dxW(y — x¢)3(y). All the coef-
ficients of x" on the right-hand side of Eq. (2) are evaluated
at the position x,, at a given time, &, = &,(¢) and
Twij = Twi;(1). Hereafter we will often omit the depend-
ence of X, in the supersurvey modes when considering a
fixed position of the survey region. As long as the survey
window is sufficiently large, the supersurvey modes evolve
linearly; ie., 8, & D(f) and 7y;; & @/ (pna’) « D(1),
where D(r) is the linear growth function [50].

The ensemble averages of the supersurvey modes, which
are equivalent to the average when varying the position X,
for a fixed survey window function, can be estimated based
on the linear theory for an assumed ACDM model. For

a general survey window (®y,) = (zy;;) = (&) = 0 and
their variances are expressed as
A=) =g [ PP
DTV Gy |

(G‘fijflm )2 = <TWijTWlm>

1 dq /. . 55
vy e \T T3
w
PN 5115'1 pL 1 2
X\ @ildm =" | PH (@)W ()], (6)

where §; = ¢;/q. we have used (6,0) = (27)>PE (k)85
(k + k) as well as the Poisson equation in the Fourier
space, —k2®y = (47Gp,a®)dy, and PL(k) is the linear
mass power spectrum. For a general survey window,
(8pTwij) # 0. The linear variance oy, and (zy;;Ty;,) can
be easily computed for any survey geometry, either by
evaluating Eq. (6) directly or using Gaussian realizations of
the linear density field. Note that, even for a fixed survey
volume, different components of the linear tidal variance
(Twijtwim) generally have different amplitudes for an
irregular-shaped window; for example, if a survey window
has a collapsed shape rather than an isotropic shape,
(TwijTwim) has a greater amplitude for the components
corresponding to the smaller window size (see below for
further discussion).

For an isotropic window, W(q) = W(g), the compo-
nents of the linear tidal variance are simplified as

<5bTWl] 0,
((zwn)?) = {(zwn)?) = ((zw33)?)

= % <(TWU)2>i#

4 qu pL 4
= W(q 0 (7

)=
o;

and other variances are vanishing: (zy;;7y;,) = 0. Thus
the large-scale overdensity and tidal variances have
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comparable amplitudes, 6, ~ o1,/3, because both are related
to the Hessian of the gravitational field. No correlation
between &, and 7y,;; means that the two carry independent
information of the supersurvey modes. The higher-order
derivatives than @y ;;; in Eq. (2) are more sensitive to
smaller-scale modes (larger-k modes), and are suppressed
by a factor of (x/L)", where x is the length scale of
subsurvey modes we are interested in and L is the survey
size. Hence &, and 7y,;; give leading-order contributions to
the supersurvey effects. In fact Li ef al. [32] showed that the
higher-order contributions with n > 3 seem negligible for
the matter power spectrum, using the separate universe
simulations.

B. The redshift-space power spectrum

Let us consider structure formation in a finite-volume
survey window in the Universe. To do this we employ a
“separate universe picture” [32,36,41,42]: we consider time
evolution of motions of particles comoving with this finite
volume region in a Lagrangian picture, which is separated
from the global universe. As can be found from Eq. (2), the
same coherent force arising from the large-scale gravita-
tional field, V, @y (x), acts on all particles inside the survey
region. The first term of Eq. (2), (I)W|X0, is vanishing, and is
thus irrelevant for V, @y, (x). The force from the second
term, <I>WV,-|XO, causes a parallel translation of all the
particles by the same amount, and does not cause any
additional clustering inside the survey region. The force
arising from the third and fourth terms (6, and zy;;) causes
the leading-order effect on which we focus in this paper.
If we consider particles that were initially comoving with
the global comoving coordinates at a sufficiently high
redshift (where |8y, [zy;;| < 1), their subsequent trajecto-
ries deviate from the global comoving coordinates as time
goes by, due to the large-scale gravitational force. That is,
their equation of motion in this “separate” survey region is
given as

L4 AL :
X' = =3 Gpu(l + 6)X' + 3 X' — 4nGpury; X', (8)

3
where X' is the displacement vector between the two
particles (the initially comoving particles) in the phy-
sical coordinates, and we have taken into account the
gravitational force for a background universe, including the
effect of the cosmological constant [50]. The above Eq. (8)
can be realized as a modified Friedmann-Robertson-Walker
(FRW) equation that describes an effective expansion of the
local survey region due to the presence of supersurvey
modes. The term involving &, causes a greater or smaller
gravitational force relative to the FRW background, if the
survey region is embedded into a coherent over- or
underdensity region (6, > 0 or < 0), respectively. This
effect can be absorbed by a redefinition of the background
density, pym = Pm(1 + &), as can be found from the above
equation. The effect on the growth of subsurvey modes,
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through the nonlinear mode coupling, can be described
by introducing an apparent curvature parameter of the
order of &, in the effective FRW equation of the local
universe, in the separate universe picture [32] (see also
[33,39,42]). The term involving the supersurvey tidal
tensor 7y,;; is a novel effect, and causes a homogeneous
anisotropic expansion due to its tensor nature. By “homo-
geneous” we mean here that the expansion rate between
two points inside the local volume is the same, or
homogeneous, independently of where the two points
are placed inside the volume, as long as the two points
are taken along the same direction, as in the Hubble law.
This homogeneity is guaranteed by the assumption that
here we considered only up to the second order of the
Taylor expansion of the gravitational potential, which is
the leading-order effects of the supersurvey modes as we
discussed above.

Using the Zel’dovich approximation [51] or the linear-
ized Lagrangian perturbation theory (e.g., [52]), the effect
of supersurvey modes on the local expansion can be
described by a temporal perturbation of the comoving
coordinates of the local survey region as

qwi = q; + Pwi;(1)q; )
where
5K
Pyii(1) :?1513(0 + Ty (1). (10)

Here gy, are the perturbed comoving coordinates in the
local survey region, and g; is the comoving coordinate of
the global background. In the following, quantities with or
without subscript “W” denote the quantities in the local
survey volume or the global background, respectively. For a
sufficiently high redshift, [¥y;;| < 1, gy; = g;. Hence, the
Lagrangian coordinates in the local volume can be defined
by the global comoving coordinates at sufficiently high
redshift. These effects can be also described by a modi-
fication of the scale factor of the local background. Note
that, in the separate universe picture, the physical length
scale should be kept the same in the local volume and the
global background, as discussed in Li et al. [32],

Clwl{W = ai, (11)

where Ay and A are in the comoving wavelength scales.
Hence, the effect of &, can also be realized as a modifi-
cation of the scale factor: ay (1) = a()[1 — 6,(7)/3] up to
the linear order of o, which reproduces the results around
Eq. (35) in Li et al. [32]. On the other hand, the coherent
tidal force zy,;; causes a homogeneous anisotropic expan-
sion effect on the local comoving coordinates. If we take
the axes of local comoving coordinates along the principal
axes of the coherent tidal force, which can be done without
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loss of generality, the tensor zy,;; becomes diagonal: 7y,;; =
TW,{S{;. Then the deformation of the comoving coordinates

can be realized as a homogeneous anisotropic deformation
of the scale factor along each axis up to the linear order of
Twit awi(t) = a(t)[1 — 7y;(1)], satisfying the trace condi-
tion Tr(aw;) = 3a(t) (see also [46,48,49] for similar
discussion).

As discussed in Sherwin and Zaldarriaga [27] (see also
[29,32]), the supersurvey modes affect the clustering
correlation function measured in the local survey volume.
Extending the method in Sherwin and Zaldarriaga [27] to
include the coherent tidal force, we can deduce that the
clustering correlation function of total matter, &y (r), in
the local volume is modified, up to the linear order of the
supersurvey modes, as

Sw(r) = (8(qu: )5(qw2>>r:qwl —qw»

68 . by .
= <1 —|—a§b>§<r’+?br’+rwl-jrf>

=)+ [y + 37 25 5, S50

1 J
gr r TWij'
(12)

Note that the above correlation function is from the
ensemble average of subsurvey modes on a realization
basis of the local volume that has the fixed supersurvey
modes 6, and 7y,;;. Equation (12) shows that, even if the
real-space clustering is isotropic, the correlation function
measured in the local volume generally becomes two-
dimensional due to the coherent tidal force. It causes an
apparent anisotropic clustering in the local volume, and the
amount of the anisotropic clustering depends on angles
between the directions of 7y;; and the separation vector r.

Fourier-transforming Eq. (12), we can find that
the power spectrum measured in the local volume is
modified as

Pullo =P + o573 2000 by
. OP(K)
7 9Ink’ (13)

where IAci = k;/k. Furthermore, in the Appendix, we use the
formulation in Takada and Hu [29] to derive the full
expression for the responses of the power spectrum to
the supersurvey modes in the weakly nonlinear regime. We
show that the large-scale tide also causes a change in the
amplitude of the power spectrum. Thus the full expression
is given as

— Tyijki

Pull) =P + o573 20 b

N 8 JlnP(k
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The term with prefactor 8 /7 gives the effect of the large-scale
tide on the power spectrum amplitude. For an arbitrary line-
of-sight direction that an observer takes, the anisotropic
power spectrum in the above equation appears exactly similar
to the Alcock-Paczynski distortion effect [53] (see also
[1,2,7]) as well as the RSD effect, the Kaiser effect [54].
The large-scale overdensity J, alters the power spectrum
amplitude as well as causes an isotropic dilation effect that is
given by the term involving OP(k)/Ok. Note that the terms
involving &y, reproduce the 2-halo term of Eq. (27) in Li et al.
[32] (see also [29]). On the other hand, the coherent tidal
force causes a homogeneous anisotropic dilation in all three
directions, perpendicular and parallel to the line-of-sight
direction, while the RSD effect causes a distortion of the
clustering along the line-of-sight direction. In particular, the
terms involving the power spectrum derivative, OP/0k,
cause a shift of the BAO peak location compared to what
the BAO location should be in the global background (see
also [27] for the effect of 5, on the BAO peak location). Due
to the tensor nature of zy,;;, the directional dependence of
kik/ causes a quadratic anisotropy in the power spectrum.
Thus the coherent tidal force causes a systematic error when
estimating the Hubble expansion rate and the angular
diameter distance from the anisotropic clustering via the
AP effect.

Next we consider effects of supersurvey modes on the
redshift-space power spectrum of galaxies. Galaxies are
biased tracers of the underlying matter distribution in the
large-scale structure. In this paper, we assume that the
number density fluctuation field of galaxies is locally
related to the matter density fluctuation field at the same
position via a linear bias parameter b: 5,(x) = bd,(x). A
shown in Hu and Kravtsov [22], the mean number density
of galaxies in a finite-volume survey is modulated from the
global mean by &, as

flgw = fig[1 + béy). (15)

Then the two-point correlation function of the galaxies in a
local volume is estimated relative to the local mean density,
Eow(r) = (ng(X)ng(x +1))/figy, — 1. As discussed in Li
et al. [32] (see also [55]), the real-space power spectrum of
galaxies is modified by supersurvey modes as

Py (k) = b*(1 — 2b5,) Py (k). (16)

Combining this with the supersurvey effects [Eq. (13)] and
the Kaiser RSD effect, we can find that the redshift-space
power spectrum of galaxies is given as

Pgw(k) =

[1+ p??
X [P (k) +5b{‘2‘7 2b—1w}Pg(/¢>

_.{g_m;%)}zag(k)], (17)
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where P, (k) is the real-space power spectrum in the global
background, y is the cosine angle between the line-of-sight
direction and the wave vectork, and # = (1/b)dInD/dIna.
In the above equation we simply assumed that the Kaiser
RSD effect causes an additional distortion of the galaxy
distribution, and treated the effect as a multiplicative factor to
the real-space power spectrum (see below for further dis-
cussion). Thus the redshift-space power spectrum in the
presence of the supersurvey effects have redshift-space
distortions up to u°, in the weakly nonlinear regime. In
the following we focus on the effect of zy;; on the redshift-
space spectrum, and ignore the effect of dy, (i.e., set o, = 0).

Now we consider the multipole power spectra that are
useful spectra to quantify the RSD effects. Without loss of
generality, we can assume that the z-axis direction in the
local coordinates is along the line-of-sight direction of an
observer. Taking into account the fact that the coherent tidal
force also causes an anisotropic dilation even in the xy
plane perpendicular to the line-of-sight direction, where the
redshift distortion effect is absent, we can define the
multipole power spectrum as

ey (4 [T 0L w. 09

where ¢ and p are the angle and cosine angle between
the coordinate axes and the wave vector k, i.e.,
k =k(\/1=p>cosp,\/1 —p*sing,u), and L,(u) is
the ¢th order Legendre polynomial; Ly(u) =1 and
L>(u) = (3u? — 1)/2, which are relevant for the following
calculation.

The monopole power spectrum is found to be

ng(

2 2 2 2
Pl (k) = <1+ 3ﬁ+ﬂ5>P (k) + <3+ 5ﬂ+ﬁ7>
8 dlnPy(k)
7 dlnk ]Pg(k)

<1 + 23ﬁ+ﬁ52> o(K), (19)

X (twiy + Twa + Twss) {

where we used Tr(zy,;) = 0. Thus the coherent tidal force
does not affect the monopole power spectrum because of
the trace-free nature of zy;;.

On the other hand, the supersurvey tide causes a
modulation in the quadrupole power spectrum,

2 2
Py (k) = <4ﬁ+ﬁ> Py(k) + (1 +%+3ﬂ )TW33

3 7 21 7
8 OJInPy(k)
-—— | P, (k), 20
% {7 gk |Fe(®) (20)
where we used the fact 7y 4+ Ty = —7Ty33 in deriving

the above equation. Since the quadrupole power spectrum
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amplitude depends on S, or in other words there is no
contribution from the monopole power spectrum, it is a
useful probe of the growth rate. However, the coherent tidal
force causes an extra contribution to the quadrupole power
spectrum (the second term on the rhs). As we emphasized
above, the tidal effect varies with a position of the survey
region, and in this sense ty;; is a statistical variable. Note
that even if the coherent density mode &, exists in the
survey region, it only affects the amplitude of the quadru-
pole power spectrum, and the effect is therefore perfectly
degenerate with the bias parameter.

Similarly one can compute the extra contribution to the
higher-order multipole power spectra,

245 136p>
S _
Poaw (k) =35 Pelk) + (35 BT )TW”

8 OlnP,(k
x [7_ alnglE )}Pg@’
2 dln
Pt = Lo [3- 25 )

and P3,, (k) = 0 for £ > 8. Thus the coherent tidal force
generally induces a nonvanishing Pg power spectrum,
which is absent in the Kaiser formula.

In the following, we consider P3,, (k), the leading-order
anisotropic power spectrum, to study the impact of the
coherent tidal force.

5 Pk -
W Vy klek Vi
5 d’k

(Po(k)),, =

Vw Jixiex: Vi,
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C. Supersample covariance

We have so far shown that the supersurvey tidal force
affects a measurement of the redshift-space power spec-
trum, and here estimate how the effect is important
compared to a statistical precision of the power spectrum
measurement.

Extending the formulation for the real-space power
spectrum in Scoccimarro et al. [56] (see also [24,29]),
we can write down an estimator for the quadrupole power
spectrum in a given survey region,

d’k ~

a 5 -
5 5gW(k)5gW(_

Py (ki) = K)Ly(u),  (22)

Vi kjek Vi,

where Sgw(k) is the density fluctuation field of galaxies
convolved with the survey window, the prefactor 5 is from
the definition of multipole power spectrum [Eq. (18)],
(21 + 1), the integral is over a shell in k-space of width Ak,
and volume V; = 4rzk? Ak for Ak/k; < 1. We have here
employed the continuous limit of discrete Fourier trans-
forms under the approximation that the total volume for the
Fourier transform is much greater than the survey region
(see Refs. [24,28] for a pedagogical derivation of power
spectrum estimator and the covariance based on the discrete
Fourier decomposition).

Similarly to the formulation in Schaan et al. [31], we
introduce the ensemble average of subsurvey modes for a
fixed coherent tidal force, 7y;;, denoted as (), . When we
focus on wave number modes satistying k> 1/L, the
average of the estimator (22) is computed as

< gW(k)égW(_k»rW‘CZ (/")

3

~ 2 —4@mew/é%

(W(q)P?

4rk*dk [1du
=5 [ [ Ptk £

_ [ dekdk[(A5 4 2 3 8 OlnP,(k)
—/kek; Vk[. |:(3 +_) g(k)+< +j+ > W%3{7 W}Pg(k)}

ap AR 28 3 8 OlnPy(k)
=|—+—|Py(k 14+ —+4+—= ————=| Py(k;), 23
(B patt+ (1457 + 3 o 3= e Path) 23)
|
where Pgw(k;rw) is the power spectrum obtained Py, (k —q;7y) = P§,(k;7y) over the integral range of

by setting 6, =0 in Eq. (17). Furthermore, because
the convolution changes the power spectrum only
around k <1/L due to the nature of the window
function while here we are interested in the spectra
of modes satisfying k> 1/L. That is, we have used

d*q, and assumed that the power spectrum P,(k) is not
a rapidly varying function within k-bin. Thus the
average of the estimator [Eq. (22)] for a fixed zy;;
recovers Eq. (20).
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Now we introduce the ensemble average that is the
average of the estimator with varying positions of the
survey regions, denoted as (),

2 2
(P (ki) = (?-Fg) Py(k;) + (1 +¥+2>
O0ln
X (Tw33) [: - 1811:;/5]()} kin(ki)
2
= (43—/}+#> Py(k;), (24)

where we assumed (Zy33) = 0, i.e., the average of the
coherent tidal force is vanishing in the ensemble average
sense. Thus the ensemble average of the estimator (22)
recovers the quadrupole power spectrum in the Kaiser
formula.

25 &’k

CS =K ——

17 L] VW Vk!
_ g 0. G
YVw Vi

n)

(27)*

Ale](i Vki

/ Axk*dk
[k|ek;

Vi,
44
[1 +

18 ,
21ﬂ * 7 e

where we have included the shot noise term arising

from a finite number of sampled galaxies, given by the

terms including 1/7,. The Gaussian covariance scales as

1/V . More exactly speaking, it scales as the number of

independent k-modes in the shell as

N Vk,- VW " 47Tk12AkVW

Nmode(ki) - <2ﬂ,')3 - (2”)3

(28)

The Gaussian covariance matrix is diagonal, and, in other
words, its off-diagonal components are vanishing.
On the other hand, the supersample covariance (SSC)
term is given as
cssc ( 226 3ﬂ2>2 F_w}
ij
k

|+ 222, 7
+21+7 7 Olnk

ERLID

. N\ A2
7 Olnk ]kjpg(kl)Pg(k/)Uva (29)

where ¢2,; can be calculated using Eq. (6) for a given
cosmological model and survey window, and we have
assumed (3,7y33) < 025 for a reasonable window. The
SSC covariance has off-diagonal components.

In the following we will use Egs. (27) and (29) to
compute the covariance for a measurement of the quadru-
pole power spectrum for a hypothetical galaxy survey.

- 201+ B

3
L2
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Now we consider the covariance of the quadrupole
power spectrum, defined in terms of the estimator as

A N N

(Pa(ki) Py (k;)) = (Pa (ki) (P (k).

Similarly to Takada and Hu [29], we find that the
covariance is decomposed into two contributions

c

(25)

ij

C = CC + C55€, (26)
The first term is a Gaussian term, and the second term is
the non-Gaussian error arising from the coherent tidal force
on which we focus in this paper. Here we ignored the
trispectrum contribution of subsurvey modes to the sample
variance for simplicity.

Following method in Guzik et al. [57] and Takada and
Hu [29], we can compute the Gaussian term as

20

[Pg(k) e

o e

g
1}2
fig|

III. RESULTS

L+ P [Pga«) T

340 , 415
R | P
231 +1287ﬂ4H oK)+

(27)

Throughout this paper, we employ cosmological
parameters that are consistent with the nine-year WMAP
results [58]: Qh? = 0.1165, Qyh*> = 0.02248, and
Q, = 0.7055 for the density parameters of CDM, baryon,
and the cosmological constant, A, = 2.455 x 10~ for the
amplitude of the primordial curvature perturbation,
ng = 0.967 for the tilt of primordial power spectrum,
and /& = 0.687 for the Hubble constant. In this model
og = 0.815, which is the variance of present-day, linear
matter fluctuations within a sphere of radius 8 Mpc/h.

The key quantity to characterize the effect of coherent
tidal force is the variance of linear tidal field averaged over
the survey window, o, [Eq. (6)]. The left panel of Fig. 1
shows the variance for a ACDM model, for a spherical
window as a function of survey volume Vy,. Other
covariance term scales with 1/Vy, so the curve shows
the relative contribution of the coherent tidal force to the
sample variance. Likewise the effect of supersurvey over-
density o}, [29], the supersurvey covariance has a weak
dependence on the volume. For a sufficiently large cos-
mological volume such as Vi > 1 (Gpe/h)?, o, ~1072.

As can be found from Eq. (6), the different components
of the linear variance of supersurvey tidal tensor, o;,
depends on the shape of survey window. The right panel
of Fig. 1 studies this for a cylinder window as a function
of the different shape, for a fixed survey volume of
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The rms of linear gravitational tidal field convolved with the survey window, ¢;; fora ACDM model and z = 0.5 [see Egs. (6)

and (7)]. Left panel: the rms as a function of survey volume for spherical window, Vy, = 4773 /3. In this case, the tidal tensor becomes
diagonal: 6, = 6,); = 6,2 = 06,33. Right panel: the rms for cylinder windows of fixed volume V', = zr2¢ = 1 (Gpc/h)?, as a function
of the radius of base circle, r. Here we assume that the height of cylinder is along the 3-axis (the light-of-sight) direction, and the base
circle is in the plane perpendicular to the line-of-sight direction (therefore ,1; = 0,,,). For an elongated cylinder window, i.e., a tubelike
shaped survey, o,; has a greater amplitude, while 6,33 has a greater amplitude for a pill-like shape. When r ~ 7, 6,11 = 6,33, and the

linear variance has a largest amplitude.

Vy = zr’¢ = 1 (Gpc/h)3. When r < £, a survey window
corresponds to a survey being “narrow” in area coverage on
the sky, but deep in redshift direction—a “tube-shaped”
survey. A survey with £ < r corresponds to a survey being
“wide” in area, but shallow in redshift—a “pill-shaped”
survey. The linear variance components have different
amplitudes depending on angles between the coordinate
axes and the principal axes of tidal tensor. Here we consider
the line-of-sight direction to lie along the third-axis
direction of an observer coordinate’s system and the height
direction of the cylinder window (Z direction); in this
case o,] = 0,5. The variance components o33 = 6,;
when r=0.7 Gpc/h or equivalently Z = r. For either
case of extreme “tube” or “pill” shape, one component
0,11 Of 0,33 has a greater amplitude than the other. However,
the variance amplitude gets smaller due to the cancellation
effect of the linear variances [also see [29]]. However,
the extreme cases are not desirable, because one length
scale of the volume can be in the nonlinear regime, and
the linear-order approximation of the supersurvey modes
breaks down.

Figure 2 compares the Gaussian and supersurvey covari-
ance terms in the covariance matrix of the quadrupole power
spectrum, for a spherical window of Vy, =1 (Gpc/h)?
[see Egs. (27) and (29)]. Here we assume a survey probing
the three-dimensional distribution of galaxies at z = 0.5 and
with linear bias parameter b = 2, which roughly resemble
SDSS CMASS-type galaxies [ 14]. Here we ignored the effect
of a finite number density of the galaxies. Since the Gaussian
covariance depends on the bin width of wave number,
we employ Alogk = 0.1. Note that, in order to show the
effect of the coherent tidal force on the BAO features, we
employed a much finer k-binning to plot the curve, but

used Alogk = 0.1 to compute the Gaussian term at each
k-bin. The figure shows that the supersurvey effect gives a
dominant contribution to the sample variance in the weakly
nonlinear regime, k£ > 0.7 h/Mpc.

10% ———— " ——
z2=05b=2
spherical window )
10l Viv =1 (Gpe/h)3, Alogk = 0.1
o3
=
g 10
&
(@)
~
o
< 1074
.
%
3
1072}
1073l : —
1071 10°

k [h/Mpc]

FIG. 2. Shown is how the supersurvey tidal force causes an
increase in the sample variance in a measurement of the quadrupole
power spectrum of redshift-space galaxy distribution. The curve
shows the SSC contribution to the sample variance relative to the
Gaussian variance, for a survey with volume 1 (Gpc/h)3, at
z=0.5 and galaxies with linear bias b =2 [Egs. (27) and
(29)]. Here we ignored the shot noise contribution due to a finite
number density of galaxies. Since the Gaussian term depends on the
bin width of wave number, we assumed a binning of A logk = 0.1
(10 bins in one decade of wave number). The SSC effects cause a
significant sample variance at k = 0.5 h/Mpc.
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Cumulative S/N ratio for a measurement of the quadrupole power spectrum, as a function of maximum wave number k,,,. We

here assumed Vy, = 1 (Gpc/h)?, z = 0.5, and b = 2 as in the previous figure. S/N ratio does not depend on the bin width of k. Left
panel: The results for an infinite number density of galaxies; we ignored the shot noise contribution. The upper or lower curves in the
upper plot are the results when assuming the Gaussian covariance or including the SSC contribution, respectively. The lower panel
shows the ratio. Right panel: A similar plot, but for a finite number density of galaxies: 71, = 1073 or 107* (h/Mpc)?, respectively.

As one demonstration of the impact of the coherent tidal
force on a measurement of the quadrupole power spectrum
in redshift space, we study a cumulative signal-to-noise (%)

N
ratio, defined as

S 2
(3) = % phac P, GO
Sk kikjEkmax

max

where C~! is the inverse of the covariance matrix, and the
summation runs over all wave number bins up to a given
maximum wave number k.. This quantity does not
depend on the bin width. The inverse of (S/N) gives a
statistical precision of measuring the overall amplitude of
the power spectrum, if the shape is completely known.
Figure 3 shows the results. The supersurvey tidal force
causes a degradation in the power spectrum measurement,
at kyax = afew h/Mpc, and for a galaxy survey with a high
number density such as 7i, = 1073 (h/Mpc)?, which is the
case for the WFIRST-AFTA survey [20].

IV. DISCUSSION

We have derived a formula to describe the effect of
supersurvey, coherent tidal force on the redshift-space
power spectrum measured in a finite-volume survey. The
large-scale coherent overdensity and tidal field both arise
from the Hessian of the long-wavelength gravitational
potential, and are of equal importance. Since the super-
survey modes are not direct observables, the effects on

cosmological observables need to be theoretically modeled.
The supersurvey tide causes a characteristic, anisotropic
clustering pattern in the distribution of the tracers, in all
three directions perpendicular and parallel to the line-of-
sight direction [see Eq. (17)]. This effect appears to be
exactly similar to the geometrical AP distortion as well as
the redshift-space distortion effect of peculiar velocities.
We then derived a formula to model the contribution of
the coherent tidal force to the sample variance in a
measurement of the quadrupole redshift-space power
spectrum. We showed that the supersample variance is
not negligible if including the power spectrum information
up to the weakly nonlinear regime, k = afew h/Mpc, or
for a galaxy survey with a high number density such as
iy = 1073 (h/Mpc)?. In our derivation, we have not yet
properly included the supersurvey effects on the nonlinear
Kaiser factor. This can be done by using the perturbation
theory, and will be our future work.

For a galaxy survey with a volume coverage greater
than ~(Gpc/h)? and z = 0.5 as in the SDSS survey, the
linear variance of super-survey tidal force 6, ~ 10~ for a
ACDM model. This implies that the supersurvey tide
causes about 0.1% anisotropy in the clustering distribution.
However, the expectation value of the variance is after t
he angle average, compared to the variance of coherent
density contrast: o, = \/m% =0,/3.4 [see Eq. (7)]. If
the principal axes of the supersurvey tidal tensor have
an alignment to directions parallel and/or perpendicular to
the line-of-sight direction, the tide could have a similar
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amplitude as &, in a particular realization: 7 ~ §,, corre-
sponding to ~0.3% anisotropy. Since the current state-
of-the-art SDSS BOSS survey already achieved about 1%
accuracy for the BAO distance measurements [15], the
supersurvey tide could cause a bias by an amount of the 1o
statistical error, if the SDSS survey volume is embedded
into a particular region if the aligned tide has a 3¢ value.
Hence, it would be more important to study how the
coherent tidal force could cause a bias in measurements
of the cosmological distances via the AP test as well as the
growth rate via the RSD effect. This requires us to
propagate the expected statistical accuracy of the red-
shift-space power spectrum measurement into parameter
estimation for a given survey geometry, including margin-
alization over other parameters. This will be our future
work, and will be presented elsewhere.

The redshift-space clustering of galaxies is anisotropic
by nature, and the coherent tidal force causes a similar
anisotropic clustering pattern in the observed distribution.
For the monopole power spectrum such as the weak lensing
power spectrum, the effect disappears at the first order of
Ty;; due to the traceless nature Tr(zy,;) = 0. There are
other effects of the coherent tidal force that can be observed
in principle from upcoming wide-area galaxy surveys.
First, it is shown that the coherent tidal force causes a
modification of dark matter halo formation via a coupling
of the inertia of mass distribution in a protohalo region with
the coherent tidal force, leaving a nonlocal bias effect
relative to the underlying matter distribution at the second
order: 98,/0(z%,) = b, [59,60]. The nonlocal bias can be
measured by combining measurements of the power
spectrum (two-point) and bispectrum (three-point) of
large-scale structure tracers. Another observable is the
correlation of the large-scale tidal force with shapes of
galaxies at much smaller scales, the so-called intrinsic
alignments [61,62]. The intrinsic alignments are one of the
major systematic effects for ongoing and upcoming weak
lensing surveys. Conversely, the intrinsic alighments can be
regarded as a “signal,” rather than a contaminating sys-
tematic error, and can be measured from these wide-area
galaxy surveys in order to constrain the large-scale tidal
force [63,64]. Furthermore, a better understanding of the
nonlinear mode coupling allows one to use a combination
of the observed subsurvey modes to estimate the large-scale
tidal field [65-67].

In order to realize the effect of coherent tidal force on
structure formation in the deeply nonlinear regime, such as
halo formation, we need to use N-body simulations. For
this purpose, a separate universe simulation technique
would be powerful; since the large-scale tidal force can
be absorbed into the perturbed scale factors along each
coordinate axis, ay(t) = a(t)[1 — 7y,], we can follow the
full nonlinear mode coupling of the large-scale tide with
sub-box modes by running N-body simulations in the
perturbed background. For the coherent overdensity &,

PHYSICAL REVIEW D 95, 083522 (2017)

the effect for a ACDM model can be absorbed as an
apparent curvature, even if the global background is flat.
Several works have developed the separate universe sim-
ulation technique to study the mode coupling effect of &,
with sub-box modes [32,33,42,55,68,69]. The separate
universe simulation allows for a better calibration of
various effects such as the supersample covariance and
the local halo bias, without running a large number of huge
box simulations. In a very similar way we believe that the
separate universe simulation technique can be applied to
the large-scale tidal effect. Recently Ip and Schmidt [46]
developed a unified formula to model the effect of the
coherent tidal force on the evolution of subsurvey modes
within the framework of general relativity. However, there
are in general two contributions to the large-scale tidal
field: the internal tidal force arising from the anisotropic
matter distribution within a finite-volume boundary and the
external tidal force that is not specified by the internal
boundary conditions (see also [48,49]). Nevertheless, as
long as we are interested in the effects of the linear tidal
force, it would be possible to develop a separate universe
simulation technique to include the large-scale tide in the
simulation as well as to study the effect on nonlinear
structure formation. If this is true, the separate universe
simulations would give us a better way to calibrate the
large-scale tidal effects on various cosmological observ-
ables. This is in progress and will be presented elsewhere.
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APPENDIX: TAKADA AND HU DERIVATION
OF POWER SPECTRUM RESPONSE
TO SUPERSURVEY MODES

In this appendix we derive the responses of the real-space
power spectrum to the long-wavelength tidal force, based
on the formulation in Takada and Hu [29].

Taking into account the survey window, the observed
field of the matter fluctuation field can be defined as
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S (x) = 3(x)W(x), (A1)
whose Fourier transform is a convolution
~ d3q ~ ~
ow(k) = WW(q)é(k -q). (A2)

In order to study how the large-scale tide causes an
anisotropic modulation in the measured power spectrum,
let us define an estimator of the two-dimensional power
spectrum of wave vector k as

P(k) = VIWSW@)SW(—k).

(A3)
Note that the wave vector bin k can be finite, compared to
the fundamental mode of a survey, k; = 2x/L, and in that
case the above estimator is defined from a sum of the
modes within the bin width. The power spectrum estimator
satisfies a parity invariance,

P(k) = P(—k). (A4)
The ensemble average of the estimator is found to recover
the underlying true power spectrum

Pw) =5 [ G Va@RPk-a)

3 ~
= P00y [ SIW@E = P, (45

Here we have used that P(k — q) = P(k) over the inte-
gration range of d>q which the window function supports
and also assumed that P(k) is not a rapidly varying
function within the k-bin. In the third equality on the
rhs, we have used the general identity for the window
function,

Vw :/d3xW”(x)

N / [Hl 5,3”3 W(qa)} (27)°55(qy...).  (A6)

where q; , =q; +...q, here and below. For n =2,
Vi = [IW(q)Pdq/ (2

As we have discussed, the supersurvey modes affect the
power spectrum measured in a finite-volume survey region.
Hence, when a given survey volume has supersurvey
modes of &, and 7y,;;, the effects on power spectrum
measured in the survey realization are expressed as

OP(K) . OP(K

P(k;éb’TW) = P(k) + 65b aTW;’j
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Here OP(k)/06, and OP(k)/Ozy,; are the responses of the
power spectrum to the supersurvey modes, &, and 7y,
respectively. Here we consider the power spectrum
responses at the leading order of the supersurvey modes,
or in other words we ignored the responses at the higher
orders of O(3%,73,). The ensemble average of the above
power spectrum, which is equivalent to the average of the
power spectrum estimator for different survey regions, is

oP(k)
6,

oP(k)
aTWl‘j

(P(k; 6y, 7)) = P(k) + () + {Twij)

= P(k), (A8)
where we used (d,) = (zy,;) =0. Thus the ensemble
average of the power spectrum estimator recovers the true
power spectrum in the global universe.

Now let us consider the covariance matrix of the power
spectrum estimator [Eq. (A3)],

C(k, k') = (P(k)P(K")) — P(k)P(k').  (A9)

Inserting Eq. (A7) into the above equation leads us to find
a formal expression of the supersample covariance due to
o, and Ty,

oP(k) OP(K')
a8, 95,

OP(k) OP(K')
aTWij Oyim

C55C(k,K') = o

+ (TwijTwim) (A10)

where we have assumed (8y7y;;) =0 for a reasonably
symmetric survey window.

Following the formulation in Takada and Hu [29,33], we
advocate that the squeezed trispectrum can be characterized
by the responses of the power spectrum to the supersurvey
modes as

lim(777 (k, —k + q. k. ~k —q) = 7" (k. —k. k', =K')]
q—)

e [P0 9P [0P) OP(K)
8513 Wij afwl'j 8513 Wim 61Wlm ’
(A11)

where the Fourier modes q are supersurvey modes satisfy-
ing k, k' > ¢. Using the perturbation theory [21], we can
compute the squeezed trispectrum contribution,

1 d’q -~
k) = 3 [ W@
w

x [TPT(k, -k + q.k’, -k’ — q)

— TPT(k, -k, k', —k')]. (A12)
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TPT is the tree-level trispectrum, defined as

(6(k)o(ky)d(k3)d(kys)),

= (27)36} (K1p3) T (k. ko, k3. Ky), (A13)
where
TPT(ky, ko, k3 Ky) = 4[F (K3, —k ;) Fy (K3, ko) PR (ki3)
x PY(k;)P"(ky) + 11 perm]
+ 6[F; (k. ko, k3)P-(ky)
X PY(ky)P"(ks) + 3 perm], (Al4)
with the Fourier kernels defined as
5 1/1 1 2(k; - ky)?
k,, k —+—|(k; -k —
Falky ko) =3 2<k$+k§>( 2) 3 T
(A15)

and the definition of F5 is given by Eq. (31) in Takada and
Hu [29], but the term involving F5 is not relevant for the
following calculation.

Inserting Eqgs. (A14) and (A15) into Eq. (A12) leads to

3
g Rer IR DI L
x (9, k) + P(|k —q|)F2(q. k - q)]
X [PHIOF>(a.K) + P+ g
x Fy(=q. k' +q)].

CSSC(k k/)

(A16)
To further proceed with the calculation, we need to care
about the fact that the mode coupling kernel F, has a pole.

More especially, under the fact k, K’ > ¢, we need to use an
expansion such as the following:

Pk —q|)F2(q.k — q)

(A17)

Then we can find that the supersample covariance can be
computed as

PHYSICAL REVIEW D 95, 083522 (2017)

CSSC (K, k') = o2 [4_7_181nP( )]

2173 ok
LA

+ <TleTWlm>]%t]}j]%;]%:n [3 agllﬁgc q

y [g _81;17:5(’5)} PLIOPL(K),  (A18)

where k = k /k. To arrive at this equation, we used the
following identities for the q-integration:

dq
/(271')3 |
3
/ (d 557 (@) P (0)ai0

- [ wwert|(aa-2) + ]

K

W(q)lP*(q) = o}

(A19)

o} (A20)

/(z s

d3 2 pL
—/( Sl o)

N % _ ) %0
QIq] 3 q19m 3 9

K 5K

= (TwijTwim) + ljglm o (A21)

Q) *PX(9)q:9;919m

Note that we also used the fact that terms involving the
moments with an odd power of ¢;, or equivalently an odd
power of k;, are vanishing under the parity invariance
conditions of k <> —k and k' <> —K’.

Comparing Eqgs. (A10) and (A18) leads us to find that the
power spectrum response can be given as

+k,kj wij F—mn—l)(k)}P(k). (A22)

7 Olnk
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