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Disclaimer

® My main focus has been on large scales (BAO, RSD, PNG, neutrino
masses, etc.) through galaxy clustering and weak gravitational

lensing

® [ participated in some collaborative studies with many of the
participants of this WS to work on the IA signal, and I would like
them to present those results

® What [ am presenting from now on are very preliminary results,
, but would be
closely related (I believe)



Dark Emulator now publlc

DQ Project What's new? Overy

2021 3/19 public release
Project webpage:

https://darkquestcosmology.github.io/

Maintained under github
Documentation: readthedocs
Application to observation

SDSS DR12 Full shape RSD analysis
Kobayashi, TN, Takada, Miyatake (arXiv:2110.06969)

HSCxSDSS lensing + clustering (2x2 pt) analysis
Miyatake, Sugiyama, Takada, TN+ (arXiv:2111.02419)

pip install dark_emulator

conda install -c nishimichi dark _emulator

Dark Quest PrOJect Webpage

and a handy emuiator to explore cosmological parametar space

cosmofogical N-bod)y s

Instal with 8 | downizads JBSREREN | cense T Licsrse : upde

S hew?

publicly available!

What'

Dark Emufator is now

(March 18, 2027)
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Downloads [aais

>4k downloads in ~8 months!

pypi package '1.0.23

Many papers on IA from our database
(Teppel, Toshiki, ...)


https://darkquestcosmology.github.io/

Setup

® Consider a cosmological model where there exists

a special direction due to some early universe preferred direction
physics AN
® ex. vector inflation p

® Assume that IS Isotropic

® Only are anisotropic

® c.f, anisotropic separate Universe sims.
® Masaki, TN, Takada arXiv:2003.10052, 2007.08727
® See also Stucker+ 2003.06427 & Akitsu+ 2011.06584



The g- stuff

® Assume adiabatic Gaussian initial condition preferred direction
® Quadrupolar anisotropy in terms of the A
power spectrum ]2 p
Pr(k) = Pr(k)[1 + gLi=2(p)] 0

® Strength of anisotropy can depend on the

1L = cos 6

scale (phenomenological parameterization)

E\?  Amplitude: g-
9 =9(k) = g (-) or ’
Tilt: g (also denoted as n)




g- from CMB

® Planck 2015 results. XX. Constraints on inflation

Table 17. Minimum-)(2 g, values for quadrupolar modulation, determined from the Commander, NILC, SEVEM, and SMICA
foreground-cleaned maps. Also given are p-values, defined as the fraction of simulations with larger |g.| than the data. These results
demonstrate that the data are consistent with cosmic variance in statistically i1sotropic skies.

Commander NILC SEVEM SMICA

2. p-value [%] 2. p-value [%] 2. p-value [%] 2. p-value [%]

-7.39 x 107 79.2 ~7.66 x 107> 79.8 -743%x 10  80.6 ~7.52%x 107> 80.2

5.99 x 1073 97.3 6.65 x 1072 05.8 6.27 x 107> 97.2 6.22 x 1072 96.9
—2.79 x 1072 12.5 —2.38 x 1072 26.9 -2.56 x 1072 20.7 -2.56 x 1072 20.0
—2.15x 1072 8.2 —1.79 x 1072 23.77 -1.93x 107 17.8 -1.93 x 1072 16.7
—1.28 x 1072 9.7 -1.07 x 1072 23.7 —1.13x 1072 20.4 ~1.15%x 1072 18.1

% kx = 0.05 Mpcl 6



g- from Large Scale Structure?

® # of accessible Fourier modes
® 2D temperature vs 3D density

® Complementarity in terms of scales

k« = 0. 05 I\/Ipq |
I%g)troplc) scalar \ <3
pOWGI’ SpeCtrum © www.deus-consortium.org




Redshift space distortion

® (Unfortunately) LSS suffers from another

source of anisotropy

® which is quadrupolar at the leading order

® Alcock-Paczynski distortion can also enter
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Redshift space distortion

® Since the line of sight direction is not

the same over the sky, we can make
distinction
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® If your survey is narrow and you are

unlucky, you cannot

® Mathematical formulation is available in

the literature for multiple directions

® BipoSH expansion Varshalovich+'88

Hajian+ 03, 04, 06 © www.deus-consortium.org

® TripoSH expansion Chiraishis 17




Recent example

® Analysis using SDSS BOSS DR12
® Sugiyama, Shiraishi, Okumura ‘18

N Pu(k) Lo(k-n) RSP

L—even  SAsIgnal - E
1+ > Y gm f(k) You(k) i
>2 x _ > D P (k) S (k,7),

L>1,M ¢¢

Statistical anisotropy !!

— no signal { ¢ M=0(real) . 47

mock X (204 1) (Hglé/)Q Py (k),
+ cr G ]

7T

g2M = E e YQM( )

0.02 004 006 008 010 012 0.14 N A
k [hMpc' Marginalize over P to get g-




Recent example

® Analysis using SDSS BOSS DR12
® Sugilyama, Shiraishi, Okumura ‘18

Z Py(k) Lo(k - 1)

—0.09 < g, < 0.08 S S PEM (k) SEM (k).

for g=0 Statistical anisotropy !!

Power spectrum

Spectral index CMASS NGC CMASS SGC LOWZ NGC LOWZ SGC All

—0.05 < g« < 0.05 —052<gs <014 —0.08< g« <0.08 —0.13<g«<0.16 —0.040 < g« < 0.044
—0.13< g, <011 —-014<g, <021 —015<g,<0.14 —021<g,<025 —0.084< g, < 0.096
—0.09 < g« < 0.05 —0.66< g« <0.10 —0.07< g« <0.07 —0.11< g« <0.12 —0.068 < g« < 0.047




What is still missing?
® Analysis limited on scales larger than k=0.1h/Mpc (applicable

range of linear-theory template)

® In standard (isotropic) setting, no matter how strong nonlinearity
grows, statistical anisotropy cannot be generated except one with

the LoS as the special direction

® SA at any scale I1s a smoking gun (even w/o a theoretical template)!

® How does primordial SA evolve In nonlinear regime?

® Eventually go away? (e.qg., relaxation inside halos)

12



PO(k) = AQ(0)[1 + 2Py (11) + 20 Pali)]

O N Iy one p revi OUS St U dy AP (k) = Apy(k) + Bog(k) + 2By (k),

g2 (k) = g.ci(k) + g2c,(k),

g2 (k) = g2c;(k),

® Follow the evolution of the quadrupolar SA

using 1-loop PT for g initially constant in k
® Slight suppression on weakly nonlinear

regime (~7% at z=0)

® Turn to amplification at larger k?

® Breakdown of PT?

® Mixing of different multipoles?

® Order g+2 effect

Ando & Kamionkowski (2009) PRL 100, 071301



Simulations

Coming box size of realizations

® # of particles 10243 1024 Mpc/h
512 Mpc/h

1024 Mpc/h

g=0.1,g=0 1024 Mpc/h
g-=0.1,g=0HR 512 Mpc/h

® Glass preinitial (vs Grid) g = 0.1, q = O Grid IC 1024 Mpc/h

® Fvolution g=02,9g=0 1024 Mpc/h

g=04,q=0 1024 Mpc/h
® TreePM code based on FDPS 1024 Mpc/h

(TN, Tanaka, Yoshikawa in prep) 1024 Mpc/h

1N

® Tnitial condition

® 2nd order Lagrangian PT

> b b= B p = B

1024 Mpc/h

14



G I"i d S PT Taruya, TN & Jeong (2018) PRD 98, 103532

® Numerical random realizations to systematically

evaluate higher order terms

® Can make an apple-to-apple comparison with

simulations (with the identical sample variance)

® Use as its for anisotropic linear fields

150

100

® A cutoff scale around the grid spacing scale (a

S0

b|t |arger Scale fOr dea||aS|ng) > 0.200 250 300 350 0200 250 300 350 2‘00 250 300 .?sn .
® 1024 Mpc/h, 12003 grid points
¢ At 2_|00p (1X5 Order) ! the 2/(n+1) rU|e g|VeS 200 250 300 350 026(‘)”256“300”356”5 "zéoo 250 300 3:

x [h~'Mpc]

® Resolution equivalent to 4003 grid points (~2.5Mpc/h)



High z evolution (Grid vs Glass IC)

0.110
vs. Grid IC runs (lines)
0.105

0.100
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Resolution study

0.14
0.12 vs. High-Res runs (lines)
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Results (quadrupole signal)
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Results (quadrupole signal)




Results (quadrupole signal)




Results

g« =0.005,g= -2

10~
k[AMpc~1]







Results

g * =0.0l, q=1

10~
k[AMpc~1]




Leakage to other multipoles
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Leakage to other multipoles
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Comparison with GridSPT

® ~7% dip predicted by 1-loop PT
Is consistent with simulations

® A slightly better agreement at 2

loop

® Nonperturbative soon kicks In
to suppress the quadrupoles
signal

26




Comparison with GridSPT

vs. Linear Théofy on grids'(line's) |

g+ =0.005, g= —2

Vs, 1-L'00|b P'T'o'n'grlids (Iinés)

vs. Linear Théofy on grids'(line's) |

',\

g x =0.05,q= -1

Vs, 1-L'oob P'T'o'n'g'rlids (Iinés)
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Information gain?

Cov(ki, ko) = ([P(k1) — P(k1)][P(ks) — P(k2)]) ® 100 realizations of

Monopole Quadrupole Isotropic simulations

® monopole power at
different k no longer
Independent on nonlinear

regime

® \Weaker oft-diagonal

10~ 10
ki[hMpc™*] ki[hMpc™*]

________—————m : :
~1.00 —0.75 —0.50 —0.25 0.00 025 050 0.75 1.00jdCCIaNeEIlaNaili(ealelYAelel[sle

Cov (K1, ko) beyond k~0.1h/Mpc
Var(kl)Var(kg) 238

covariance for quadrupole

T(kl, kQ) —




Z Pg(kl;g)Covi_Sg(kb ko) P (k2; g)

kl 7k2 <kmax

® For models with large g, potential factor

>10 gain




Conclusion and outlook

® Follow the evolution of the quadrupoles SA signal using N-body

simulations

® Check with GridSPT (1 and 2 loop)

® Good agreement on weakly nonlinear regime

® On strongly nonlinear regime, there i1s a competition between mode

transfer from large scale and isotropization

® Off-diagonal covariance of quadrupole is smaller than monopole

® Potential gain from nonlinear scales
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