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Baryon Acoustic Oscillation (BAO)

The baryon-photon plasma

propagated as a sound wave
before recombination

Over-dense region of baryon

(ring shape) got frozen at
recombination

The characteristic pattern can

be seen in the late-time galaxy
distribution

(Credit: Zosia Rostomian, LBNL)



Distance measurement with BAO

The BAO pattern emerges as a peak
in the galaxy correlation function b

(n,(Xn,(X,)) = ﬁgz(l +6(1x; —%;|))

0.3

The peak location (r_s) is precisely -
determined by CMB observations

0.04

0.02

If we wrongly estimate the separation 0.00 |
distances between galaxy pairs, the YY) P E N R B
. . o0 100 150
BAO peak IS Sh'fted Comoving Separation (h~! Mpc)
(Eisenstein+ 2005)

We can measure the cosmological distance scale
by focusing the position of BAO peak (standard ruler)




Dark energy and the distance scale

(Alam+ 201 6)
1.5
Distances to galaxies depend on PLANCK+SN
. 1.0t PLAN( K+BAO
the cosmological parameters ALANCK+BAO+FS
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w < —1/3 . for accelerated expansion 18 -15 —-12 —-009 _6\6 03
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» need to measure the distance scale more precisely to

understand the property of DE



Degradation of the BAO signature

1). Peak broadening 0.004 T
. " . : — 7z=49
Peculiar velocities of galaxies smear 2 003 I — ,-3 ]
out the BAO feature A il
0.002 -
2). Redshift space distortion (RSD)~ |

The movements along the line of sight -
affect on the redshift determination o |
(observed in “redshift space”) -

N

iIncreasing the distance errors

—
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Separation

(Seo & Eisenstein 2005)

need to handle with nonlinear effects...
But this degradation is mainly caused by large-scale flow




Reconstruction of the linear density field

1). estimate the displacement from the observed density filed

Zeldovich approximation (ZA) .S k)E: E(SL(k)G(/{)(in Fourier space)
p—p - smoothing
0 = — _0.5kI32
5 G(k) = exp|—0.5k X ¢ scale

2). shift galaxy particles and uniform random particles by that

___________
- N

Galaxy: 8®)(q,t) = S™W ;';f(S(1> 2)2 Redshift-space distortion

S(l) ---------- dln D

Random: where f = —-—— : Linear growth rate

it'’s like moving “density contrasts”



Reconstructed correlation function

Restored BAO peak

25 g/ = M/RO
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(Seo+ 2010)
The BAO peak is actually recovered The peak shift is also suppressed

improving the statistical precision
by a factor of 1.5 -2

—




Problems In the standard reconstruction

1). Inconsistency between displacements

S

Standard rec.

S'%




Problems In the standard reconstruction

2). Fake density contrasts

line of sight
Before After

RandonL\\*

Reconstruction

—

s

Galaxy

these regions might create fake density contrasts



Impact of the smoothing scale

~ (1) 1k~
$" (k) = LG (k) ,.
& ]f) g (Vargas-Magafia+ 2017)
= exp|—0.5k7 2% .
0T —~ — 5 Mpc/h
smoothing scale % — 10 Mpch|
= — 15 Mpc/h
T 30r — 40 Mpc/h A
introduced with intent to avoid =
shot noise effects o Ottt TTTmmmmmmTmommeS - - -
“w =30
but impacts on the results of |
reconstruction even on large = 0 ---
scales (around the BAO peak) <
= —s0
~1%% 50 100 150
r(h™* Mpc)

actually affects the (anisotropic)
distance measurements



Ongoing galaxy survey projects

N

(DESI Collaboration, 2016)\
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Ongoing galaxy survey projects

' DESI Telescope: 4m

| Area: 14000 sqg. deg.
Redshift: 0.0 - 1.6
Target: LRG, ELG

distance scale error
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Need to solve the problems in the standard rec. and
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improve the reliability of the BAO standard ruler !
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Other methods beyond the standard

Reconstruction algorithm

Stage I: Estimate displacement

Stage II: Estimate linear density

Standard reconstruction [17]
Iterative standard rec [53]
Improved standard rec [37]
Standard rec with pixels [54, 55]
Eulerian growth-shift rec [56]
Nonlinear isobaric rec [57, 58]
New O(1) rec

New O(2) rec

Extended std rec [appdx. B]

Zeldovich xza = %WéNL

Iterative Zeldovich with fixed W
Zeldovich and iterative Newton-Raphson
Zeldovich xza = = WénL

Zeldovich xza = 15 WénL

Solve diff. eqn. with multigrid algorithm

Iteratively solve T'(k)Fz[V-x] = Wénw for x
Iteratively solve T'(k)Fz[V-x] = WénL for x
Iteratively solve T'(k)Fz[V-x] = WénwL for x

0o = ba[Xza] — 0s[Xza]

b0 = ba[xza] — 0s[xzA]

bo=0y=V-x

Move pixels instead of galaxies

30 = ONL — XzA - V& — &2
bo=0y=V-%

bo=0y=V-x

do = t1(k)dx + ta(k) [, K20y (p)dx(k — p)
5o = da[X] — 0s[X]

(Schmittfull+ 2017)



Other methods beyond the standard

Reconstruction algorithm

Stage I: Estimate displacement

Stage II: Estimate linear density

Standard recopstruction [17]

terative standard rec [53

Improved standard rec [37
pixels [54, 55]
Eulerian growth-shift rec [56]

Standard Te

Nonlinear isobaric rec [57, 58]
ew O(1) rec

New O(2) rec

Extended std rec [appdx. B]

Zeldovich xza = z_—';'WcSNL

Iterative Zeldovich with fixed W
Zeldovich and iterative Newton-Raphson
Zeldovich xza = = WénL

Zeldovich xza = 15 WénL

Solve diff. eqn. with multigrid algorithm

Iteratively solve T'(k)Fz[V-x] = WénL for x
Iteratively solve T'(k)Fz[V-x] = WénL for x
Iteratively solve T'(k)Fz[V-x] = WénwL for x

00 = da[Xza] — 0s[Xza]

b0 = ba[xza] — 0s[xzA]

bo=0y=V-%

Move pixels instead of galaxies

30 = ONL — XzA - V& — &2
bo=0y=V-%

do=0dy =V "X

80 =11 (k)gx + ta(k) fp anx(P)‘gx(k - p)

8o = da[x] — &s[x]

(Schmittfull+ 2017)

Perform the standard reconstruction many times (“lterative” method)

-—fp Not guaranteed to converge



Other methods beyond the standard

Reconstruction algorithm Stage I: Estimate displacement Stage II: Estimate linear density

Standard

econstruction [17] Zeldovich xza = %WCSNL dp = da[xza] — 0s[xzAl

terative standard rec [53 [terative Zeldovich with fixed W S0 = da[xzAa] — ds[xza]

Improved standard rec [37 Zeldovich and iterative Newton-Raphson o = 3)( =V -x

Standard Te pixels [54, 55] Zeldovich xza = %WdNL Move pixels instead of galaxies

Eulerian growth-shift rec [56] Zeldovich xza = z_—'Z;W(SNL 80 = ONL — xzA - Vo — 52
1» Solve diff. eqn. with multigrid algorithm bo=0,=V-x

~

ew O(1) rec Iteratively solve T'(k)Fz[V-x] = WénL for x do =0,y =V -x
New O(2) re Iteratively solve T'(k)Fz[V-x] = WénL for x 6o = t1(k)dy + ta(k) fp Kady (p)dy (k — p)
Extended std rec [appdx. B] Iteratively solve T'(k)Fz[V-x] = WénwL for x 6o = da[x] — ds[x]

(Schmittfull+ 2017)

Perform the standard reconstruction many times (“lterative” method)

-—fp Not guaranteed to converge

Estimate the non-linear displacement by solving
the nonlinear partial differential eq. numerically

-l |S the higher-order contribution reliable?



Iterative reconstruction method

(RH & Eisenstein, 2018; 2019)
Monaco and Efstathiou (1999)

' Continuit .dt[(SK <8)}:p(q): S A
Continuity eq. | det |5y, + 5 o(s) 11 8:(5)

lla,b
— (e, )= (8Y) = T (14 0,()) |1+ m(8{7) + pa(S) + ps(S[)]

Sres(@) = 0r.(q) — d1(q) = r.(q) + V - S{"(q)

t Displacements }

Repeat these steps until the linear density field converges

Density fields are defined on a grid cell (no need to move particles)



Iterative reconstruction method

Mona S n

Density fields are defined on a grid cell (no need to move particles)



Iterative reconstruction method

(RH & Eisenstein, 2018; 2019)
Monaco and Efstathiou (1999)

' Continuit .dt[(SK <8)}:p(q): S A
Continuity eq. | det |5y, + 5 o(s) 11 8:(5)

lla,b
— (e, )= (8Y) = T (14 0,()) |1+ m(8{7) + pa(S) + ps(S[)]

Sres(@) = 0r.(q) — d1(q) = r.(q) + V - S{"(q)

t Displacements }

Repeat these steps until the linear density field converges

Density fields are defined on a grid cell (no need to move particles)



Pertormance comparison

, N-body simulation
| Abacus (Garrison+ 2017), 20 boxes |

Box size: 1100 [Mpc/h]
;. Number of particles: 144073
\  Redshift: z=0.5

apply reconstruction methods to the
matter density field in redshift space

iterative method can reconstruct
the displacements precisely up to
smaller scale

Reconstruction of displacements
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Restoration of the 2-point correlation

|sotropic component

. 2PCF: Monopole

PR — initial matter

201 :

...... pre_rec
—-=— standard-rec
-=-=[terative-rec

r?&o(r)

both reconstruction methods restore the
2PCFs roughly in a wide range of r

r?&,(r)

Anisotropic component

2PCF: Quadrupole
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Restoration of the 2-point correlation

|sotropic component

- 2PCF: Monopole

— initial matter
pre-rec

—-— standard-rec
iterative-rec

201 :

r2&o(r)

both reconstruction methods restore the
2PCFs roughly in a wide range of r

r2&,(r)

Anisotropic component

0.0 2PCF: Quadrupole

1.5 1

5.0

—5.0+

—-7.51

-10.0
0

100 125

r [Mpc/h]

25 50 75 150 175 200

the iterative method is more consistent
with the initial matter especially in the
range of 50 <r <150 Mpc/h



r2 x mean[&y — &ini o]

Dependence on the smoothing scale

Mean difference: Monopole (w/ Byp)

apply reconstruction methods to the
galaxy mocks in redshift space

(RH & Eisenstein, in prep.)

Mean difference: Quadrupole (w/ Bp)

------ pre-rec
—-= 2 =5[Mpc/h]

--= 2=10

—— 21 =15; standard-rec
—— Iterative-rec

r2 x mean(&; — & >

180

r [Mpc/h]

the iterative method is not affected
by the smoothing scale



Dependence on the smoothing scale

0.00200

Std: Monopole

0.001751
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101

covariance matrices (diagonal part)
of the 2PCFs leads to errors of the

distance measurement

102

(RH & Eisenstein, in prep.)

Std: Quadrupole
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dependence on the smoothing scale
IS weaker in the iterative method



lmpact on the dlstance measurements

Model template (Ashley et al., 2017)

o, =(1—p)E7/2+ 1’5 /2, }

w/ nu

3 Pk, p) = Cz(ks i, s )((Piin — in)e—kzo,f + Paw)

¥ =

mo B IA »‘{
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ke 20) = s )

S(k) = e F= /2 §

'--‘
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Y. =2 =0
"=\ By = by
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Impact on the distance measurements

w/ nuisance parameters
perpendicular

line-of-sight
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best fit values don’t depend
on the smoothing scale in the

iterative method

with a smaller smoothing
scale, the error gets smaller



w/0 nuisance parameters

Impact on the distance measurements

perpendicular
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In the standard method,
nuisance parameters
compensate the difference in
the smoothing scales



Summary

BAO is a powerful tool to measure the cosmological distance scale and
understand the property of DE

- reach more than 1% accuracy distance measurements
in_ upcoming galaxy redshift surveys

developed an iterative reconstruction method to settle the problems in the
standard reconstruction and applied it to galaxy mocks

correlation function can be reconstructed more precisely
even on large scales (> 50 Mpc/h)

—

measured the distance scale using the reconstructed correlation function
I the new iterative method is not impacted by the smoothing
scale unlike the standard method

considering the effect of survey geometry or number density...






Backup slides



BAO peak degradation

Which scale is responsible (Eisenstein+ 2007)

for the differential motion ? ' A=
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LPT vs EPT (1st order)

Cross correlation with the non-linear density field

1.0 ———— — | |
| Lagrangian PT
f | Zel’dovich
0.8 /
0.6 - e
" ’ f
Q | ° |
04 " |
f . L Eulerian PT
0.2 Zeldovich ".' Linear
| linear ‘~ |
~0
‘q, |
0.0 ‘ ‘ L | ‘ ‘ M
0.02 0.05 0.10 0.20 0.50 1.00

kih/Mpel  (Tassev & Zaldarriaga, 2012)

Up to the 1st order, Lagrangian PT is better



Application to N-body simulations

N-body simulation (RH & Eisenstein, 2018; 2019)

Abacus (Garrison+ 2017), 20 boxes

Box size: 1100 [Mpc/h] == |\atter field N, ~ 4803
Number of particles: 14403 | sampling
Redshift: z=0.5 = Halo fields —> Galaxy fields
Rockstar -
N, ~ 84
Reduction of smoothing scale
Initial scale: 20 [Mpc/h] - _ P GRAND-HOD
Final scale: 5,10, 15 [Mpc/h] 190 (Yuan+ 2018)
Convergence n: the number of iteration

> Onm) — Onn-1))°

< 0.01
2
over all grid points 2.0




Galaxy as a biased tracer
(RH & Eisenstein, 2019)

Matter Galaxy

Density: 55 (S) — 53 (S)/b

Linear growth rate: f — ﬂ — f/b
Kaiser relation: ~ where [ T.]fz/k B=1/b
09(k) = (1 + Bp?)d?(k) 6% = bo: Linear galaxy bias
galaxy matter
Bias: b = ri,gal(kcr)/ri,ma‘c(kcr)
_ <551*n1>

where 7;(k) ker = 0.1 |h/Mpc]

(|01 [2)



