Title: The Beauty and Basics of BAO
Date: Jul 31, 2009 11:00 AM
URL.: http://pirsa.org/09070039

Abstract: The Baryon Acoustic Oscillations (BAO) are the latest weapon in the quest for precision cosmology and dark energy. Many presentations
on BAO are complicated and unclear and | will therefore present BAO with particular emphasis on trying to give the simplest theoretical
description, both at the linear and nonlinear level, and will describe some of the observational challenges to measuring BAO.
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Overview

e Statistical Standard Rulers

* Origins, uses & measurements of BAO

» Targets for BAO surveys

* Complications

— Nonlinearities

— Photometric vs spectroscopic surveys
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The Beauty of Standard Volumes
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BAO and AP

» If we only know the volume 1s spherical, then we
constrain the product H(z) d ,(z) (the Alcock-
Paczynski (AP) test)
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BAO and AP

» If we only know the volume 1s spherical, then we
constrain the product H(z) d ,(z) (the Alcock-
Paczynski (AP) test)

* [If we also know the absolute sizes in both radial
and tangential directions (like with BAO), we
constrain both d,(z) and H(z) separately.
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BAO and AP

* If we only know the volume 1s spherical, then we
constrain the product H(z) d ,(z) (the Alcock-
Paczynski (AP) test)

» [f we also know the absolute sizes in both radial
and tangential directions (like with BAO), we
constrain both d,(z) and H(z) separately.

 BAO thus provide an absolute AP test.
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Testing the Copernican Principle

* Test 1sotropy ot gravitational collapse via

comparison of BAO with other probes (e.g. SNla)
 Compare curvature at different redshifts using

[H(z)D'(2)]” -1

]
[HoD(z)|?

0 =
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Testing the Copernican Principle

* Test 1sotropy ot gravitational collapse via

comparison of BAO with other probes (e.g. SNla)
 Compare curvature at different redshifts using

[H(2)D'(2)]” — 1
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What are BAO and why do we
think they are standard rulers?
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Light travels faster than sound.
This 1s why some people appear
bright until you hear them speak.
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Real Space Transfer Function
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Real Space Transfer Function
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It 1s the same standard ruler
that suggests the cosmos 1s flat
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Where are the oscillations in BAQO?
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Where are the oscillations in BAQO?
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BAP Detection Is Hard!
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?
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* n~10* A’ Mpc

» Volume = 20 Mpc x 100> Mpc’ x 5 ~ 10° h™° Mpc>
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?
* n~10*Ah° Mpc
e Volume = 20 Mpc x 100> Mpc’ x 5 ~ 10° h™° Mpc>
- 100 LRGs from purely uniform distribution
 BAP in &(r) gives ~1% excess probability

Bruce Bassett (SAAO/UCT) BAO



Where are the oscillations in BAQO?
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BAP Detection Is Hard!
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?
* n~10" A Mpc>

Bruce Bassett (SAAO/UCT) BAO




Power Spectrum Errors
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Power Spectrum Errors
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m = number of Fourier modes measured in the survey
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BAP Detection Is Hard!

Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?

n~10"*h° Mpc™

Volume = 20 Mpc x 100> Mpc’ x 5 ~ 10° h™3 Mpc?
= 100 LRGs from purely uniform distribution

BAP in &(r) gives ~1% excess probability

So gives a single extra LRG on average.

Need lots of volume and large numbers of

galaxies...so we can see the extra galaxy on
average!

Bruce Bassett (SAAO/UCT) BAO




5 LB i T '|_ & Li L 'I' T 1§ T
0.04 = . — —
,
I..
! 0.03
-i -
L : | -
1 0.02 -
_‘ o -
i .
F N 0.01 NEE.
- i L]
ql \ - :
\ B
= & 'F =
5 L i —|_]""[ i | i i
r 50 100 50
-
0.04 z
0.02 |- s

[

0.00 } — tL-—&.._lll.l—u

+

4

'} I‘j.] I i i |. i i ! I i A
20 100 150

Comoving Separalion (h-' Mpec

5(r)

Bruce Bassett (SAAOQ/UCT)

Mpe)]

gpectrum k) L(h

Howes

BAO




BAP Detection Is Hard!

Bruce Bassett (SAAO/UCT) BAO




BAP Detection Is Hard!
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expect in a BAP shell around 1t?
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?

« n~10*A° Mpc

* Volume =20 Mpc x 100> Mpc® x 5 ~ 10° h3 Mpc®
- 100 LRGs from purely uniform distribution

« BAP in &(r) gives ~1% excess probability

* So gives a single extra LRG on average.

* Need lots of volume and large numbers of

galaxies...so we can see the extra galaxy on
average!
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BAP Detection Is Hard!

Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?

n~10% A’ ;\Jp(,‘_}'

Volume = 20 Mpc x 100> Mpc’ x 5 ~ 10° b3 Mpc®
- 100 LRGs from purely uniform distribution

BAP 1n &(r) gives ~1% excess probability

So gives a single extra LRG on average.

Need lots of volume and large numbers of

galaxies...so we can see the extra galaxy on
average!
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expect in a BAP shell around 1t?
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?
* n~10*Ah° Mpc
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BAP Detection Is Hard!

* Consider a typical LRG. How many LRGs do we
expect in a BAP shell around 1t?

* n~10*Ah° Mpc

* Volume =20 Mpc x 100> Mpc? x 5 ~ 10° h? Mpc®
- 100 LRGs from purely uniform distribution

 BAP in &(r) gives ~1% excess probability

* So gives a single extra LRG on average.
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Power Spectrum Errors
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m = number of Fourier modes measured in the survey
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Power Spectrum Errors
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Cosmic Vartance Shot Noise

m = number of Fourier modes measured in the survey
n = mean galaxy number density in the survey
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Cosmic Variance
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Cosmic Variance

i Hw m,_h. r}.ﬁt .__r_:..qr_,. iy b _...a:.._,ﬂ_.g mﬁ&ﬂ.ﬁ#i_
1...... o ﬂ.., v v .Jc:__._m {1 ..k._#w;,._» w:i ,
#uus ._nm; Ay -Frvﬁ_s ,_n_._kmwr __.M.q...ﬁ +.W.w..r.r .%Fw.ﬂ.%ﬂ?ﬂ.-_.
redig ﬂi ,._J-H_. iuuvsr....._ H +.—_.? ...r-ﬁ rﬂ“—mw“.
-....__ ._ #rim* f% .-wﬁl._rﬂ Lm- t-.. a }..1____..« .rtnvﬁ.h.?. W2t
: .-“._._.__ v Arw.qé-.n J.*h._ __..ei___.. _...,a_.___ﬂ;d et %..:_
s, am_ﬁ-._.aﬁ.vrq ,..,.u“ t ke algr.d.__ | u#....u..x i !.nn..ﬂ,:.___.._.

vm..ﬁ: W e
Lt e | 13@4 ;Wmﬁ?ﬁiﬂ;ﬁa

EL_#.E AR FApdins
el e o napmaho udmpes |
:ﬁ%n&f .gw_;.: IR C._.ﬁ._em RN J
Ay Ay R R

L

3 lﬂu_h. ._.",.,.__._*_ﬁw.m.m.- s __&m.ﬂ_‘ma%,ﬂ.ﬂ 2
?. .E.rmﬁn. M TRy SR
o S AR - 2 i
EL__E:? o L...;.._.%,_;.t M A __“_x_ n..ﬂ.
.:m :..a..., B _.__9.:._;5%1%} .wf.\ N VR nm
_rum A7 m._: S m&}.ﬂ?____fi. LR AR & g e

£}

=2

K points

SU

d

25 x Volume

BAQO

(SAAO/UCT)

1
4
m
u
e
=
m




Cosmic Variance

| x Volume Fixed 50k points

Bruce Bassett (SAAOQ/UCT) BAO




Cosmic Variance

i, 1# m,w m..ﬂt.,.ﬁ .___1...?,..... .__,. ,...a:..h.,ﬁ_.g m__..._aﬁrﬁ.i.

fetss ..iﬂ.., i,w ﬁ_ﬁ?_..m s e .,,._ﬁ.mm:._.,_ -
48 i, %_:, gy ﬁﬁi s

i g -_,.H, P el LR I L
....__ C...#._ ﬁri *. % hﬁﬁ .ﬂ.w.wm\wv- 4 }..#___.u. .r.{.vﬁ.h.?.

gt ot Ao {*ﬁa.ﬁ Qe SN B
:__?xai_p .,u_ #-_r; u.m__a%w.ﬂ__ 3#..? ; sﬂm.af.

il L _-

T N Dl n«-&m.i%

2
'

Fixed

; .,.. ..r._n.h. .,.. AR SRR
.ﬂi@w R EABLRY Eiasi oy 4
B R .ghw 'ty ,:,__..ﬂ C!ﬂ..ft " ; c.r_.
Ay R AR
e g A 0 _ﬁ_mﬁnﬂ !
na._.rﬁ.rmﬁasﬁéf PRI R iﬁ,,‘
ety .:, ﬁﬂ%?m - e
EL& g, h.ﬁ#r? AN ._.4_ TAL .“1 ._=.=...
.m_ i r el 1_._.__9._... .:ﬂ%wq.ﬁm}.wn.{ Rl f_._nan_._ hi
_rqm AR m._: S o m&n...__mnur_._f _.1_1.? PAF _,.M. it4¢ o

25 x Volume

-5

Ok points

BAO

(SAAO/UCT)

=
£l
4
m
u
"
2
m




Cosmic Variance

| x Volume Fixed 50k points

Bruce Bassett (SAAO/UCT) BAO




Cosmic Variance

i 1.# m,_.m ...iﬁ ...,_L_:..wf i ._.r Y, _:? v .h__u,,.,.,ﬂ.*n_.i..

__3, RGN g il b .,;..ﬁmi.__
i .5_ s iuﬂ., e oy N
ﬂ, o e i S NN

A r._.m* ..prx 3_._...% Ll z £ ...4:. fﬁhmr
_.Rn& i _:_m R .,-p.‘_é..__ J%rs_.# 4 ,...__1. PR 2816
_._”".:“11.__#“. a3 fn: SR :._...#J.vx | :ﬂ_.ﬂ.ﬂf_..
a4yt Al m;_r., i __:__,n_:%;. 2
&v};e SR V)

ﬁ.p%fﬁ _.__A&w Y wr m._.,,E.__?_
- —:‘yf;...___‘u._ y

Eﬂa SR S v el
..w.%ﬁ...w& Gt e gl
Jq_ﬁ_wtﬁﬁﬁgw:m.: ._.1_,.“\;__ C!ﬂ__ﬂm.t i ._._ c..:_.
e A Sy oy Ay
Y g e oo _&H_m,h,aau !
| fass .ﬁrmﬁm. E PR P
o b S, Wit - _&_,w
ELE;_ i .ﬂ.f.i}_;q ol lIF A .,.1 AW
.cm :......, 5 &Qﬂ.iﬁ&m} J?{ sl e -;n_
_Fm I _.f. o mﬁ%a.?___fi{? A d__.ﬁ._,_._,.,s:.

-._..

=2

Ok points

—

1xed

25 x Volume

BAO

(SAAO/UCT)

¥
H_
=
@
W
U
C
(s 4




~

s Ad LI Ll TU.E FRCERT
' a el wio omoL o oM AR ...-_._..1..5. L
e LT ._._.__ AR

Wag Se W=
4 .._....r.. __.. __n.___...-_. - ....__.1_.!_
o Ry o s
‘_ lall= "o « sl
"y rhv._._ ¥ oan,
] .:.r.__..._...._ln._.%.. .,.:_._.._._.
w ....__rcl
L " T
WA v el e Rk,

T

s

R L i

Tpeafs S

Lbae oo miperitasmyd p=i

Ok points

-~

LU T R

s Lok 24

&t

d

alyman 'y g

1XE

BAO

....v!.....r....l..\-._...._
e e A
o SRR BT LY BT
LA EE A Al il sh gy B @ BT Wa s B b
Y iy ._..._._.....1... WP ] ey T WA AL
T .i..._.._,-_. .n_...___ L T T T LT ]
_ﬂ‘._ e il L T E- T L S £ & oagada
b L.r._.:..... Mk R TR T T e TP R e
e phibyat dats @

iy o

i P g, Bk ok e il g R l_
r.\ i _....._._r.?_.-.a_a... P o e g N el T | "

-10
X Volume

...lﬁnl...-.f.n.....r-...a P R 1...1:... ST R LI i & bl

LR LR T I i r ds gy BL Rmgem gl g v & B

LT T A T R R 1T
i .._.1.___....... R | T R T 1L T

Cosmic Variance

B e il I
T T P ks

TVR B il U e
SRt L - :
._..L..__ Li i 1 L H---_ —=
g o y

L

(5SAAOD

SEM

uce Bas

m




Cosmic Variance

2200 x Volume Fixed S0k points

Bruce Bassett (SAAOQ/UCT) BAO




Cosmic Variance

2200 x Volume Fixed S0k points

Bruce Bassett (SAAO/UCT) BAO




Optimal Survey Design

What 1s the optimal
sampling of a page of text?
Depends what information
you want.

E.g. what language 1t 1s
written 1in...

P

Trade-off between the
IWO...

nP ~ 1-5 1s optimal
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Optimal Survey Design

* What 1s the optimal

sampling of a page of text?

* Depends what informat

you want.

 E.g. what language it 18

e

written 1n...

iOﬂ

» E.g. what page layout 1s

being used...
 Trade-off between the
(WO...

* nP ~ 1-5 1s optimal

Bruce Bassett (SAAOQ/UCT)

BAO



Optimal Survey Design

r of point
* What 1s the optimal £ _
sampling of a page of text? I oI targe

* Depends what information , leading t
you want.

 E.g. what language it 18
written 1n...

» E.g. what page layout 1s
being used...

» Trade-ofif between the
(WO...

* nP ~ 1-5 1s optimal

Bruce Bassett (SAAOQ/UCT) BAO



Optimal Survey Design

r oI point
* What 1s the optimal

sampling of a page of text?
* Depends what information , leading t
you want.

r of targe

« E.o. what language it 1S

written 1n. ..

» E.g. what page layout 1s

being used...
e Trade-off between the
IWO...

* nP ~ 1-5 1s optimal
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BAO Targets

What targets should one use for measuring the

BAO? Options are:

 Luminous Red Galaxies (LRGs)

» Star-forming galaxies (blue)

* Neutral Hydrogen (HI)

» Lyman alpha forest

Bruce Bassett (SAAO/UCT)

BAO



________________________

. Used by SDSS, BOSS and LAMOST
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Blue, star-forming galaxies
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Blue, star-forming galaxies

300 | o] "~ HR [omI]

4000 4500 5000
Wavelength (Angstrom)

 Used by WiggleZ, preterred for 8m class
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Blue, star-forming galaxies
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Neutral Hydrogen (HI) and
Lyman Alpha Forest




Neutral Hydrogen (HI) and
Lyman Alpha Forest

* Neutral hydrogen emits at 21cm (1.6 GHz)
through the spin-flip transition. Potentially works
for z up to ~100.
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Neutral Hydrogen (HI) and
Lyman Alpha Forest

* Neutral hydrogen emits at 21cm (1.6 GHz)

through the spin-flip transition. Potentially works
for z up to ~100.

* Neutral hydrogen absorbs at the Lyman Alpha
frequency (~126nm). Works in the optical for 2 <
z<6.
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Neutral Hydrogen (HI) and
Lyman Alpha Forest

* Neutral hydrogen emits at 21cm (1.6 GHz)
through the spin-flip transition. Potentially works
for z up to ~100.

* Neutral hydrogen absorbs at the Lyman Alpha
frequency (~126nm). Works 1n the optical for 2 <
z<6.

* Both of these can be used to map neutral hydrogen
when the nonlinear scale was very small.

Bruce Bassett (SAAO/UCT) BAO
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Current Data

» Justthe BAO

wiggles
* Produced for SDSS
+ 2df galaxies
combined
Percival et. al. ‘07
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BAO

have provided the first ever
cosmic distance measure based
on /inear physics
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BAO

have provided the first ever
cosmic distance measure based
on /inear physics
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Complications

A man falls from a window and on the way down
someone asks... how’s it going”?

The man rephes: “So far so good!”

Bruce Bassett (SAAO/UCT) BAO




Complications

A man falls from a window and on the way down
someone asks... how’s it going”?

The man rephes: “So far so good!”

Cosmological Methods are similar — they have a
free-fall zone and a hard, systematic “tloor” where thing:

oet touch
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BAO and Nonlinearity

0.0016

0.0014

0.0008

0.0008

Bruce Bassett (SAAQ/UCT

—_

TT[!IITTT[T["1TJ__1'TTTITTTIITTTT
| ——

r [Mpe/h]

120

(__‘f occe €l LH{


















01 0IZ 014 016 0I8 02
r k

&) <——= P(K)

Bruce Bassett (SAAO/UCT) BAO




Bruce Bassett (SAAO/UCT) BAO




als &l

4

BAO

o/
-
-
-
b,
v
o
fl
Cd
@m
u
2
m




Bruce Bassett

&)

1.5

(SAAO/UCT)

i f
-
*

d
1

1|

e

-




Calibrating Nonlinearity

* Although it 1s (weakly) nonlinear, gravity is still
quite clean (compare turbulent MHD 1n strong
gravitational field)

* Good reasons to believe the nonlinear effects can
be calibrated at the 1% level for BAO/BAP

» Still needs more theoretical and numerical study

* Only true 1f background 1s FLRW ... what do we
do in LTB?

Bruce Bassett (SAAOQ/UCT) BAO



Photometric BAO Surveys

[t 1s tempting to want to just do an
imaging survey instead of taking
spectra

Photometric BAO surveys primarily
sacrifice H¢z) information and need
much larger volume to compete.

Bruce Bassett (SAAO/UCT) BAO
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1 function isoFol movie

2 movie aof iso ::_' S fore — efther gl ife ar iSrSHrtoes
3 BE 1 Jume 02

4

i

a

¥ ¥ pmew DETF FoB date

=

F— == Tomaal;

e
]
I

B=lingpace(0.1,53,30)1; de=lingpace(0.1,5,30); Glingpace(0.1,5,30)

.
i
I

[* ¥ 2] = meshgrid(H,da,G):
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¥min =
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a
mmay = 5
vmin = 0O
ymayx = 5;
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b=

(]
= oM
e |

Zmin =

[
o
I

Zmax =

e
]
I

minvy = min(min{mini{v))]}:

[Re]
=
|

mEXY = max (e (max (v )

popa
B
|

Tigure(l)
whitebg(' whitcs') * oo laur

ra o ra
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=
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[oe]
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STep = [(mExXv-minv) ./ /n:

[en]
=]
|

thregsh = minv:3step:maxv;

[ee]
i

e S e

WP
O o
|

glice flag = 1; © 1 if giice gnimation, O if union

oLy
B
[

nglice = 50;

[¥5)
[N}

o
a
i
i
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function isoFolM movie

o m =] @ W o M
I

i
(|
[ 5]

[ v 2] = meshgrid(H,da,

Pt
(U ¥
I

min =

s
S
|

a
max = 5
vmin = 0O
ymax = 5
a

b=

(A e e
=~ ool
L |

min =

=
]
I

max =
19— minv = min(min{min{v))]}:
20 — maxvy = max (max (max(v))):

B — Tigure(l]

EX — whitebg(' whic=') =g lour

2a EELhASEEEsELbsERLsLEEE L
BE=—= B =T
Efw — STeEp = [(maxv-minv) ./ /n:

BE— cthregsh = minv:3tep:maxv;

23 ettt Tt et e -
IEE — glice flag = 1; ok

= — nslice = 50;

<

B =1 DOETF FoH dac=
- - - - R A

B=lingpace (0.1,5,30)1; da=lingpace(0.1,5,.30); Glingpace(0.1,5,30}
4]

*<] MATLAB Editor x|

File: OY._texFisher TackiePapersiizoFobd moviem = not found inthe corrent drectory
or arvthe MATLAB path.

To run this file, select one of the: following

) Change MATLAB current directory
() Add directory to the-top of the MATLAR path
() Add directory to the botiom of the MATLAB path

EEEN

NUEODEr 0T THOCES

1ln Thresnola
¥ chreshold wvector
e e e o M e g
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mOoTTe AT i R e e el BRI

claoge all

— load new decf fom vol ouC.ms 1w DETF F

o @ =] @ W o Mo
I

— w = fom vol;

-
]
I

B=lingpace (0.1,5,.30) ; de=linspace(0.1,5,.30)

.
=
I

[x ¥ 2] = meshgrid(H,ds,Gl:

-
[

e
L
|

(B

¥min =

-
s
|

xmax =
vmin =
ymax =
Zmin =

=
L
i
[
A

(e
= m
[

[
L]

[ O Oy [y I iy R
. LT .

i
H
g
|

-

I9 — minv min(min(min(v)]):

20 — maxv max (max (max (v )] |
22 — figure(Z} % |
EX — whitebg('whits') * colour of background '

2 N LY

E ) 5 R %= number of

i — Step = (maxv-minv) ./ /n
EFE — thresh = minv:3tep:maxv;

28 B S e

I — glice flag = 1; ¥ 1 if giice animation, O if union

2 — nglice = 50;

<
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£ 2 function isoFoM movie

2 movie of iso *?:_' Surfare — efther glice ar ISnSnr e
3 BE 1 ne 08

-

=

a

T E 1iew DETF FoF daca

g

F— v = fom vol;

s
]
I

B=lingpace(0.1,53,301; de=lingpace(d.1,5,30) ; GClingpace(0.1,.5,30)

.
=
I

[® v 2] = meshgrid(H.da,G):
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19 — minwv min(minimin{v))]):

20 — mExv = max(max (max(v))):

=y Tigure(l]
EX — whitebg(' whitcs') * colour of background

g N N - T N N N S R N ST LN

Eh— STep = [(maxv-minv) ./ /n: * union gcep in cthreshold
EE — thresh = minv:3tep:maxyv; % chreshold vector

28 T R T N T T ey Y

FEE — glice flag = 1; ¥ 1 if zliice asnimat

B — nglice = 50;
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