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A Big Thanks to everyone involved in
these surveys
(Nothing would be possible vv|thout them)
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What have we learned about universe so far?

The ACDM and General Relativity (Broad Picture)

Cosmic First Stars, Expansion
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Big Questions?
 What is Dark Matter?
e particles?
* gcalar tield?
* Nature of Dark Energy?
o stuff which produce cosmic
acceleration?

3 image source: http://www.physicsoftheuniverse.com/cosmological.html



http://www.physicsoftheuniverse.com/cosmological.html

Observations
(My Favorite Tools)



What do we observe?
Millions of massive galaxies
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5 image source: http://skyserver.sdss.org


http://skyserver.sdss.org

What do we observe?

Millions of massive ga

fr (1077 erg/s/cm®/Ang)

axles

Survey: boss Program: commissioning Target: CAL_LOZ

RA=10.75225, Dec=1.16544, Plate=3588, Fiber=912, MID=55184

2=0.195838+0.00002 Class=GALAXY
No warnings.

Position
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Redshift Space Distortions (RSD)
(Rich physics)



What do we measure?
2 point correlation function
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What do we measure?
2 point correlation function
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What do we measure?
2 point correlation function
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What do we measure?

2 point correlation function |  But, We Measure in
Redshift space
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What do we measure?

. . . But, We Measure In
2 point correlation function

Redshift space

__ Av
Zobserved = Ztrue T
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What do we measure?
2 point correlation function

But, We Measure In
Redshift space
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What do we measure?

. . . But, We Measure In
2 point correlation function

Redshift space
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RSD Measurements
(The true universe)



We used perturbation theory to measure growth

rate and BAO |
Alam et. al. (2015) http://arxiv.org/abs/1504.02100
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http://arxiv.org/abs/1504.02100

We used perturbation theory to measure growth

rate and BAO |
Alam et. al. (2015) http://arxiv.org/abs/1504.02100
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http://arxiv.org/abs/1504.02100

Growth rate measurements from other surveys
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What can we do with these measurements?

Precision test to some of the basic assumptions
of ACDM and GR

Constrain the modified gravity parameters to
unprecedented precision.

Steps towards understanding the big questions of
dark matter and dark energy.

(Alam et. al. (2015) http://arxiv.org/abs/1509.05034)
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http://arxiv.org/abs/1509.05034

ACDM 1S an excellent fit

I

planck

planck+eCMASS
planck+ fo,(2)
lanck+eCMASS+ fo, (2)

[T T T ll | S B —
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0.752 0.802 0.08_§3 0.904 0071 0.132 0.193

7

A Strong upper limit on optical depth which
indirectly constrain the redshift of reionization.
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Dark Energy
(Some stuff causing acceleration)

“ ‘Most embarrassing observation in physics’— that’s the only
quick thing | can say about dark energy that’s also true.”
Edward Witten

“The reason for the embarrassment was simply that any
reasonable calculation of quantum zero-point energy gives an
answer that is too big by orders of magnitude — by a lot of orders
of magnitude.”

Views on Dark Energy by Edward Witten
May 2008, STScl

He explained that the true nature of dark energy could reveal if
our universe has unique laws of nature (a new particle/field) or
just one of the infinite possibilities (multiverse, string theory).
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Dark Energy

Chevallier-Polarski-Linder (CPL) Parametrization:

w(z) = wo + wa(1 — a) Seljak et. al. (2004)
WMAP+SDSS-gal+bias+lya+SNIa wp = [—0.788, —1.174]
2.5 | ; l l ; 1 ; | u _
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Dark Energy

(Still an embarrassment)

w,w,CDM

—  BAO+Planck _ Seljak et. al. (2004)

- SN+Planck

—  BAO+SN+Planck | ’UJO — —0788, —].].74]

we = [—0.60,0.88]

{Aubourg et. al. (2014)
w(0.266) = [—0.92, —1.02]
w, = [—0.60,0.20]

—14 —12 —-10 —08
W(2=0.266)

—0.6
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Dark Energy

(Still an embarrassment)

B Planck
B + eCMASS
B + eCMASS + fog(z

—0.49

—0.98

—1.47

—1.96H i Ly

-1.97 -165 -1.32 -1.00 -0.67 -O0. 35

Wy
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Seljak et. al. (2004)

— [—0.788, —1.174]
—0.60, 0.88]

Aubourg et. al. (2014)

w(0.266) = [—0.92, —1.02]

we = [—0.60, 0.20]
Alam et. al. (2015)

Wo =—

Wq —

—0.775, —1.11]
0.2, 0.52]



What does Growth rate says about
modified gravity
(A lot!!)
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Extended Chameleon gravity

By =1+ = 1 (da) Where a(¢) is the coupling between

do scalar field ¢ and matter component.

B1 = 1 General Relativity
81 > 1 Chameleon gravity (enhanced growth)
B1 < 1 extended Chameleon (Suppressed growth)

26



eChameleon gravity:
6 times improvement in the precision of coupling

1.15

1.06

Bl Planck+ eCMASS at k=0.2hMpc !
Planck + foq(2) mean k

]
B Planck+ fog(z) at k=0.2hMpc '
B Planck+ eCMASS + fog (2) at k=0.2rMpc |1

0.89:

5 Our result:
L (B4 =0.932

By =1.3=

+0.031)

Current best constraint

- 0.25

Hojjati et. al. 2011
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Growth rate/RSD is a very powerful tool and has
huge potential in current and future surveys.
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Growth rate/RSD is a very powerful tool and has
huge potential in current and future surveys.

Gravitational interaction between matter.

Gravitational Lensing:
Deflection of light through gravitational potential

Gravitational interaction between light and matter.
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Unique observable:
Combination of lensing and
redshift space clustering
(Even more powerful than RSD)



Combining Gravitational lensing and
redshift space clustering

Theoretical Estimator 4

£ VAY(r) — ()
¢ 3H2a fs

*Pengjie Zhang et. al. (2007) PRL.99, 141302 (2007)
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Combining Gravitational lensing and
redshift space clustering

Theoretical Estimator 4

£ VAY(r) — ()
¢ 3H2a fs

General Relativity Eg = 2m{Z=2)

Modified Gravity Eg = 2uZ=0utkalt{ka)+1)

*Pengjie Zhang et. al. (2007) PRL.99, 141302 (2007)
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How Do we Measure it?



Old way to measure E; : Combining galaxy
clustering and galaxy-galaxy lensing

Tgm(rp)
BT gg(rp)

Eg(rp) =

Reyes et. al. (2010) http://arxiv.org/abs/1003.2185
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Old way to measure E; : Combining galaxy
clustering and galaxy-galaxy lensing

_ Tgm(rp)
EG(rP) _,Bng(rp)
Ry \ 2
Tam(p) =AY gm(rp) — (E> AY gm(Ro)
2 Ro\ 2
:—2 dH,R,zgm(H,) — ng(rp) + ( ) ng(HO)
rp R, Ip

Reyes et. al. (2010) http://arxiv.org/abs/1003.2185
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Old way to measure E.

clustering and galaxy-galaxy lensing

Tgm(rp)

Eg(rp) =

BT gg(rp)

Ry \ 2

Ton(1e) =AEgn(10) ~ (70 ) AZgn(Fo)

2

=
I'p

T gg(1p) =pecrit

Ro
2

rp2

dR’R’ng(R’) — Tm(rp) + (

Ro

'p
Ho
Ip

dR'R'ng(R’) — Wgg(lp) + (

Ro
Ip

: Combining galaxy

) 2 gm(Fo)

) Wgg(Fo)

‘ Reyes et. al. (2010) http://arxiv.org/abs/1003.2185 ‘



http://arxiv.org/abs/1003.2185

Measurements of £ at z=0.57 with galaxy lensing
2 times better measurement
BOSS CMASS DR11 X CFHTLenS
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(By the end of this month: Alam et. al. (2015) on arXiv)



We proposed a nhew way to measure Lq :
Combining galaxy clustering with CMB lensing

C,? _ 2¢c [ H@)1(2)
Eg(f) =T—= | = ﬁ _HOW(z)g(1+z)_

Forecast:
10-15% measurement for CMASS x Planck
2-3% measurement for Euclid x Planck

‘ Pullen et. al. (2015) http://arxiv.org/abs/1412.4454 ‘
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Measurements of £ at z=0.57 with CMB lensing
First measurement with CMB lensing

R, (Mpc/h)
08 % 870 e - 4
m— [~ [GR theory]
ik ——=  E.[f(R),By =5.6 x10"5]
i == 4= E.[Jackknife]
'~ [Mock
- Sl Scale:
| 40-90 Mpc/h
EG 0.4
0.3
0.2
0.1} I
BOSS CMASS DR11 X Planck Lensing
0.0 . J

100 150 g 200 250

(Soon on arXiv: Pullen et. al. (2015) ) 41



Why Ec is a great tool?

¢ Independent of bias and 0

e Sensitive to modification to gravity

e Test non-trivial relation between lensing and
clustering.

Advantage of using CMB lensing

® Free of systematics in galaxy-galaxy lensing

e Can be combined with any LSS survey

e Can measure complimentary scale to galaxy-galaxy
lensing

42



How well did we do with £ measurement?

1.00 T T - A X T T
Eﬁ Alarlr—ml (2015) | I I_.EI
: — Pullen 2015 7

— Blake 2015
0.75 _L— Planck 2013 j_
C i
O C i
M 0.50F =
~ C ]
0.25 —
| | | | III | | \\--

0.053 _ 0.157 0.262 0.367 0.471 0576
Eq
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RSD and £ will play an important role in understanding
the puzzle of dark matter and dark energy

0,75 T T 1T T I 1T &I 1T 11T ¥“1T 1°I''7''’'"'&'™"@I'°’'1™1°1 1-'
— ACDM (y* =8.4) — BZ (y* =7.0)

06637— wCDM (2 :;1'.4) — Chameleon (y? =9.6)
o wOwaCDM (x 1-00|:I' T 1 ||| T 1 1 I ||| T 1 'I]
:_ oACDM (XQ _7 _ — Alam (2015) -
0.57& Q' (2 =7.5) - — Pullen 2015 ]
2 - n ot - — Blake 2015 -
- 0.75F=_  Pplanck 2013 -
~ 048F ... § -~ B P ]
-------- < F .
0.39 ) 0.50F —
~ - .
0.30 - -
0.05 0.25 0.25F —
Hopefully Dark Energy will no ]

more be an embarrassment!! o

: 0262 0367 0471 0576
Questions? o
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Extra slides



Modified Gravity
(Briet Theory)



General Relativity

SE — /d4X\/ —@ [%ﬁ — %gﬁ”(?uﬁb)@uﬁb — V(¢)

FRW Metric:
ds? = (1 4+ 2¢)dt? — a%(1 + 2¢)dx?

Metric Perturbation

a2

keW =
2M3

o
pA T,



k (h/Mpc)

f=dIlnD/dlna for GR

1.00

0.95

0.90

40.85

40.80

40.75

40.70

0.65

0.60

0.55

0.50

0.5 1.0 1.5 2.0 2.5 3.0



k (h/Mpc)

10°

f=dInD /dlna for f(R)

1.00

0.95

0.90

40.85

40.80

40.75

40.70

0.65

0.60

0.55

0.50



k (h/Mpc)

10°

1071

f=dlnD/dlna for Chameleon
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General scalar-tensor gravity :
First constralnt on coupllng

: 765 I Planck+ eCMASS at k£=0. 2hMpc_1 :
= |m Planck + foq(z) mean k :
2_30;— B Planck+ fog(z) at k=0.2hMpc =
. W Planck+ eCMASS + foy (2) at k=0.2hMpe | Our result:

By =1.23 £ 0.29,
Bo =0.93 +0.44

1.84:

No previous

0.92t constraint

0.46¢




f(R) gravity:
4 times better constraint

A0 0 [mmm Planck+ eCMASS at k=02 E
- |mmm Planck + fog(2) mean k
B Planck+ foy(z) at k=0.2 .
B Planck+ eCMASS+ fog(z) at k=0.2 |- Our I‘ESUH.
- (By < 1.36 x 10-5)
S z
Q se 1 Current best constraint
' By <57 x107°
= Xu et. al. 2014
025, | -
0.253 0.284 0.315 0.346 0.377
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for Chameleon




