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Before I start,

* Dark Energy Survey
* Mass mapping — KS & Karhunen-Loeve (KL)basis
* Cross correlating SZ and galaxies using SPT data
* Bias Estimation & Large scale M/
* Flux dependence of PSF

* Galaxy evolution

o Structural parameters of ~700,000 SDSS (DR7) galaxies in
three bands, Sersic, Sersic + Disk, Dev + Disk

* Luminosity — Size relation, luminosity function, evolution of
concentration etc.
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Mass mapping

* Mapping using DES
simulation based on KL
method

e Include 10% real mask due
to bright stars and bad

columns

e Use the first 900 modes of
the KLL

DEC {deg)
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DES SV data

RXJ 2248 cluster

OSU, UPenn, BNL, Manchester, FermilLab, .MU etc.
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Plan

Concept: MG, screening mechanism
Part |

* Predictions for dwarf galaxies and finding
unscreened galaxies

e (Observational constraints from dwarf
galaxies

Part 11

e Observational constraints from distance
indicators

Conclusion
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Accelerated expansion and MG

Cosmic First Stars, Expansion ° TO eXplain the accelerated

Background Stars  Galaxies Accelerates

Aegiow [ Dovelop expansion of the Universe
e R o ek Rl standard LCDM requires
iy dark energy

e Cosmological constant
serves that purpose

e Do we have alternate 1deas?

113.7 113.3

Billions of Years Before Today
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Accelerated expansion and MG

*Modity GR (eg. f(R) theories Hu & Sawicki 2007)

*Such modification lead to a scalar field coupled with matter and
can explain the accelerated expansion

eFundamental 'fifth force' due to the scalar field

*Problem: Why we don't see such a force in the solar system?
Answer: Screening mechanism
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Screening Mechanism : Chameleon

* Range of the fifth force is limited by the
mass of the scalar field (Yukawa potential).
Low (high) mass — long (short) range!

* One solution: environmental dependence
of scalar potential

Vea(9) =V () + pA(9) o
44n P H“‘ﬁ _ o
Vi¢) = ﬂ{bn A(p) = Eﬁ Vel High

e Mass of the scalar field will be larger at

high density region and therefore the range
of fifth force will be shorter
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Screening mechanism

Screened region

Field value
Field value § L.
/ / XC

D, (r)= Virial radius

Virial radius N ( )

Unscreened
<_
(I)N (r) region
-
—>

Distance from center
Distance from center

' ' ! High bjects with Newtoni
Low mass objects with Newtonian 1gh Mass ObJects wi ewtonian

potential less than the background potential greater than the

field value background field value

(I)N>|Xc|

Screened if
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the parameters to constrain?

The background field value. This

tells at which mass scale the
screening mechanism starts?

The coupling coethcient. This
implies how strongly the field and

matter coupled.

For f(R) gravity, field value will be
the first derivative of f(R) S ro= A= AR

Coupling will be 1/3

For general chameleon theory A==

coupling can vary
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Tests of gravity

Redshift dislortions

Shear correlations, ISW

Cluster dynamics

Cluster 5L

Galaxy-galaxy lensing

Galaxy salellites

Stellar Dynamics

Galaxy 3L

| 1 IIl|III| 1 |||||I|| 1 III|Il|I 1 |IIlIII| 1 lJIIJ|J|. 1 llllllll

0.001 0.01 0.1 1 10 100 1000
Mpe

Jain & Khoury 2010

Red lines shows observations that
probe the true mass of the objects
typically wvia gravitational lensing,
while blue lines show dynamical
measurements that rely on the non-
relativistic motions of stars or
galaxies and are sensitive to
dynamical potential alone
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Upper limits

 Comparing lensing and dynamical
mass estimates X.<l
Reyes, Mandelbaum et al. 2010

0.6 |- kil
0. T FGRH\CDM

_ Foa ST T T I H 0
e Cluster abundance x.<10” L t to b e i
Schmidt, Vikhlinin & Hu 2009 s 0=
2 ‘I1 I éRI %}:1—'? i EIO I 4IU :
<107°

e Solar system X
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How to improve these constraints?
Dwart galaxies

Field value j /XC

(I)N<7”> =

——

Vinial radius

]

Distance from center

M<10"Mq @, <107’

* Low Newtonian potential of these objects
implies that they are unscreened objects

o Stellar component is screened

* Gaseous component has low density and
remain unscreened. This will experience
fifth force

* Differential force on gaseous and stellar
component leads morphological and
kinematical signature on the galaxies
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Predictions for dwarf galaxies - 1
Offset between stellar and gaseous components

Offset between stellar
Stars feel Gas feel and gaseous components
FzGAf F=(4/3) Gf?
r r Hui et al 2009

Jain & VanderPlas 2011
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Predictions for dwarf galaxies - 2
Warp

F
r

Stars feel Gas feel
_ GM GM

Warps
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2.0f

Magnitude of offset & warp

— ¢SIS-4kpc
— ¢SIS-2kpc

| — NFW-4kpc
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*O(1 kpc) offset between
stars and gas

*Depends on the dark
matter proﬁle of the galaxy
*Low for NFW and large
for cored SIS

*~0.5 kpc warp for all kind
of profiles



Predictions for dwarf galaxies - 3
Asymmetry 1n stellar rotation curves

Asymmetry in the rotation
curves
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Asymmetry 1n the rotation curve

(kpc) (kpc)

-2 0 2 4 6 -2 0 2 4 6
1lcSIS-2kpc ' ' " JINFw-akpc ' ' "
=1t B i
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Stellar Rotation Curve
- — HI Rotation Curve

-2 -1 0 1 2 3 4 5

distance along axis (kpc) Tain £
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*O(10 km/s) asymmetry in
the stellar rotation curve
*Gaseous rotation curve
stays almost the same due to

the large M

Jain & VanderPlas 2011



Predictions for dwarf galaxies - 4
(as rotate faster than stars

Gas rotate faster than stars by
(4/3)10.5, ~15%

Stars feel Gas feel
FzGAf F=(4/3) ny

r r
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How to find unscreened galaxies?

Need to solve scalar field equation

We decided to make use of

simulations (Zhao et al 2011a,b)
f(R) simulations for different field

value

Our goal 1s to find a classification

scheme based on observable
parameters like the Newtonian
potential due to environment, the
dynamical mass of the object, the
distance to the neighbours etc.

Cabre, Vikram et al. (2012)
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Simulation: unscreened galaxies

gl et )
gl et /)

1" LI 15 I4 1% 11 12 13 14 1%

* Classification based on the Newtonian potential due to
environment and the dynamical mass of the object

Cabre, Vikram et al. (2012)
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Screening map of SDSS reglon

M>10" M>10"

A=1Mpc

a5

12 =

DEC
DEC

26 =

151

151 154 157 160

Use cluster, groups and galaxy catalogs
X-ray (ROSAT), optical, (SDSS, 2MASS), radio (ALFALFA)

observations

Scaling relations used are M-Lx, M-o, stellar mass-halo mass,
which introduces ~30% mass uncertainty

Karachentsev (2004) local catalog
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MG Predictions and required data

Jain et al. (2013), Snowmass report

B

Enhanced Low-z
Peculiar velocities i\ Spectroscopic surveys
. . Stellar evolution and High resolution
Jain, Vikram & Sakstein (2012) <: distance ladder ; Optical imaging

Separation of
different components F - Ela::r ﬂgﬂ? okt
of galaxies i s

Differential internal
dynamics of different
components

Vikram et al (2013)

Spatially resolved
spectroscopy
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General analysis strategy

*Several astrophysical effects can mimic predictions of modified

gravity

*Study the signatures statistically

*Assume the astrophysical effects act on screened and unscreened
sample in the same way and the astrophysical and modified
gravity effects add linearly

*Measure the astrophysical effects from the screened sample and
correct 1t in the unscreened sample

eCaveat: There could be environmental dependence of these
properties even in the absence of MG.

UC Berkeley November 2013



Offset between gaseous and stellar components

e Optical images traces the

stellar center (SDSS)

— e HI images traces the gaseous

center (ALFALFA)

40 - - = \ .
sof ra e 1 3 ~—~U\ | °* Optical centers are < 1
T 1§\ \ arcsec precision and radio

T e 0.5 .
1= - i m\.l | has > 24 arcsec which leads
05 7 4 6 & 10 1z 14 00 05 10 15 20 .

offset (kpc) astrophysical scatter to large error ln the
measurement

Vikram et al (2013)

e Poor constraints
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Improved offset measurement using Ha

o5 Al Galaies e Use kinematic center of Ha

—  fro=2x107"

it |l rotation curves instead of HI
| images Persic & Salucci 1996

e
f=]
&

o
(=}
]

o

=

[}
:

* Does Ha trace gas? Yes!

relative scatter due to MG
o
=]
(=]

0.00k : ; L 1 °
0.00 001 002 003 004 0.08
relative astrophysical scatter

Ha comes from HII regions
around massive O & B stars.
The radius of HII region 1s
Upper limit of <3% offset compared to -

10% expected offset for field value 10 NlOp c and the surface P otential
and <5% offset for field value 2X107 due to the center star i1s much

below the background field

values tested
Vikram et al (2013)
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Offset between stars and partially screened stars

100

50 I

—

Displacement (pc)
dl |
|
T .
| b—'|

=1 510" ’
i
f:

T

-100 L
107 10° 10!
Predicted displacement (pc)

Vikram et al (2013)

10

Red giant stars are very luminous
last phase of star with mass between

0.5 and 8 solar
Radius can be 20-100 solar

Red giant stars are partially screened
objects

Possible to observe individual RG
with HST

69 nearby dwarf galaxies:
d<4Mpc, -20<M <-8 Dalcanton et

al. (2009))

Offset 1s consistent with zero!

-10.2 \pm 5.5 pc and -4.7 \pm 6.4 pc
for le-6 and le-7!
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Warping of edge-on galaxies

SDSS galaxies along with
s R TR, ALFALFA rotation velocity

e b/a<0.6

y (pix)

128 (68) screened and 367
(158) unscreened galaxies for

field value 10°(2X107)

-5 -I3 -1 1 3 5 -5 - -3 -1 .
¥ (Half Radius)

1 3 - 5
¥ (Half Radius)

Fitting gaussian 1n each column

* Cleaning the warp curve

Vikram et al (2013)
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Warping of edge-on galaxies

-

=]
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Vikram et al (2013)

4

No difference between the
distributions of warp of
screened and  unscreened
sample

The measured value of warp i1s
consistent with zero

Cannot rule out any of the
model with the current data
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Stellar and gaseous rotation curves

— * Use stellar absorption line (e.g. Mg

triplet) to estimate the rotation curve

e They originate from the stellar

atmosphere

* Absorption lines are really faint and
difficult to measure the rotation based on
that

LA
¥ ""'.|:'|_"
Ay
. ‘
ol Tl
i
...... Y L
1
b I||‘-!‘.. :
: q‘s‘:
__________________ ke
A
| 4'4" '
i
1 M M |
20 i} 20 40

Pizzella et al (2008)

* Model the stellar and gaseous rotation

curve based on modified gravity theory

Ongoing work Andrew Neil, Charles Davis

(undergrads) , Joseph Clampitt, Bhuvnesh Jain
(UPenn), Matthew Walker (Carnegie)
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Constraints from Distance indicators

Jain, Vikram & Sakstein (2012)

*Tip of Red Giant Branch (TRGB) (up to 20 Mpc)
*Cepheid period — luminosity relation (up to 50 Mpc)

*For any standard candle method:

1. Find a method to estimate the intrinsic luminosity of the
object (calibration)

2. Compare with observed luminosity to derive distance

UC Berkeley November 2013
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Tip of the Red Glant Branch

Isochrone: evolutionary tracks of stars in the T-L plance

* Post main sequence phase low

mass stars M < 1.8 M@E

‘ ocuau B
Superyind

First Hi= shell flash — | &

Y e Luminosity is set by mass and
radius of He core

« L~M//R/

Ligyg thIL )

e Luminosity 1s constant for wide
w4 st pe 1% range of metallicities and ages

Color-magratude diagram
T — T
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Stars with M > 4 M@solar
pass through instability strip

and oscillate

Oscillation are triggered by
kappa mechanism where a

layer of ionized He at 10K
plays key role

Apiil 23




Luminosity

Cepheld based distance

Henrletta Swan LeaVItt (1900) OBrighter cepheids oscillate
: e slower
| Caphata cormbration L,{fﬁg
g a" *Calibrate the relation with
# ,@ﬁ 8o sources of known distances
M g wﬁfj
- B o Ros e 1
l.}':’ uﬁﬁ :_‘__IJ-“'P.F -'-'f_:_'_'_"é';"‘ MV:_2.8]_10g P_]_.43
¥ P g5 Se 0
-§ A s G_."C} = :g;.',-luE 5 : i
= A i A ,.f-"ﬂ b . . .
Pt Fals® e *Measure period of oscillation
g + | — oo which gives true brightness of the
= e § %o star
e . A o
- oY oo~ .
[ 4 LR - *Compare with apparent
| o250 0 brightness (m,,) to get distance
gF®

I & o= v Galactic §epheids
o s cunschons @@: 510@5

Log P o . .
Uncertainty in the distance is ~ 5%
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Cepheld distances & MG

. . 1
Period of pulsation : [Toc—
linear adiabatic vGp
analysis

AG -y
G, V2
I1

AG _ 1/3=>11=—"-=

Gy V4/3

M,=—2.81logI1—1.43

Ni=>M,l>m-M,l=dl(10-20)%
Distance to the object will be underestimated under MG

Sakstein (2013) shows that the oscillations are faster
than the simple descriptions

UC Berkeley November 2013



Log L (L)

Cepheld & MG

MESA — stellar evolution code

5.0 |
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— Modified
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Underestimation!!!
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Cepheld distance & MG

O Xe AG/G Ad/d

1/3 4x10°" 0.11 -0.03
1/3 1x107% 0.21 -0.06
1/2 4x10°7  0.17  -0.05
1/2 1x107®  0.34  -0.09
1 2x1077 0.21 -0.06
1 4x1077 045 -0.12

Mi=dl(3-12)%

Sakstein (2013) shows that this can larger than 12%
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/G

1+ AG

TRGB & MG

1.30 AL LU AL L LR 100 o Toom
P - M 1.5, Z0.004
1.25}— x=1x107 — M15,6Z0.01
— y.=1x107° 80— ™m18,z0.004 —]
1.20F—
9
1.15}— —
i
) - Core radius &
1.10 < > &1
<
1.05}— —
1.00 —
o.g5 il cor vl ol o 1l
10° 10° 10* 102 102 10! 10° -7.0 -6.5 -6.0 -55 -5.0

R/Rs og.
* No enhanced force within the core
* No change in distance estimation for x.< 10°°
* Distance will be over estimated for larger X. which
leads to larger discrepancy between cepheid based
distance
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SO far

* TRGB distance will be unaffected by MG for x».<10"
* Cepheid distance will be 3-12% underestimated

Expectations
* Systematic difference between distances for unscreened
galaxies
 Zero difference for screened galaxies

UC Berkeley November 2013



Data

25 galaxies within 10 Mpc

V =40-240 km/s

rot

13 unscreened 12 screened (Cabre
at al.)

UC Berkeley November 2013



Cepheilds vs TRGB distances

dCepheid (MpC)
O H N w0 W

Op

T T T T T T T T T T T.] T T T T
B — Unscreened — a,=1/3 0.03 L N
~ 0.6 || Screened —- a.=1 0.6 L !
Sy ' [ oolf -
— 0.4} - 0.4} e |
| L1 L _oop LLLLLll]]
= = = 0.0--|];L-I-£-- --K—---j--— 0.0 === -
. il 1} bt L H
BT ¥ — ‘?—JL"‘--“"‘-I‘T ““““ 14~ : Uniscreene e Z-€O
—j' i —0.2} \/’ | - —02f-__ A N
: od Grayity -- B — B4
I T O ool L T TP RPN e Y Y i
1 2 3 456 7 8 9 01 2 3 4 5 6 7 8 01 2 3 4 5 6 7 8
drrap (MpC) drrep (MpC) drrap (MpC)

Gravity test with 25 galaxies: no sign of deviation from GR

Sample N Ad/d o
Unscreened 13 0.003 0.017
Screened 12 -0.005 0.022
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Chameleon constraints

1 %1072

1 %107

v.=1x10"°120

xS 4 %1077

v.=4x10"" Lo

Background field

2107

1 %1077
A 00 02 04 06 08 1.0

Q.

Coupling parameter of scalar to matter
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Backrground field value

New constraints

I

10"

| ||.'|I||

1072

dHafde SN

Lombriser et al 2012
Jain et al 2013

Abundance

R RiRHRri
R RS S S
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Ll
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<. <
Interaction range (Mpc)

hpoooed

10-° [ Solap system 3reng lenses

Cepheids

=
=]
f=]

Dwarf Galaxies

ool—L L 1 | |
-8 -6 4 -2 0 2 4 6 8 10

logyg(r h / pc)

Pushed the upper limit to an
order of magnitude lower
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Summary

* Astrophysical tests of modified gravity theories are demonstrated

*Came up with classification scheme for screened and unscreened

galaxies

*New

eNeec
eNeed

upper limits are deduced from the observed values

What we learnt from this exercise?

| homogenous data

| better measurements (e.g. HI centroid)

eNeec

| more data (e.g. surveys like ALFALFA)

*Rotation curve measurements by absorption lines (Ongoing

work)

UC Berkeley November 2013



Thanks!
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Metallicity & Distance

1.5
| | |
m .
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