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f(R) gravity
Hu-Sawicki model
N-body simulations

f(R) gravity action

@ Add an arbitrary function of the Ricci scalar R to the
Einstein-Hilbert action

S= 2/12/d4ijg[R+f(R)] +/d4x¢fg£m
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f(R) gravity
Hu-Sawicki model
N-body simulations

f(R) gravity action

@ Add an arbitrary function of the Ricci scalar R to the
Einstein-Hilbert action

S= 2/12/d4ijg[R+f(R)] +/d4x¢fg£m

e Modified Einstein equation for metric f(R) gravity

f
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f(R) gravity
ki model
mulations

Designer model

@ Friedmann equation

=

f‘
H? — fr(HH' + H?) + et H?frrR' = ~—p
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f(R) gravity
Hu-Sawicki model
N-body simulations

Designer model

@ Friedmann equation
2 ! 2 f 2 /
H—fR(HH+H)+6+HfRRR:fp

@ Chose any background history (here ACDM)

H? = Qua 3+ (1 —Qu)
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f(R) gravity
Hu-Sawicki model
N-body simulations

Designer model

@ Friedmann equation
2 / 2 f 2 / K

@ Chose any background history (here ACDM)
H? = Qua 3+ (1 —Qu)
e Equating with the matter-dominated Friedmann equation

! R// RI ) R/
' — [1++} '+ 6H2f:_H°(1_Qm)W

H R
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f(R) gravity

Hu-Sawicki model
N-body simulations

© 7 (R) gravity
@ Hu-Sawicki model
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f(R) gravity
Hu-Sawicki model
N-body simulations

Hu-Sawicki model

@ Functional form:

C1(R/m2)n

= Ry <1

where m? = k2py, /3. For (n=1) and (|fro| < 1)

RS
f(R) ~ 2N\ — fROW
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f(R) gravity
Hu-Sawicki model
N-body simulations

Hu-Sawicki model

@ Functional form:

a(R/m?)"
F(R) = —m?—BX )
(R)=-m SR/ 11
where m? = k2py, /3. For (n=1) and (|fro| < 1)
R2

f(R) ~ —2A — fRoﬁo

@ Mimics ACDM background history for |fro| < 1
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f(R) gravity
Hu-Sawicki model
N-body simulations

Solar-system constraints

Spherically symmetric isotropic metric around r =0
ds?® = —[1 +2W(r)]dt? + [1 + 2b(r)]dx>

Parametrization of deviation from general-relativistic metric

Solar—system constraints
fre| < s — 1]|Ws| & 107° x 107°

from Cassini mission.
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f(R) gravity

Hu-Sawicki model
N-body simulations

Chameleon mechanism

,
chT
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f(R) gravity
Hu-Sawicki model
N-body simulations

Chameleon mechanism

,
chT
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f(R) gravity

Hu-Sawicki model

Chameleon mechanism

N-body simulations
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f(R) gravity
Hu-Sawicki model
N-body simulations

Hu-Sawicki model

@ Functional form:

a(R/m?)"

()= Ry 1

where m? = k2py, /3. For (n=1) and (|fro| < 1)

R
~ -2\ — fRO

D2
f(R) = —2A ~ 9
(F) R+ p? R

@ Mimics ACDM background history for |fgg| < 1
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f(R) gravity
Hu-Sawicki model
N-body simulations

Hu-Sawicki model

@ Functional form:

a(R/m?)"

()= Ry 1

where m? = k2py, /3. For (n=1) and (|fro| < 1)

R2
f(R) = —2A ~ —2\ — fro—2
@ Mimics ACDM background history for |fgg| < 1

@ Transition between high galactic and low large-scale curvature
— |fro| < 107°.
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f(R) gravity

Hu-Sawicki model
N-body simulations

© 7 (R) gravity

@ N-body simulations
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f(R) gravity
Hu-Sawicki model
N-body simulations

N-body simulations

Full chameleon simulations:

2
V35 = §[5R(fR)—ﬁ25pm],
2 2
VY = 2%325pm—%5R(fR),

where 6fgp = fr(R) — fr(R), 6R = R — R, and 0py = pm — pm
Linearized approximation in Fourier space

k2[4 1 1 )
LA e 3pm(K).
2 |37 30ckamar 1) 2 omlk)

KW(k) = —
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f(R) gravity

Hu-Sawicki model
N-body simulations

Are f(R) modifications of general relativity really viable?

[WHAT IF WE MoOTFY
THIS ACTION? —

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



. Cosmic microwave background
Linear structures =

E; measurement

@ Linear structures
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Cosmlc microwave back round

Linear structures

@ Linear structures
@ Cosmic microwave background
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Cosmic microwave background
correlations

Linear structures
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Linear structures

Late-time ISW

ISW contribution to CMB:

2dG dG

cl /dd”dk 0(kx)je(kX) P,
/o [ dads S gl (kx)il(kX) P,
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Cosmic microwave background
alaxy-ISW cross correlations
Eg measurement

Linear structures

Late-time ISW

ISW contribution to CMB:

dG dG
)l / da d3 dk k®— e (k)i (kR)P,
Potential growth rate, G = g_’((;’f;)) = q?((;l’g:wgkk)) differs in

modified gravity scenarios.
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Cos

Linear structures

Late-time ISW

f(R) gravity: enhancement of growth
4000 ¢

3000

\fro| = 0.00 (equiv. ACDM)

w+nc]T e uK?)

2000 ¢

1000
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Linear structures

Cosmic microwave background
|

Late-time ISW

f(R) gravity: enhancement of growth
4000 ¢

3000

|fro| ~ 0.05

w+nc]T e uK?)

2000 ¢
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Linear structures

Cosmic microwave background
|

Late-time ISW

f(R) gravity: enhancement of growth
4000 ¢

3000

|fro| ~ 0.15

w+nc]T e uK?)
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Linear structures

Cosmic microwave background
|

Late-time ISW

f(R) gravity: enhancement of growth
4000 ¢

3000

|fro| ~ 0.30

w+nc]T e uK?)
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Linear structures

Cosmic microwave background
|

Late-time ISW

f(R) gravity: enhancement of growth
4000 ¢

3000

|fro| ~ 0.35

w+nc]T e uK?)
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Linear structures

Cosmic microwave background
|

Late-time ISW

f(R) gravity: enhancement of growth
6000 - T 7
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Cosmic microwave background

Linear structures

Late-time ISW

f(R) gravity: enhancement of growth
6000 - T 7
4000

3000

|fro| ~ 0.45

1+nc]T e (uK?)
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Cosmlc microwave background

Linear structures
cross correlations

Late-time ISW

f(R) gravity: enhancement of growth
Best fit: |fzo| = 0.05

6000 o RN 2

;( ol T ACDM //\ (A/\, = *1)
g 000 - IRy ] 0
2R B © |frol < 0.35 (95%CL)
& 3000 [L, Slosar, Seljak, Hu (2010)]
=) 4 i (WMAPS5, ACBAR, CBI, VSA, Union, SHOES, BAO)
= 2000 ]
SIS I |fro| < 0.50 (95%CL)

OF . . . . : 4 [Song, Peiris, Hu (2007)]
510 50 100 500 1000

¢ (WMAP3)
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Cosmic microwave background
Galaxy-ISW cross correlations
E¢ measurement

Linear structures

@ Linear structures

@ Galaxy-ISW cross correlations
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Cosmic mic background

Linear structures q
Galaxy-ISW cross correlations

E; measurement

Galaxy-ISW cross correlations:

nglcx/dzdzdk LED?(Z)'(k )jie(k%)P
7 QmHg 2l JENKX)Je\ KX ) ¢
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Cosmic micr e background
Galaxy-ISW ss correlations

Linear structures

Galaxy-ISW cross correlations:

k* dG ~~ . .
Eij(Z)Je(kX)JZ(kX)PQ

ijloc/dzdzdkw

Potential growth rate G and density growth rate, D = %a;,

differ in modified gravity scenarios.
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Cosmic microwave background
Galaxy-ISW cross correlations

Linear structures

Eg measurement

f(R) gravity: suppressed galaxy-ISW cross correlations
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=
g 02
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Cosmic microwave
Galaxy-ISW cross correlations
Eg measurement

Linear structures

ISW vs galaxy-ISW
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Cosmic microwave
Galaxy-ISW cross correlations
Eg measurement

Linear structures

ISW vs galaxy-ISW
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Cosmic microwave
Galaxy-ISW cross correlations
Eg measurement

Linear structures

vs galaxy-ISW
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ISW vs galaxy-ISW

Linear structures

Cosmic microwave background

Galaxy-ISW cross correlations
Eg measurement
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ISW vs galaxy-ISW

Linear structures

Cosmic microwave background

Galaxy-ISW cross correlations
Eg measurement
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. Cosmic microwave background
Linear structures N
Galaxy-ISW cross correlations
E¢ measurement

vs galaxy-ISW
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Cosmic microwave background
Galaxy-ISW cross correlations
E¢ measurement

Linear structures

vs galaxy-ISW
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Linear structures

vs galaxy-ISW

1+nel? 27 (uK?)
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ACDM
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Cosmic micro
Galaxy-ISW cross correlations
Eg measurement

ave

|Tro| < 0.15 [song, Hu, Sawicki (2007)]
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Cosmic microwave backg
Galaxy-ISW cross correlations
E¢ measurement

Linear structures

Galaxy-ISW cross correlations
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Cosmic micro ckg
Galaxy-ISW cross correlations
E¢ measurement

Linear structures

Galaxy-ISW cross correlations
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Cosmic microwave backgr
Galaxy-ISW cross correlations
E¢ measurement

Linear structures

Galaxy-ISW cross correlations
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Galaxy-ISW cross correlations

21 (1K)

‘

((t+1)C2

Linear structures
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Cosmic micr background
Galaxy-ISW cross correlations
E¢ measurement

Best fit: |fzo| ~ 0.000

constraint: |fro| < 0.069 or By <

0.43 (95% C.L.)

[L, Slosar, Seljak, Hu (2010)]

(WMAP5, ACBAR, CBI, VSA, Union, SHOES, BAO,

gISW)

Cosmological constraints on f(R) gravity



Cosmic mi 3
Galaxy-ISW cross corr
E¢ measurement

Linear structures

Galaxy-ISW cross correlations

Best fit: |fzo| ~ 0.000
03F : . constraint: |fro| < 0.069 or By <

_ 0.43 (95% C.L.)
%02
g [L, Slosar, Seljak, Hu (2010)]
_L: 0.1 P S .4 (WMAP5, ACBAR, CBI, VSA, Union, SHOES, BAO,
; 0ofFF T TR -3 PR —— gIsw)
o LSS constraint: By < 0.4 (95% C.L.)
2 5 10 20 50 100 200 [Giannantonio, Martinelli, Silvestri, Melchiorri (2009)]

[Hojjati, Pogosian, Zhao (2011)]
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Cosmic microy
Galaxy-ISV
E; measurement

Linear structures

@ Linear structures

@ E; measurement
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. Cosmic mi
Linear structures @

y-ISW cross corr:
E; measurement

Combination of three different probes of large-scale structure:
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. Cosmic mi
Linear structures @

y-ISW cross corr:
E; measurement

Combination of three different probes of large-scale structure:

o Galaxy-galaxy lensing = & — ¥
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Cosmic microv background
Galaxy-ISW ¢ correlations
E; measurement

Linear structures

Combination of three different probes of large-scale structure:
o Galaxy-galaxy lensing = & — ¥
e Galaxy clustering — W
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Linear structures

E; measurement

Combination of three different probes of large-scale structure:
o Galaxy-galaxy lensing = & — ¥
e Galaxy clustering — W
o Galaxy velocities from galaxy clustering in redshift space

din Ay,
- dina

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Linear structures

E; measurement

Combination of three different probes of large-scale structure:
o Galaxy-galaxy lensing = & — ¥
e Galaxy clustering — W
o Galaxy velocities from galaxy clustering in redshift space

din Ay,
- dina

— insensitive to bias between galaxy and matter density
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Linear structures

E; measurement

Combination of three different probes of large-scale structure:
o Galaxy-galaxy lensing = & — ¥
e Galaxy clustering — W

o Galaxy velocities from galaxy clustering in redshift space

din Ay,
- dina

— insensitive to bias between galaxy and matter density
— insensitive to initial matter fluctuations
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Linear structures

E; measurement

Test of the relationship of weak gravitational lensing around
galaxies to their large-scale velocities?,

Prro-we _ Pyre-w)

Pg9 Bng 7

yields the estimator
O

Fe = A )bB’

where = b 1dInAy/dIna.

1[Zhang,. Liguori, Bean, Dodelson (2007)]
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Cosmic micr
Galaxy-
E; measurement

Linear structures

Differential surface mass density
5 [R
AT (R) = —Fgn(R) + = / % on(R))dR’
0

Projected surface mass density

em(R) = 2,;/;§ém Rg/(x) [1 + Egm (\/ R? + x2)] dx
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Cosmic microy
Galaxy-ISV
E; measurement

Linear structures

e Measurement of Eg(R) = %%{,@
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Cosmic microv background
Galaxy-ISW ¢ correlations
E; measurement

Linear structures

e Measurement of Eg(R) = %%{,@

@ 70'205 luminous red galaxies (LRGs) from SDSS at z = 0.32
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Linear structures

e Measurement of Eg(R) = %%{,@

@ 70'205 luminous red galaxies (LRGs) from SDSS at z = 0.32

o f=b1Nln = 0.309 = 0.035 from anisotropy in

power spectra

z=0.32

2[Tcgmark et al. (2006)]
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Cosmi S g
Galaxy-IS correlations
E; measurement

Linear structures

e Measurement of Eg(R) = %%{,@

@ 70'205 luminous red galaxies (LRGs) from SDSS at z = 0.32

o f=b1Nln = 0.309 = 0.035 from anisotropy in

power spectra
o E¢ averaged over R = (10 — 50)h~! Mpc

z=0.32

2[Tcgmark et al. (2006)]

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Cosmic microy
Galaxy-ISV
E; measurement

Linear structures

¥ T T T "% T T { P
0.6 |- .
- T “ .
£0.4 7 R l - HGR+ACDM
i 1 1 0f®)
F o i
\"
02 L al HTe eS
L | I B | | L | -
2 4 6 810 20 40
R (h-! Mpc)

[Reyes, Mandelbaum, Seljak, Baldauf, Gunn, L, Smith (2010)]
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Cosmic microwave background
Galaxy-ISW cross correlations
E; measurement

Linear structures

0.6 . 0.6
, f ACDM L oz=032 :
050 G H® 1 05 |
$ 047 4§ 04F i
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Abundance of cl
Nonlinear structures Density profiles of clusters

© Nonlinear structures
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Abundance of clusters
Nonlinear structures Density profiles of clusters

© Nonlinear structures
@ Abundance of clusters
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Abundance of clusters

Nonlinear structures Density profiles of clusters

E (a) |fg/=107*
0 Full simulation
No chameleon
= pherical «
0 o TN T ITARE T T Anf T
E (b) lfpl=10-
06 F(b) [
£04F
= £
£02
= E
<1 =

P N I S o AP € P R e L

Ll Covnl Lol L

Lon e s To
Mgy [Mo/1]

[Schmidt, Lima, Oyaizu, Hu (2009)]
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Abundance of clusters

Nonlinear structures Density profiles of clusters

T T T 3

a) |fel=10-

0 Full simulation

No chameleon

Galaxy-galaxy lensing signal from
MaxBCG catalog

Massive galaxy clusters identified by overdensity of bright,

ph

uniformly red galaxies

p
Anyy /Ty
o o
RN

[Koester et al. (2007)]

0.3 Calibration from halo mass function (z = 0.18, 0.25)
02 A=25x10"7 (Mpc/h)~3
0.1
o fi=2.0x 107°% (Mpc/h)~3
ol _ _5 _3
1012 1012 101 1015 fi=1.8x 107> (Mpc/h)
Mggo [Mo/h]

[Schmidt, Lima, Oyaizu, Hu (2009)]
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Abundance of clusters

Nonlinear structures Density profiles of clu

o (25)°*° = 0.844 +0.036

(SDSS MaxBCG clusters] Galaxy-galaxy lensing signal from

MaxBCG catalog

Massive galaxy clusters identified by overdensity of bright,
uniformly red galaxies

[Koester et al. (2007)]

Calibration from halo mass function (z = 0.18, 0.25)
A=25x10"7 (Mpc/h)~3

=2.0 x 107% (Mpc/h)~3

31

n

1.8 X 10~° (Mpc/h)~3
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Abundance of clusters

Nonlinear structures Density profiles of clusters

o (25)°*° = 0.844 +0.036

[SDSS MaxBCG clusters]

Bo < 3.3 x 1073 (95%CL)
|fro| < 4.8 x 10~* (95%CL)
[L, Slosar, Seljak, Hu (2010)]

(WMAPS5, ACBAR, CBI, VSA, Union, BAO, SHOES, CA)
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Abundance of clusters

Nonlinear structures Density profiles of clusters

Q 0.40
90)%% — 0.844 +0.036
?8( ?fizc " Bo < 1.1 x 107 (95%CL)
- Ifrol < 1.9 x 10~4 (95%CL)

[L, Slosar, Seljak, Hu (2010)]

(WMAPS5, ACBAR, CBI, VSA, Union, BAO, SHOES, Eg,

gISW, CA)
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Abundance of clusters

Nonlinear structures Density profiles of clusters

Q 0.40
201040 _ 844 4 0.036
o8 (35) Bo < 1.1 x 10~3 (95%CL)

[SDSS MaxBCG clusters] _
|fro| < 1.9 x 10~ (95%CL)
[L, Slosar, Seljak, Hu (2010)]

(WMAP5, ACBAR, CBI, VSA, Union, BAO, SHOES, Eg,

gISW, CA)
Q.. \0.47
o8 (g35)  =0813 Ifrol < 1.4 x 107* (95%CL)
[Schmidt, Vikhlinin, Hu (2009)]
+0.013(stat) + 0.024(sys) (WMAPS, SNla, SHOES, BAO, CCCP)

[Vikhlinin et al. (2009)]
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Q 0.40
941040 _ 0844 + 0.036
a8 (g35) By < 1.0 x 103 (95%CL)

[SDSS MaxBCG clusters] o
|fro| < 1.6 x 10~* (95%CL)
[L, Slosar, Seljak, Hu (2010)]
(WMAP5, ACBAR, CBI, VSA, Union, BAO, SHOES, Eg,

gISW, CA, CCCP)

Q. \047
og (g3s) = 0.813 |fro| < 1.4 x 10~% (95%CL)
[Schmidt, Vikhlinin, Hu (2009)]
+0.013(stat) + 0.024(sys) (WMAPS, SNIa, SHOES, BAO, CCCP)

[Vikhlinin et al. (2009)]
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Marginalized likelihoods and contours
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Nonlinear structures Density profiles of clusters

E (a) |fg/=107*
0 Full simulation
No chameleon
= pherical «
0 o TN T ITARE T T Anf T
E (b) lfpl=10-
06 F(b) [
£04F
= £
£02
= E
<1 =

P N I S o AP € P R e L

Ll Covnl Lol L

Lon e s To
Mgy [Mo/1]

[Schmidt, Lima, Oyaizu, Hu (2009)]
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CHAMELEON f(R)
blue lines from bottom: deny = 1.676, 0.876, 0.076, —0.724, —1.524

ImmERa T

() [fyl=10"

T

0 Full simulation
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ph
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o«
o w
TR

P N I S o AP € P R e L

Ll Covnl Lol L

e s To
Mgy [Mo/1]

o m

120 125 130 135 140 145 15.0
[Schmidt, Lima, Oyaizu, Hu (2009)] log, oMz /M)

[L, Li, Zhao, Koyama (in prep.)]
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LINEARIZED f(R)
blue lines from bottom: fegy = 1.676, 0.876, 0.076, —0.724, —1.524
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[L, Li, Zhao, Koyama (in prep.)]
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@ Hu-Sawicki model _
f(R) ~ 2N\ — fRORTg

as Lombriser, ICG U. Portsmo Cosmological cons



Abundance of clusters

Nonlinear structures Density profiles of clusters

@ Hu-Sawicki model _
f(R) ~ 2N\ — fRORTg

o Linearized f(R) simulations (2563 on 64,128h~1Mpc)
|fro| = 0,107%,1073,102
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Nonlinear structures Density profiles of clusters

@ Hu-Sawicki model _
f(R) ~ 2N\ — fRORTg

o Linearized f(R) simulations (2563 on 64,128h~1Mpc)
|fro| = 0,107%,1073,102

e ZHORIZON ACDM simulations (750% on 1.5h~1Gpc)
Q= 0.2,0.25,0.3
og = 0.7,0.8,0.9
n. = 0.95,1.00,1.05
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Nonlinear structures Density profiles of clusters

@ Hu-Sawicki model _
f(R) ~ 2N\ — fRORTg

o Linearized f(R) simulations (2563 on 64,128h~1Mpc)
|fro| = 0,107%,1073,102

e ZHORIZON ACDM simulations (750% on 1.5h~1Gpc)
Q= 0.2,0.25,0.3
og = 0.7,0.8,0.9
n. = 0.95,1.00,1.05

@ 5891 maxBCG clusters from SDSS with background sources
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Density profiles of clusters
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[Schmidt, Lima, Oyaizu, Hu (2009)]
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Density profiles of clusters
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[Schmidt, Lima, Oyaizu, Hu (2009)]
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Density profiles of clusters

Halo-mass correlation function with 1-halo and 2-halo

terms i=1.8x10"%h3 Mpc®
() = % 1 ool AM b el =107
_ pNEw() _ i
Pm ‘S 0.4t t { |
d*k e 8 & ]
o) [ Eos 0P, g I .
502
where { i it ;
0.0 Frea

My
I(k) = [ dInMymyp, —y(k, My)by(M,). . I L .
/ n My m, pmy L 0.1 051.0 5.010.0 50.0

r [~ '"Mpc]
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Density profiles of clusters

Halo-mass correlation function with 1-halo and 2-halo

terms i=1.8x10"%h3 Mpc®

€am(r) = M*l 0.6 AM

f Ifrol = 1073
Pm h 1

_ pNEw() _
m Loal
d*k ikex S
o) [ Eos 0P, &
0.2

where

0.0r halo model

My
I(k) = [ dInMymyp, —y(k, My)by(M,). . I L )
/ n My m, pmy L 0.1 051.0 5.010.0 50.0

r [~ '"Mpc]
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Abundance of clusters
Density profiles of clusters

peak height
12 AM,sim  —— ]
AM, model —

1.0t 1
b

« 0.8
% 06! ]
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0.2t 1

-40 -35 =30 =25 =20
IOgm [/rol
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NFW profile in f(R) gravity
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[L, Koyama, Zhao, Li (2012)]
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Cluster-galaxy lensing

abundance: i = 1.8 x 10> (Mpc/h) 3

P el =107

0.0 halo model
0.1 0510 50100 500
r [h_lMch
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Cluster-galaxy lensing

abundance: i = 1.8 x 10> (Mpc/h) 3

P el =107

0.0 halo model

01 0510 50100 500
r [h_lMch

cas Lombriser, ICG U. Portsmol

Excess surface mass density (r; ~ 6Dj)

A¥gm(r1) = Sgm(rL) — Tgm(ry),

where
_ 2 ry
Tem(ri) = -5 / :gm(rj_)d’i
ri Jo
2H? Oy
zgm(rL) = 87 G RgI(X)

oo (ST

Cosmological constraints on f(R)



Nonlinear structures

Abundance of clusters
Density profiles of clusters

Cluster-galaxy lensing
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Nonlinear structures

Cluster-galaxy lensing
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Constraints

=

Best fit

Best fit «
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Constraints

T o
] Best fit: |fro| = 1.7 x 107°
| |fro| < 3.5 x 1073 (95%CL)
ACDM DMO A [L, Schmidt, Baldauf, Mandelbaum, Seljak, Smith (2011)]

N
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Cluster abundance

Lol AM 4 Uel=107] o™ | el = 10771
o=0
0.8} : 1 osf } ]
:
~ 0.6 ~ 06F ]
= HH { = ]
0.4 H 1 o4l ] ]
2 4 L ]
0. s 5 02 l ‘ ‘ |
ool ii,, ] ool H} HH};,
0.1 051.0 50100 500 0.1 0.5 1.0 50100  50.0
r [h'Mpec] r [h~'Mpec]

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Nonlinear structures

Cluster abundance

Abundance of clusters

Density profiles of clusters

Lof Am 4 Uel=107] o™ l [frol = 107
--- PM fit /| =0
0.8} : 0.8} } | ]
~ 06 { f | ~ 0.6f J \ ]
0.4 {HH Po4p / l ]
2 s /’ | ]
0. b 5 0.2 k |
0.0f ! -4 00F -kt - { % i
0.1 0.5 1.0 50100 500 0.1 0.5 1.0 50100 500
r [h'Mpec] r [h~'Mpec]

Lucas Lombriser, ICG U. Portsmouth

Cosmological constraints on f(R) gravity



Abundance of clusters

Nonlinear structures Density profiles of clusters

Cluster abundance

===~ |frol = 10734AM)_ - Fy=1(PS) __

1.4 // S 14t T ]
= 1.2 . - l2f tr" . ]
1 . < ; oo

5] S
<90 )T ] { J — ‘ — 1.0 hI“]’J { I 1 l —
08 ] 0.8} [ i
05 10 20 50 100 200 05 10 20 50 100 200

T, [h’lMpC]

Cosmological constraints on f(R) gravity

Lucas Lombriser, ICG U. Portsmouth



Abundance of clusters
Nonlinear structures Density profiles of clusters

Cluster abundance

0.8

0.6

0.4

————— ACDM DMO + 0.2

1D-marginalized likelihood
ID-marginalized likelihood

: - 0.0
0.015

. n
0.000 0.005 0.010
[ frol

Cosmological consti



Conclusion and Outlook

@ Conclusion and Outlook

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Conclusion and Outlook

Current constraints on f(R) gravity

ok

5 -2r
o
)
=3
o

_4b

_6l

-5 0 5
logy,(r h/pc)

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

ok

5 -2r 1
o
)
=3
o

—4+ J

—-6F 4

-5 0 5
logy,(r h/pc)

Lucas Lombriser, ICG U. Portsmouth Cosmological constraints on f(R) gravity



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
or L et al. (2010)

5 -2r 1
K=
)
g

_al d

_6l d

-5 0 5
logy,(r h/pc)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
or L et al. (2010)
@ E;: Reyes et al. (2010)
E I
)
g
—at il
—-6F 4
-5 0 5
logy,(r h/pc)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
0 L et al. (2010)
@ E;: Reyes et al. (2010)
E 2 1
S @ solar system: Hu & Sawicki (2007)
g
-4 -
—6olar system il
-5 0 5
logy,(r h/pc)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
0 L et al. (2010)
@ E;: Reyes et al. (2010)
z° ]
S @ solar system: Hu & Sawicki (2007)
_g"' 1
-4 1 @ strong lenses: Smith (2009)
—6olar system strong lenses 7
-5 0 5

logy,(r h/pc)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
0 L et al. (2010)
@ E;: Reyes et al. (2010)
z° ]
:3 @ solar system: Hu & Sawicki (2007)
D
o
-4 ] @ strong lenses: Smith (2009)
Z 4] Schmidt et al. (2009),
~6olar system strong lenses 1 L et al. (2010)

-5 0 5
log,o(r h/pe)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
0 L et al. (2010)
@ E;: Reyes et al. (2010)
32
- profile @ solar system: Hu & Sawicki (2007)
g
-4 ] @ strong lenses: Smith (2009)
Z 4] Schmidt et al. (2009),
~6olar system strong lenses 1 L et al. (2010)
7‘5 6 é - @ oprofiles: L et al. (2011)

logy,(r h/pc)

cas Lombriser, ICG U. Portsmo Cosmological constraints on f(R)



Conclusion and Outlook

Current constraints on f(R) gravity

@ CMB: Song et al. (2007)

o Giannantonio et al. (2010),
0 L et al. (2010)
@ E;: Reyes et al. (2010)
32
- profile @ solar system: Hu & Sawicki (2007)
8
-4 ] @ strong lenses: Smith (2009)
Z 4] Schmidt et al. (2009),
*GMSW strong lenses 1 L et al. (2010)
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o0 @ distance indicators: Jain et al. (2012)
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Thank you!
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