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The universe accelerated expansion
Current challenge: understand what drives the
accelerated expansion of the universe.

Three ideas:

¢ Dark energy
¢ Modified Gravity

¢ Back-reaction, breakdown of Copernican principle

At the level of the background most dark energy and
modified gravity models are indistinguishable.

We can look at the evolution of large-scale structure:

Gl cnersy and moditied gravity models predigs
different growth rate.
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Large-scale structure observable

credit: M. Blanton SDSS

Galaxy number counts: sensitive
to the distribution of matter and
to peculiar velocities and to
relativistic effects at large scales.

Weak lensing: distortion in the observed shape and
size of galaxy by intervening matter. It probes ® + ¥

CMB: gravitational lensing and Integrated Sachs-VWolte
GEERIGNIRE change In encrgy experienced By DRCIGRS
while going through a time-varying potential. [t Is
sensitive to & 4+ W

2lcem intensity mapping|
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Outline

¢ What i1s 21 cm intensity mapping?

¢ Fluctuations in the 2| cm brightness temperature.

lililie "can be related to the perturbed varlapes:
o v, DV

¢ How can 2lcm intensity mapping constrain
modified theories of gravity!
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2lcm line

higher energy state spin flip

e- LD
wavelength of 213m\x

The transition from the higher to the lower state emits
SWvhieren at 2lem, 1.e.at |.4 GHz

I we detect this line with radio surveys we can map
the distribution of neutral hydrogen in the universe.

ntensity = quantity of hydrogen . B hen of
5 | . 2
-requency —» redshift hydrogen
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Evolution of neutral hydrogen
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Post-reionisation 2l cm emission

Neutral hydrogen Is concentrated in dense pockets
inside galaxies, called damped Lyman-alpha systems.

We measure the 21cm intensity
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t Is not necessary to resolve for each galaxy: we look at
the collective signal from many sources.

nstead of counting the number of galaxies, we measure
recelived from small patches of the sky.

0000 sguare degrees Lip tEZ=Vs
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2l cm intensity mapping
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Redshift
Simulation from Peterson et al. (201 1)

@ellellss code for the intensity or temperature Sl
2lcm emission. Similar to CMB maps.
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Brightness temperature

The brightness temperature Is measured as a function
of direction and redshift.

galaxies number density
ng(n, z)

il 2] = @
b( ? ) d%(_’ﬂ7 Z) - luminosity distance

VWe calculate the fluctuations in the temperature
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Fluctuations in galaxy number count

CB and R. Durrer (201 1)
Three sources of fluctuations

¢ Intrinsic fluctuations In the matter distribution.

¢ Fluctuations in the volume of observation, which Is
distorted with respect to the physical volume at the
source position.

¢ Fluctuations In the redshift.

An,z)=b-0(n,z)—3 |

University of Heidelberg November 2012 Camille Bonvin p.11/30



Perturbations in the luminosity distance
CB and R. Durrer (2006)

e dAo 0

dr(n,z) = i (1+ 2) A0 dAG

dr, 1S sensitive to: the distance, the
expansion and the perturbations. S gaq

Jo calculate Ag; we need the perturbations In:
BiEecshilt Ine matter density, the volume

element, the surface mapping.

ds* = —a*(1 + 2¥)dn* + a*(1 — 2®)6;;dz"dx’

We solve the null geodesic equation and Sachs equation.
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

density
il |
Agl(n, Zs) — b - D) — QGT(V . Il)
H
— (2 | ”H2> V-n - Doppler

+(2 | ,:2>/Orsdr(<i>+\if) >

H W9l
+(3,H2)\11H szv
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

density
il |
Agl(n, Zs) =0 D) — QGT(V : Il)

(2 H)V-n Ar Az

7_[2
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

density
il |
Agl(n, Zs) — b - D) — QGT(V . Il)
H
— (2 | ”H2> V-n - Doppler
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

density
s |
Agl(n, Zs) — b - D) — QGT(V . Il)
H
— (2 | ”H2> V-n - Doppler

2 sl me
+(2 | ’HQ)/ dr(®+V) -
0

H o g
+(3,H2)\11H s

rs

No lensing: / dr
0

(el ere

Aq(P + U)
liles
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

2
Azl(n, Zs) =b-D — %87»-(\/— : Il) o <—> \

(2:2>V-n N(%>\P
+(2§2)/Orsdr(ci>+\if)
+(3,H2)\117.{ -

jiic Deppler term and potential terms BEcSEE
relevant near the horizon.
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Brightness temperature perturbations
A. Hall, CB, A. Challinor, in preparation

density
e
Agl(n, Zs) — b - D) — ﬁ&a(V . Il)
H
— (2 | H2> V-n - Doppler

+(2 HQ)/ dr(®+9) > |SW
el

H & A gravitational
3 U 3—V "
. ( ’HQ) H k e potential

Valid In metric theory of gravity with standard Euler equation.
Modified gravity modifies the growth of &, ¥, D, V
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Brightness temperature in General Relativity

We compute the 2-points correlations in redshift bins.

Bin average:  Asi(n,z) = /dz’ W,(2', 2)As(n,2")

Angular power spectrum

7
(Ag1(n, z)Agy(n', 2")) = Z %4—; 1Cg(z, Z)Py(n-n')

We compute Cy ina ACDM universe with gaussian
initial condrtions.
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¢ density ¢ Doppler ¢ ISW
¢ z-distortion & potential ¢ total

10 - ’J

1)0[/271‘
o

(1

10 100

Redshift-space distortion is large due to the
narrow redshift bin: 2 MHz = dz = 0.006
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¢ density
¢ z-distortion

¢ Doppler
¢ potential

| .1I0
[

100

¢ ISW
¢ total

bRl Increase the relevance of the relativistic terRaSNE
using cross-correlation at different redshift or larger window.
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Modified Gravity

Which kind of deviation from General Relativity can
we constrain with 2 lcm intensity mapping!

We use a Principal Component Analysis (PCA)

Modified gravity modifies t

ne relationship between the

variables: this can be encoded in two functions u and 7y

—k°V = 47Gau(k, 2)pD

S =~(k, 2)U

MRE chicial Relativity: u(k, z) = 7k, z) = 1 Vel AEche

How can we detect deviations from | with 21 cm?
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Modified Gravity in 21cm

2 lcm i1s mainly sensitive to density D and velocity V

VWe combine modified Einstein equations + conservation

oo . 2

D+HD 37; I 18— At sub-horizon scale

. 2 ) 3H>

17 S| g i V—(—u+7—[+7—[ >V:O
b 2 L

2 | cm constrains deviation in u

Redshift-space distortion is specially sensitive to time
variations in u

VWe need another observable to constrain «y
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Modified Gravity in CMB
We use CMB weak lensing and ISWV to constrain «

e TA

@B em can constrain both u and &

. . 1
We Introduce a new function X = (WZ )
2
¢4+ VU =-3 (%) Y(k,z) D

u modifies D and V = 2lcm
>, modifies the relation between ® + ¥ and D = CMB
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Principal component analysis

The function p and ¥ depends on k and z we sample
them on a grid.

N
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We have 32 free parameters corresponding to the values
of © and X at the nodes: how well can we constrain them?
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Principal component analysis

The function p and ¥ depends on k and z we sample

them on a grid.

N
]
W

Redshift (z)

z_
II‘ ‘ ‘ ‘ ‘

z=0

M(Z.K) kNL ~ 0.1 MpC_1

:ZCNL ~ 0.09 N[p(i_1

Jennings et al. (2012)

0

Wavenumber (k)

X
i@ o @ o o
QO

We have 32 free parameters corresponding to the values
of © and X at the nodes: how well can we constrain them?
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Fisher matrix analysis

Parameters: 32 modified gravity parameters + / standard
cosmological parameters.VWe assume a ACDM background.

Data: 2 | cm angular power spectrum + CMB lensing and ISWV.

0C (1 9C’

1 _ 1
" e a

We diagonalise the matrix to find the independent
combinations of parameters that can be constrained.

Blgemvecior —» Independent medes
Sloepi/alle - error on the mege

University of Heidelberg November 2012 Camille Bonvin p.27/30



Conformal Time (Mpc)

p(n, z)
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Conclusion

¢ 2lcm intensity mapping provides a new way to map
large-scale structure.

Sl his" o the high redshift precision ancine e
that we look at a collective emission, 21cm can easily
produce 3D maps of large volume of the universe.

¢ Redshift-space distortion I1s enhanced In 2lcm
intensity mapping.

¢ A principal component analysis Indicates that a
BiElcaioxperiment like CHIME can consirainsess
iIndependent modes of the free functions g and X
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