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(Cold) Dark Matter as a model

A Particle (microphysics)
Dark Matter: N
Dust fluid (macrophysics)

Particle ——> Non-gravitational detection (perhaps, perhaps, perhaps)

(PD M) DAMA, CoGeNt, Crest

Extremely successful for LSS, CMB, clusters

Dust fluid Z} Potential problems for galaxies (cuspy halos..., satellites...,
(ACDM) \
Need Dark Energy —> A
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Motivation

® Best evidence for CDM comes from CMB

- CMB described by linear theory
- No messy astrophysics

- Very accurate observations

® [ffects of CDM on CMB

- Pedagogical
- Can help to test properties of dark matter

- Can help to test GR

® Does a “dust fluid” imply particle dark matter?

® (Can a modification of gravity produce similar effects
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VWhy CMB indicates CDM
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CMB angular power spectrum

Angular Scale
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(©(n)0(n)) =

2(21 + 1)C1 Py(cosh)

z P(1t) : Legendre polynomials

“angular eigenfunctions” p=[-1,1]
C; :Angular power spectrum Functions defined in [—1, 1]
can be expanded in terms of Fj(1t)
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Fluctuations in the Universe

4 )
Metric fluctuations | ds® =a® |—(1+20)dr” + (1 — 29)d7 - d7]

. J

Two “Newtonian” potentials:  ®(7,k) W(7,k) (inFourier space)

Fluids:
i _ 0p

Density contrast: =
19
Velocity U; = aV;0

— (7, k) 0(r, k)

(adiabatic) Pressure fluctuation: 6P = c2dp

Shear o
& Y, 5
* Baryons and Cold Dark Matter ¢, = 0
. , 1
Adiabatic speed * Photons and massless neutrinos c; = 3
of sound  Massive neutrinos 0 < ¢? < %
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C M B d e S C rl Etl O n (ignoring polarization effects)

—

CMB Temperature contrast: O(, k, p)

" Boltzmann equation
O+ iku® — @ + tkuV = an.or [©g — O + tkuby]

\_ \ y,

Fourier mode];, ILL — ];‘ . ﬁ Compton scattering
D = O(r, k,p) = O(1, k, u)

photon propagation

Expand in multipole moments:

O(7, k, 1) = Z(Qé +1)O0(7, k) Pr (1)
14

Angular Power i 2 )

c, =2 / Akl Po ()| O (o, k) |

Spectrum T

J
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Tight-coupling and Free-streaming

[Tigh t-coupling:j Compton scattering

Proton Photon Helium

Neutron nucleus CMB radiation
Electron Helium | ad
ydrogen .
~m atom Firststars Early Modern
galaxies galaxies

L) [ Free-streaming j

Wednesday, 27 June 2012



Solving the Boltzmann equation

(Hu & Sugiyama 1996)
T < T+« Tight-coupling:

. iy L2 . R 4.
[ @Q+ig@o—|—k2cg@0:— N (I)—I——ECI) J

l+Ra 3 l1+Ra
Wd
Damped harmonic oscillator forced by gravity @,
O (7_7 k)
R = % : Baryon-photon ratio Cg = 3(1i—R) : Baryon-photon fluid sound speed
T > T« Free-streaming: O +ikp® — & + ikp¥ =0

r p

. TO . . .

= O(7g, k, p) = =10 [@g + U — ikudy) + / dreFH(T=0) (cI> + xp)

- gv,_/ i M e J
Primary anisotropies Integrated Sachs-Wolfe effect (ISW)

Effective temperature O + V¥

Doppler ikudp,  (ignore from now on)
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Goodness of the approximation

no CDM

with CDM

I

/ No source term

/;/ Exact result (no approximation)
<—

k2

Source= ——
3

Full source term

(same colours as above)
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Silk damping

Photon Diffusion

Breakdown of tight-coupling
1

neaTH

[ Oy + T — e k0 (0, + ) j

Random wallk: o ~AurpVN ~

T)’Plcal Values: kp ~ 0.12Mpc_1 for Qyh* = 0.02
kp ~ 0.45Mpc—t  for Q,h? =0.22

| tight-coupling

not very relevant
for first 3 peaks

0 0.1 0.2 0.3
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Acoustic Eeaks Ho & Sugiyama 1996)

Assume constant potentials, WKB solution: [@0 -+ VUV =-—-RV —+ A COS(kTS)j

2 | | | | | | | | | | | | | | | | | | | |
I at LSS

r 1

effective = paryon drag + adiabatic mode
temperature oscillation

1.9

; |

I /\ * —_
Oscillation frequency given by sound horizon + i I
< \ [k
s = f CsdT : ”i
0.5 |- 1
Oscillation zero-point displaced by gravity I R u

| I | | | | I | | | | I 1 | | I | | I

— RV ° T3 -2.5 ~2 ~1.5 ~1

k
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The bar'ZOn dr’ag (Hu & Sugiyama 1996)

Oy + U :[—R\IJ}L Acos(krs)

C@O"—\I] rr—r—r7rr—r—7rrr1r T T T T T

8000 — increasing | R = 4_
baryon density  _ P~

6000 T ~

A |
WA
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]

1(1+1) C_1
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CMB for Baryon-only Universe

8X].O4 T T ||IIII| T T T TTTTT T T T TTTTT T T 2X104 T T |||III| T T T TTTTT
I QA ~ 0.96

6x104 - — 1.5x104 -
U o) i
i 4x10* |- ~ ’f 104 -

2x10% |- — 5000 -

O O | | IIIIII| | | IIIIII| | | IIIIII| | |
1 1 10 100 1000

Why aren’t peak heights alternating?
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Potential evolution

. . . 1 . kQ sin(k71//3) o
Radiation era & +4%% + =0 L po  kr kQ:;)S(’”/ V3)  oscillatory decay
a
. a
Matter era O+3—P=0 = O = const
a
no CDM with CDM | i at LSS

0.6

0.5

total 1
&~ _

0.4

with CDM

0.2 -

baryon contr. ] e

i | o f
1 1 1 1 | 1 1 1 1 | 1 1 1 | | L L L 1 | | | | | | | | | | | | | | | | | | | o oo b e b e
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T / T T/ Tw k

Qbh2 — 0.22 Qph? = 0.02
Q.h? = 0.2
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Potential decay
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Acoustic drlvmg

Qph? = 0.02

0 .h? =

©
+

E 8000

6000

1(1+1) C_1

4000

2000

0

0

.2nd

 matter density

ITS eq
| T R | R TR W T N T M S NN S '
0 200 400 600 800 1000
T T T T | T T T T | T T T T
N4 " reducing drivin g

(Hu & Sugiyama 1996)

| Q0% = 0.02
| Qch? =02

. eq LSS

1 1 1 l 1 1 I 1 1 1 I 1 1 1 I 1 1 1
0 200 400 600 800

1000

due to potential evolution
during tight-coupling

R k2 R
e ——@ k2 2@ — U4+ P ——<I>
0+ + Ra 0+ 0 3 TeT + Ra
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ISVV effect

5 —
Oyh” = 0.02, ;
5 [
Qch - O 05: . N
—-0.5 : |
-l LSS eq ]
PR ! | I | I
0 200 400 600 800 1000
CISW
- ISW -
[ reducing
000 L Matter density |
J
24000 -
2000 —
0! A i \ | | |
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Qph? = 0.02
~ | Qch? =02
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Due to potential evolution
during free-streaming

QLW (14, k) = /TTO drjelk(To — 7)] (cb + \If)

ethis is early ISW
eoccurs just after recombination
*nothing to do with dark energy
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CDM effect on CMB

* Baryons raise odd peaks relative to even peaks

* Increasing CDM density, moves equality forward in time

* Potentials decay during radiation era, constant in matter era

* Potential decay during tight-coupling (before recombination)
drives the anisotropies

* Potential decay after recombination boosts anisotropies due
to the Integrated Sachs-Wolfe effect

1.5x10* i GR+baryons - 1.5x10* i CDM _

10* i effect .
_ of CDM |

11+1) C_1
1(1+1) C_1

5000 | m 5000 |-

1 10 100 1000 1
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Beyond CDM

* Properties of dark matter: Generalized Dark Matter (w.Hu 1998)

e Assume CDM but test GR

* Try to replace CDM with a modification of GR
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Generalized Dark Matter Ho 1998)

* Background equation of state w # 0, may also be time-varying

e Non-adiabatic speed of sound: §P = cdp + 3%(0? —c2)(p+ P)o
Cs 7 Cq

e Shear ViSCOSit)’ Cyis obtained from effective shear 0 (modelled after neutrinos)

Huetal. 1998  _° o

.........
.....

(AT/T)? (x10°'7)
.

Li et al. 2008: T
eassume background CDM, but general pressure perturbation and shear.
eparameterize growing mode of CDM

ecertain engineered dPand O after LSS give identical spectra to standard ACDM

Calabrese et al. 2009

Experiment Limits on wy,, 5
WMAP ~0.352038 o5 1072
WMAP (2, = 0) ~1.39+016+03% . -2
All CMB + SDSS + SNLS 0.0729317041 . 1072 apis | ST
0 02 04

Q
A
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Alternative to ACDM?

Modified Gravity and Cosmology!

Timothy Clifton®, Pedro G. Ferreira®, Antonio Padilla®, Constantinos Skordis®

¢ Department of Astrophysics, University of Ozford, UK.
bSchool of Physics and Astronomy, University of Nottingham, UK.

Abstract

In this review we present a thoroughly comprehensive survey of recent work on modi-
fied theories of gravity and their cosmological consequences. Amongst other things, we
cover General Relativity, Scalar-Tensor, Einstein-Aether, and Bimetric theories, as well
as TeVeS, f(R), general higher-order theories, Hofava-Lifschitz gravity, Galileons, Ghost
Condensates, and models of extra dimensions including Kaluza-Klein, Randall-Sundrum,
DGP, and higher co-dimension braneworlds. We also review attempts to construct a Pa-
rameterised Post-Friedmannian formalism, that can be used to constrain deviations from
General Relativity in cosmology, and that is suitable for comparison with data on the
largest scales. These subjects have been intensively studied over the past decade, largely
motivated by rapid progress in the field of observational cosmology that now allows,
for the first time, precision tests of fundamental physics on the scale of the observable
Universe. The purpose of this review is to provide a reference tool for researchers and stu-
dents in cosmology and gravitational physics, as well as a self-contained, comprehensive
and up-to-date introduction to the subject as a whole.

Keywords: General Relativity, Gravitational Physics, Cosmology, Modified Gravity

Phys. Rep. 513, | (2012)
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Modified gravity and the CMB

* Equality: New dof may change the background
* Potential evolution depends on Modified Einstein equations.

* Any potential decay during tight-coupling (before
recombination) drives the anisotropies

* Any potential decay after recombination boosts anisotropies
due to the Integrated Sachs-Wolfe effect
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Eddington-Born-Infeld theory ...

@ o tr [q_lg\ two metrics
two sectors of GR

I Describes a massless and a massive graviton
m ~ Hy ~ 107%eV

107 |

lOG %

10®

104 ‘
1000

100 Po

10 pq_>_

0.1
0.01
0.001
0.0001
10-8
10-¢
10-7
10-8
10-°

IOC] —> const

0.0001 0.001 0.01 0.1 1 10
a

Wednesday, 27 June 2012



Perturbations: DM with stress

2nd metric

has 4 new dof

map them into 0,0,0P, o

Perturbations behave like CDM on small scales

pressure

oP ~ 0

perturbation

shear

Instability

o~ (0

].IIIIIIIIIIIIIII

d+ ¥

_1IIIIIIIIIIIIIII

02 04 06 0.8
T/T,

|
1

1.2

1(1+1) C,/2m(uK)?

6000

4000 |

2000

(Banados, Ferreira, C.S. 2009)

400

(+1) C/2m(uK)?

600 800 1000
1
\IIIIIII LI IIIIIII LI IIIIIII LI
10* I~ ISW ~
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O 11 IIIIIII 11 IIIIIII 11 IIIIIII LI
10 100 1000
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Posing as ACDM

* Instability due to Boulware-Deser ghost
e Can be curbed by re-introducing bare A

(Banados, Ferreira, C.S.2009)

(o))
o
o
o

4000 [

1(1+1) C,/2m(uK)?

2000 :

but ghost remains
10: g ———————3 theory is not good

104 E

1000 E

P(k) (h Mpc™!)?

0.001 0.01 0.1 1
k (h Mpc-t)
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Parameterizing deviations from GR

C.S. (2009)
° Inspired b)’ PPN T. Baker, P. Ferreira, C.S., J. Zuntz(2011)
e Add terms to Einstein equations involving new dof and potentials (similar to Batteye & Pearson 2012)

we can always re-shufle any set of field equations to look like :
5Gyy = 8TGSTN™) + §U,,

Parameterize § U, by requiring diffeo inv. and up-to two time derivatives

- ~ 1/ a. . . -
Metric Gl variables: @ and | = E ((I) + -\ contain only | time derivative
a

New dof: )A( and X

* Bianchi identity determines field equations for new dof
* Solve to get CMB spectrum + P(k)
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Parameterization

Required by diff. inv.

o 5 R 1. ~\. (no freedom)
(0,0) Uar = k“|Ag® + Fol' + apx + Ea1x+kM/_\V
: A A 1 .
(O’I) U(_) — k |:Bo¢ + I()F + IB()XA + Eﬁl)z + k}\/l(_)V

traced (i,i) Up k200<i> -+ kCl<i> -+ kzj()f‘ -+ k.]lf‘ - k2,},0>2 - k'Yl):e - ’)/2)% e k3]\4pv

. A 1 A A 1 A .1 |
traceless (i,) Us = Dyg® + %D1<1> + Kol' + EKIP + €oX + qu -4 EEQX
Definition | GR Horndeski Aether DGP
Fy+3Hy S
Q| Bl |0 |8 (1-59) 0 0
Q| 1+4 1 Gr 1 1-39%
! 1 [t
Qs o 0 g 1 3—a ~ 2%
Q4 Dy —1 -1 —ﬁl’ -1 . (1 + r;'fX(:ls+3w))
Q5 DiHi —1 -1 —GT —(1 +C) + 63) - (1 + rﬁX(:ls+3w))
Co K w+1)(3w+T
Q6 1+ Q4 o 2L 0 0 0 o 4r§X ( (li-(Sw) :
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Toy case: no extra fields

Assume background unchanged

00 Us = K [Ao‘i>+}b’f+}é+%(1>’{+kMAV]
@) U = k[Bo<i>+}A‘+ﬂy*/+ %%+kM(_)V]

traced (i)  Up = kzcoé+Ic01<1>+k//1‘+/1“+k2%+k/+/{+k3MpV
traceless (ij)  Us = Do<I>+kD1<I>+KoF+ yﬁ‘“+;(x+7/x+—%/

Further condition to avoid instability: D1 + Ko =0

Ay = 2H;P
2
By = ——Hk( + R)
2 2 2 . 1
CO - —%PO §P1—2|:Euk+7{f—§] P()
30%(X Y') One function of time remains
302(X +
C, = —2H.P+ = Hp (—2FP) + 902
1 HiFo + H Hi ( 0+ 9Qx) PO
_ Hk 1 1
Dy = kp1+(k,Hk+2’Hk+3> [kHA 'H;‘—3:| Py
Dy = HpP
3a* (X +Y) 9
Ro = ok 2 kX
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Potential engineering

: : 3 (1 — 302
Potentials constant during matter era: p = 5( ) 0y

1—Qx
3(1 -39 ‘ ,
Two parameters: P = ( oy + ai) i) + 3682y
2 1-0Qx
departures from constancy during matter era radiation era modification
8mGa?
® = - 0+ 3H(1 + w)o
2k2 (1 + SHZQx) e (1+w)
d = 4nGa’p(l+ w)b + gBO‘I) — HWY
U = 2k — 81Ga’*(p+ P)L + [1 — Do) ®
T 2k2+ 9H2Qx P °

¢ |nitial conditions different from LCDM

* Work in progress...
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Conclusion

* 3rd peak in CMB spectrum appears raised: indication for CDM

* Why!?
- Potentials decay during radiation domination

- Potentials stay constant during matter domination

- Potential decay enhances anisotropies through acoustic driving
(tight-coupling) and ISWV effect (free-streaming)

- CDM puts CMB into matter era least potential decay

- suppresses |st and 2nd peak so that 3rd peak “appears” raised.

* Can be used to test non-standard properties of CDM and test GR

* Linear “Effective CDM” equations do not imply particle DM.

* Difficult to have radical departures from CDM (anything non-
CDM leads to potential evolution), but need to be quantified.
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