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Observations of Accelerated Expansion

1) Type Ia supernovae
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Observations of Accelerated Expansion

Snla strongly support
accelerated expansion
(Riess et al 1998)
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Observations of Accelerated Expansion

3)CM

B with Planck
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Observations of Accelerated Expansion

4) Baryon Acoustic Oscillations

and correlation function

S p(T) — (p)
=

E(7) = (5(&)8(& + 7))

k

g 1 | sin(kr) 9 Correlation function:
Elr] = WfP(k) > Ankdk

P(k) = (|ox[*)

5) Large scale structure
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Observations of Accelerated Expansion

5) Transitions from Radiation to Matter to DE are necessary for structure formation

— Qp(a)
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The Standard Cosmological model

St T

Einstein equations G = =~
in pure GR: / \

TV = Pg! + (p+ P)U*U,

Einstein tensor

2
Friedmann-Lemaitre- ds® = Fdt* — oft)? ( 1 iﬁ 5+ r?(d6* + sin(ﬁ)gdﬁ-ﬁg))
Robertson-Walker (FLRW) \ /
metric: K_"& By = w

\ \<— a(t2)*X /
xpwnq \_<_ a(t1)*X />

ww.@i\

Scale factor af(t):

X



The Standard Cosmological model

The curvature:

Friedmann equations (1924):

Continuity equations: V., T" =0 =—=p p+3H(p+P)=0

(via Bianchi identities)



The Standard Cosmological model

HU.bble (1 92 9) The UanCI‘SG IS CXp andlng Redshift of distant galaxies

Riess et al. (1998): ...and 1t's also accelerating! Type la supernovae

27 Friedmann equation: £ = -2 (p(a) + 3P(a)) m=> P < —3

10 — () Non-relativistic matter P <<p
Equation of state P=wp
w — 1 Relativistic matter p—1
~ 3 (photons etc) = 3P
e 1 The known forms of matter
P < e} :> w < 3 cannot explain the accelerated

expansion of the Universe...
We need Dark Energy!



The cosmological constant A

Pure GR: § —

3G
d'x /= m Guw=—7"Tuw
lﬁnt VEER + S = |” c4T”|

Modify either LHS or RHS!

GR with a cosmological constant (mod. LHS):

|

B 4 817G
- 16ntdI”_g(R_2M+S"’ = GuwtAgw=—Tu

Cosmological Constant

Works (see previous lectures) but has problems:

1) Fine-tuning problem:

Am?
— 72 —42 2 o 1 g e
A~ Hﬂ = (2.1332h x 10 GeV) I:> G 8:: ~ 1074 GeV?* ~ 107123, ;I
= \f +m an _MAx_
Pvac 2 27) 2 2 }3 ,) m o2 = ~ 10" GeV



The cosmological constant A

2) Coincidence problem: 1
0.100}
S — Qp(a)
S 0.010} o
— 0,
Why same order of magnitude today? 0001 : (a)
— Qpe(a)
1074 — ‘ .
10 10 0.001 0.100

a

3) Other theoretical issues:

Q,|boson) = |fermion) Z (0 QT] —cE  E[0)=0

Q,|fermion) = |boson) an g,

1) In SUSY the vacuum energy is O.

11) Anthropic arguments —107Bm < pa 3% 107w,

111) Other astrophysical 1SSues (see previous lecture)
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Lemaitre-Tolman-Bondi (LTB) void models

1) FRW metric 1s homogeneous/isotropic at large distances

Not smooth at all scales, in small scales

there are voids!

2) LTB metric allows for a void:

0802.1523
ds® = —dt? + X2%(r,t) dr® + A%(r, 1) dQ?

402 = d6® + sin® 0 b = b "> FRW metric



Lemaitre-Tolman-Bondi (LTB) void models

3) Two Hubble parameters! Transverse and longitudinal:

fr(r) = 4
]{L(Tj t) — j:g:’ 3

We require profiles for density and HO!



Lemaitre-Tolman-Bondi (LTB) void models

5) Parametric solution
- r) — 1 ﬂM(-r) _ ﬂj,f(i"‘) sin -1 ﬂj{(?")
Hy(r)tsa(r) TR 1+ O (r) D) h™y | Dur (1)

\ Big Bang not happening

[C{:-E.h[: ’."'.'} s ]_] Aﬂ (T‘) simultaneously everywhere!

Qm(f‘)
2[1 — Qpp(r)]

Qs (r :

A(r,t) =

Hy(r)t =

6) Possible profiles for matter, Ho that describe a void of size ro:

Qe (r) = Qous + (Qin — Qom-,) (1 — tanh|(r — -?‘G)/Qﬁ'?“])

1 + tanh|ry/2Ar]

Hy(r) = Hy L Su() sinh™* QK(T
Qg (r) Qi (1) Qu(r

\ Demand Big Bang happening

simultaneously everywhere

> Q[QK
=Ho) (2n+1)(2n + 3)

n:D




Lemaitre-Tolman-Bondi (LTB) void models

7) Most profiles are problematic, require fine-tuning and/or weird primordial
power spectra to fit CMB.
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Quintessence

1) Simplest thing we can add to GR Lagrangian (on RHS!) 1s a scalar field

1) Scalar fields (bosons with spin 0) have been observed (Higgs)!
i1) Already used in inflation (also an accelerating phase)
1i1) Dynamics well understood

]
S = —
167G

I
fdﬂ'x —g R + Sy, —> S:[dalx«f—g [ﬁR—I—E@]—I—SM

1
£¢, — ——Eg“"aﬂgbauqb o V(l;b)

2) Energy momentum tensor:

2 8 —2Ls) l
Y T s = b — g [Eg“ﬁ Dupdpd + V(:;b;»}




Quintessence

3) Effective density and pressure and equation of state w:

l
Pf.f' I{{m — _QI)E V(‘i)} P ¢2 o QV((,L’))
1 @
= T T P

] .
Py = —T&’“‘" = S8+ V(@)

4) In quintessence, w(z) cannot cross -1! Use continuity equation:
. Nesseris et al, astro-ph/0610092

. : ¢ a

py +3H(py + Py)=0 P = —3E(P+P(P))

When W—> -1 :> p(p) _}_ _JO :> .-O — 0 and wlglll dtm

So w(z) goes asymptotically to w— -1-!



Quintessence

5) Equations of motion:

2 | . . .
H2=%[—¢2+V(¢>)+.Om], b+3Hp+Vy=0

3 L2 Vy=dV/de
_ 2 and
H=—7( “+ pu + Pu) Py +3H(py + Py) =0

6) Example models (all high energy physics inspired):

Freezing Thawing

V() =M*"¢p™" (n=>0), V(g) = Vo+ M*"¢" (n > 0),
V() = M*"$p™" explad®/m?). V(g) = M* cos™(p/f).



Quintessence

7) Autonomous systems and critical points arXiv:hep-th/0603057

T = f{i",y,i]

_ Critical points when (f; (zeye) =0
y=g(z,y.1)

8) Stability when

Tr=1T.+ 0T -

vl

S O
==
S
|
e
Sy S
==
e S
I
o
mm|n:-
=)

) (z=zc,y=yc)

Yy = Yo + Oy dv

B
e

b = Cet N 4 Cheta
Sy = Cye N + Oyt



Quintessence

9) Solutions

br = Cet N 4+ Chetay
oy = Cyett N 4+ O et

10) For quintessence

.= mf:: y:va
- V6H \VBH'
_ Vs _ ViV
’)‘:_HV" I'= vz

(i) Stable node: p; < 0 and po < 0. arXiv:hep-th/0603057

(ii) Unstable node: g1 > 0 and p2 > 0.

(iii) Saddle point: gy < 0 and ps > 0 (or gy > 0
and p2 < 0).

(iv) Stable spiral: The determinant of the matrix
M is negative and the real parts of g1 and p2 are
negative.

c=Lted 1+ vig)

2

der V6 2
e _3I+Tehy
3
4_533 [(1 . T_L-'m:]Ei"z + (1 +wm)(l — ’.9'2}] )
dy V6
an = =gt
3
_|_§y [(1 o fwm)E$2 + (14 wm)(1 - 'ygj] ’

dN



11) Other variables:

2

2 2 , b Pm
. . —1
€r” 4+ Yy + 3172
. EIZ T
Po EX- + Y
Hzlﬂ',;}
Q= 35z = ex? + y*.
12) Phase space
Ko V'V
r=——., Y= :
V6H V3H
o Ve VW
= TRV V2

Quintessence

10,0

0.100

0.00100

[ s
1w’

w?

10_" i

lo—l} ;

Dark Energy,
L.A. and S.T.

lt;gl[, (z+1)
arXiv:hep-th/0603057

0.5 1



Quintessence

13) Potential reconstruction (E(z)=H(z)/Ho): Dark Energy,
L.A. and S.T.
2
szi[l€52+V(¢)+pM] ; k(99 | dinE@) 3¢’ 1+z
312 ?(E) 1+z dz 2 Ez(z)_
2 K2V I +2zdE*(z) 1

00 3
0 i 2 Q. (1+2z).

H =~ (9" + pu + P) = E@) -

0

14) Condition for reconstruction

dH*? o
- > 39533 H§(1 + 7)? => P + Py =0 (weak energy condition)



K-essence

1) K-essence (most general action for minimally coupled scalar field)

Dark Energy,
L.A.and S.T.
=-(1/2)(V¢)* = 5= [dey=5p6.X)
1 .
—> Sp = [d“:ﬁf—g [ER—I—K(@)X —I—J[,(c,f,:j}‘fE 4+ |,
2) Equation of state:
r - 2 B _ b oo 40,6+ gnP == = n —>
= T ps =2XPx — P
_bh_ P

Can cross w=-1!

We

ps 2XPx—P



Chaplygin gas

1) Barotropic fluids (Chaplygin gas)

Dark Energy,
L.A. and S.T.

P=—-Ap™

1/(14-a)
= pl)= I:A + 3(1+a)]
Py +3H(py + Py) =0 a

2) Equation of state w(z) 0.0[
B 0.2

QF = : I:> 2 A ACDM

m A _|_ B §—0.6 a=0.01

a=0.40

0.8 a=1.00

1/(1 _1.0|: ‘ , , . ‘
o(2) = p. [1 —QF + Q° (1 + E)E{Hm] [t 001 010 1 10 100 1000

Q* :I" w(z=0)— -1 mimics DE at late times!

_ m 3(1+4) L. .
w(z) = [1 + T—on Q;]:1(1 + 2) w(z>>0)— 0 mimics DM at early times!
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Modified gravity

1) Simplest thing we can add to GR Lagrangian (on LHS!) is R— f(R)

1) Just a scalar degree of freedom

i1) Has been used in inflation (Starobinsky model!)

1i1) Dynamics well understood, but rich phenomenology
iv) High energy physics inspired

1 ] 4
S = d*xy/— S = d*x/—g f(R)+ S
lﬁnt xv—g R + Sy —> lﬁnt xy/—8 f(R) 4 Sm

2) Simplest example of f(R) 1s ACDM!

f(R) ~ f(Ro) + f'(R))R+--- ==

— ] 4
[dcv=grm+s, = 5= forg | VR R=20) 5,

8§ = —
160G

GR is just a special case, not unique theory!



Modified gravity

3) High energy physics inspired. New terms appear when trying to renormalize

GR at one-loop order:

1 s 1 w L1
TRo tepn BT = g B B = 5 & ) LR

Birrell & Davis 1986, I
Sec 6.2, pg 159

R= R+«

=7

1 /1 2
5(6_5) R4+ -

4) Most general (pure) modified gravity theory is of the form:

R = gnuR“H

P = R, R"
R:}f(R-_.PwQ,Dn,G) <:| Q — Rﬂlﬁ"f&Rﬁ'S"rﬁ

0 = ¢""V,.V,

G = Q—4P+ R

D’ Alambertian in curved space

Gauss-Bonnet term
(topological invariant in 4D)




f(R) models

1) f(R) equations of motion (vary action with respect to metric):

f d'xy/=g f (R) + Su T3, = 0 it Vot~

ORY,, = Vaol'L, — V.ol

S = —
167G

1
R = 3 (—060, + VaV 008 + VaV, g% — V,V,00%)

- ~ L v v 1 a
Juv = Guv T 5‘5’;&1! G+ " = g"" — dg" 0Vg = 5V 99ar09 ’
0R = 0(¢"" Ry) = 0g"" Ry + g, 00" — V.V, 06"

1
—> FGuy — 5(f(R) = R F)gu + (90 = Vu Vo) F = kT
2) Conservation equation: 80 = £V =V Vot + (VV  )are + (Vo V)gn
= V.V, + V.V,
S = f d'zy/=gL = o8 = [ dov=g [TV + V)
/=G = — [ d*ay=gV*[V*S,, + V*S,
58 — /dd"il? ,-'—_g [ Q:: 1 ] 5g#p |:> / [ p “]
ogh” /=g — 9 f dizy—g V¥ V48,
= /d%? —g5,,09"" =0 =

V.S = 0




f(R) models

3) f(R) Friedman equations for FRW and acceleration!

dr2
ds* = Adt* — a(t)? (1 ?‘k 5 + r2(d6* + S'i?l-(@)Qd(f)Q)) I:>
_ T

1 .
3FH? = pm+ praa+ =(FR— f)—3HF
2 Properly chosen,
_9FH — Pm + E Prad + F_HF > can give acceleration!

3

4) Autonomous systems

o Ii:—l—Ig—gIg—l-:If?-l—I;l
rH = —-——.
F / I1ra
Ty = — x9(223 — 11 — 4)
o= _ﬁFfHE "
' I3
/ To = — — 2xa(zq — 2
= Rq H ) |:> 3 — a(x3 —2)
6H*= H )
o Prad Ty = —2rq1y + T1Ty
T 3Fm T
_F'R fprR
m = =
_d _d _1d I fir
dine ~ dN ~— Hdt '



f(R) models

5) Critical points

Pl . (’I*l,:fz., :] (0 —1. 2) Qm =0, weg=-1, f(R)'!-G:',fR

Pz {1’1 I2,T ]—( lGG} QmZQ, T.Ueﬁ:1f3,
P (xy,25,23) = (1,0,0), 2, =0, wg=1/3,
P4 {1’1 o, 3:]—( 450) Qm:{], T.UEH:].',‘IS,
3m 1+4m 1+4m
Fo 2 (@1, 22, %3) = (1+m‘_2{1+m)2‘2{1+m)) —
B m(7 4+ 10m) B m
I =1-Samp Y= "Tom
_ _[2(1-m) 1-—4m (I —4m)(1+m) |
Ps: (z1,79,23) = ( T om  mr2m) m( ot 2m) Attractor!
2 — 5m — 6m?

Rm:[].. & e —
e T T+ 2m)

6) Viable models (Hu+Sawicki, Starobinski) are perturbations around ACDM!

f(R) = R —'mzlfii{qﬁ:;m .
- R_Qﬁ(1_1+(Ri’(6A}ﬂ) lim f(R) = R—2A,
=R—ﬁ, lim f(R) = R.




f(R) models

7) Effective fluids: take modifications from LHS to RHS — Dark Energy fluid!

1 .
Gy = 5(J(R) = R F)gu + (90 =V, V) F = kT E G = w (T +T0P)

1
_(f(R) — R F)g,uv - (Q,LWD - V“VH)F V“TLEEE} — []

DE) _
KTDE) = (1 - F)G,,, + 5

8) Perturbations and Geff: f(R) modifies Newton’s constant!

f(R)~ f(Ro) + f'(R))R+--- ==

1 4
StCoys ]d ry/—g [R — 2A]

\ Gerr ~ Gn/f'(Ro)

S — m / d‘*mrf(mfvﬁ d'zy/=g [f(Ro) + f'(Ro)R) ~

More properly: perturb FRW, find Poisson equation:

Vo= —41‘TCN(12 Gett y bom,

k GN
ds® = a(1)? [-(1 + 2U(Z,7))dr? + (1 — 20(&F, 7))dT?] — | 144k En
Geff/GN - f1_|_3k2FR’

a? F



f(R) models

9) Conformal transformation (Jordan— Einstein frame): f(R) is just a scalar field!

g,u;v - QQ GJuv » |:> R = Qg(ﬁ + 6|j{.d — Ggﬁyﬁﬁm*ayw) |:>
w=1In

/ d*ay/— [—FQ (R + 60w — 63" 9,wd,w) — U] + f Ad*2Lar (272 G, War)
02— F [ — %
Redefine “field”: |

KO =+/3/2 In F —>

/ dte/ 27 [—H—%g;wdﬂqbdyu Vig)| + ﬂ / A2 Lar (F~(6) G W)

Potential

. , U FR— f Non-minimal coupling
Quintessence!!! VI(9) = 13 = 5,270




Ostrogradsky’s theorem on higher derivatives

Ostrogradsky’s theorem and higher order derivatives: 1506.02210
i) GR has 2" order derivatives.
ii) Modified gravity theories in general have >2" order!
ii1) Theories with more than 2" order derivs are unstable (exceptions apply...)
1v) These theories may also suffer from ghosts!
v) Modifying GR 1is tough :(

Example:
oL d oL _ = Pi—L.
L=Lxi) = 9y dtor |
— PV(X,P)—L(X,V(X, P))
= F(x, ) N
Quadratic in P— bounded from below.
0L _doL 4oL ) Y=o A= go
o a‘gax di2 O H(X), Xo, P P) =Y Pal” L, Xo=i p=2"
L(x,@,7) = —> =
= Fla, a5, 7) — PX, + PA(X), Xy, Py) — L(XI,XQ,A(Xh X, PQ))



Modified gravity and ghosts

Ghosts+propagators in MoG: of 9 of ArXiv:0911.3094
OR’ p= ap’ fqQ _—Q

1
FG, = 2 (f—RF)— (90 —-V,.V,)F

- 4 . [
e /d xT gf(R«P Q) —9 (fPRiRay e fQ Rabchabcy)
I = —ngavb(fpﬁ-ab) —~O(fpRyw)
= liab
Q = RypeaR**™ +2VaVy (f p 1t%,0%,) + 2fq R%,,, )

\

Fourth order derivatives... Problem!!!

Linearize and find propagator G(k):

Juv = Muv + hypw 2 4 - |
> \ i | QR o 2 !
B i spin |:> :r( ) kz i 5
h.p‘y = h',u,y _Z N + n#uh'f f + ﬂlspan?
2 Uhy = *m.ghf /
M ping = 7}‘}30_{‘% Negative sign... J;‘-




Other MoG models

1) f(R,G) gravity, G is Gauss-Bonnet term:

arXiv:
0911.1811,
1309.1055

_ 2 ) v o = 24H2E
G = R? — AR, R*™ + Ry po R g " |
— 24H*(H? + H)

1 -
o /dél"’”*’ —g(R/2+f(G))+8m. E=p  3H® = Gfg— - 24H3f5 + 87Gpnm
1
1022 _1I

102 r
101 :
1016 ;
1014 r
1012 :
loll}
0
w0t
0§
. 2
Blows up at late times wF
on reasonable scales i

Perturbations have catastrophic instabilities

Om + C1(k,a)dm + Ca(k,a)d,, ~ 0.

0010 |

k~150H0~0.05/Mpc o i
10-6 r e
-08 04 0 04 08 1.2 16



Other MoG models

1) f(T) gravity, T 1s the torsion scalar (tetrad formalism):
1803.09278
wd  wd

o _ A
Tw—l—w—l—w—ﬂﬁ (8F€ﬁ_avpﬁ)> l l
=> T=T"Ty,+ ETPPVTV#P ~ T T,

k) = e (0) ey (x), 4

2) Lagrangian ~T 1s 1dentical to GR! Use f(T):

l
§ =
167G

Energy momentum tensor of matter

fd“xe [T + f(T) + Lp + L;] —

1 m
e 9u(edS SN +1r1+e2 S 7 0,(T) frr—1+ frle) T2, M+ 4T +f(T)] = 4G T )

8nG T
LR SR S

—> 6 3 \
H — _ 4}TG(pm + Pm * Pr + Pr) i Can give acceleration!
| + fr + 2T frr




Other MoG models

3) DE equation of state and specific models:

_ PpE fIT — fr +2T frr

~ PDE [1+ fr + 2T frr | [f/T = 2 /7]

f(T) = a(-T)

f(T) = aTo(1 — e PVI/1o)y

F(T) = oTp(1 — e PT/T0)

4) Perturbations:

<4«— C(an give crossing of w=-1!

ds? = a(7)? [-(1 +2¥(Z,7))dr? + (1 — 2®(Z, 7))d7?]

—

Ger(a) 1

GN

1+ fr

“————— Very close to | and no dependence on k!



Other MoG models

1) f(R,,X) 0705.1032

1) Generalization of non-minimally coupled scalar field

i1) Contains f(R), scalar-tensor, quintessence, K-essence
i11) Still viable after GWs 1
FG_uv - E(f RF)Q[AH ‘|‘F_uv DFQIJ-M

1
— ddm\r‘_g [_f[:RQ{)aX)—I_ﬁm]
/ 2 | — + %f,m,m + T
X = _QB’C@,C/Q =
(f,X@L’!c);c + f,ci? =0 3
2) Background equations give rich phenomenology

2f xX +2F —4AHF — 4H(F, — F)
2fxX+FR— f—6HF +6H2(Fy — F)

wpg = —1+

3) Perturbations:

Anisotropic stress, could be detected by Weak Lensing

2 F2
- 1 f:X+4(f=X%ﬂ'£F£+_F£) BT of xEER 4 2y
Teff — 2 = = p 2F2
STTFf ‘}_B(f)(%;'EF&_'__Fﬁ) '] fX( 2&:9 H)_|_



Other MoG models

1) Horndesky theory

1) Most general case of non-minimally coupled scalar field
11) Has shift symmetry ¢— ¢+c
111) Contains f(R,,X) plus more!
iv) 2" order equations only by construction — no instabilities!
v) Terms beyond f(R,p,X) excluded after GWs (see GW lecture)
vi) Not motivated from High Energy Physics... :-(

4
S[g,urfp @] = / d4-£\/__§ [Z B?FENEI- [gjtwv ’;"f’] + Ly [g,uv: i.i’_M] I:>

i=2

These terms are put by hand to cancel
the higher order derivatives

“C’Q — GQ ((ﬁ! X)
JC*S — _GB (é! X) I:Itil)
Ly = Gi($,X)R+ Gux (6,X) [([O6)% — ¢pwd™]

. 1 ! - oo g ! MTEY
Ls = Gs(6,X)Gud™ — =Cox (6, X) [(08)° + 264,65 s — 364,60




Other M oG models

2) Horndesky sub-cases:

. M2 1
i) f(R):  CGo=—"(Rfr—f), Ga=Gs5=0, Gi=;Mpéd, ¢=DMufr

o ) MpwppX 1
ii) Brans-Dicke: Go=——1——-V(9), G3=Gs=0, Gi=3Muo

3
M3

X, GF%M;? X2 Gy =

111) Covariant Galileon: Go=-oX, Gs= L~ 376

1

. . . . . y 2 o
iv) Kinetic Braiding: ~ G2 =Ga(X),  G3=G3(X),  Gy=5My, G5=0



Other MoG models

1) Models with extra dimensions: Kaluza-Klein

1) Assume extra dimension y, which 1s compactified with cylindrical
boundary conditions. Then 5D metric gw~ satisfies

dgnn
f(fﬂ? y] - f(:ﬂ? Y+ 21‘[’?") :> ay =0 “ Similar to U(1) symmetry!

11) Expand 5D metric in Fourier modes:

(0) _ 1—1/3 g“y —I_‘;ﬁx‘q.“ﬁb" @A“
gun(z,y) = Zg jrN(:r einv/r  => dun=29 ( oA, P

\

Very general decomposition)



Other MoG models

iii) GR in 5D:
4D GR+Maxwell+scalar field!

& = ! /d‘l:ﬂdy\f —g(3)R®)

167G3,
— ! d*z/ (4)R1FF“” 15“3
= lﬂﬁGir v —4g —|—1¢’ e +@ ole o
(5)

1v) Add extra scalar field:
G = / d*zdyr/—g® (gf,‘%aM@aNcb)
3 - 2
= Vi) Z/d4;£\/ —qg4) {g’w (3” + ﬁAp) D, (8,, + &AV) Dy — n(l)gl
. .

7 ore "

/ 7

BWGE.?:'-H 2 | 7]
W | L W M, = —— ~Mn... "
—> £l 5 n= /o Qn~Mn... Problem

r



Other MoG models

2) Models with extra dimensions: DGP hep-th/0005016

=
—
A —4d ]
i = = \
} gravity

= \
o

$ => 5 = M /dﬁx VG Ry + M2 /(E4;r Jlg| R

| >
Infinite extra dimension
Confine Gravity on a brane

DGP model

Brane part and 4D part
Gu(r) = Gz, y=20)

1 I T 1
—> Vir) o~ — —— — {— O\ —=
(r) 8m2M3 r { r ¥ (T‘E)}

N

Gravity is weaker at r>>10




Other MoG models

3) Models with extra dimensions: Randal-Sundrum (2 branes!) ., 1000521

4 Pl

- P

|
y |
(1) 7 (2)
4 | y |
- g I p ‘ I
» | 5D bulk i |
| | | |
I 3-brane I I 3-brane |
I P I /
| ” 7 | Y -
| s A | s
- e
B 4 i
0 is

2 —2kr, | 2.2
ds? = e kT ‘f’nm,d;r”d;r” +r.do

0<o<m
S
S, grauvity

:> S vis

Shid

g;f(fi) = G#V(:v”r‘_f) — ?T)
g (z") = G (e, ¢ = 0)

1) Can solve hierarchy problem
2) Affects dynamics at large distances

Sgram’ty 3 Svi.s £y Sht'd
fd% " dpvV—G{—A + 2M3R)

fd;lj: v _gms{f’m’s — v*rt:'t's}

4
f 't v —Ghid { ‘C‘hid T Vht’d} Visible (us) and invisible branes



Main points of the lecture

* Why we need Dark Energy (history+observations)
* Lemaitre-Tolman-Bondi (LTB) void models

* Scalar field and 1deal fluid models

* Modified gravity and extra dimensions
* Effective fluid approach

* Conclusions



Effective fluid approach

1) Re-write MoG theory as GR and an effective DE fluid. Eg for f(R):

1811.02469

FGuy—=(f(R)=R F)gu+(9w 0~ V,V,) F = s TV =

[l

1
G = K (T;;;MT;EE)) => #I,)" = (1-F)Gpu +5(f(R) = R F)g,,
- (9,0-V,V,)F.

1) Makes it easier to include in codes
: : ) : p(DE)
2) Gives connection with lab physics Vv T,uu = 0.

Effective pressure and density!
7 = (p+ Pus,
T; = (P+6P)5; + %5

2) Effective pressure/density and Friedman equations

kPpp = i—?{z/ag—QF?{g/a2+?{F/az - e
. ' = H® = —a” (pm + PDE)
— 2H/a? — FH/a® + F /a?, > BH . )
; ' I =g - _?71+3Pm + (p + 3P
KPpE = _£+3?{2/ﬂ2—3?{F/a2+3F?{/a2 &7 ((P ) + (PpE pE))



Effective fluid approach

3) The equation of state w(z)

WpE =

-ﬂ%+a(a+zmﬂi—ﬂﬁ+@+4wﬂ—ﬁ)

a’f —6(H2 —HF + FH)

4) The effective fluid perturbations

, , Vv 3
Vv k2 5P k
V= —(1—3w)— i +w
(1= 30) + 2+ (14w
_ngﬂ
3a2H

See Advanced Cosmo
class next semester!

— —wd

S

wpe(z)

1811.02469
=098 T
I (HS)
rf‘
- .',‘
=099 .~
_—— Y
: y
: \\_
2 i
=1.00F= iy —
[ b=0
Y| — b=0.005
I b=0.020
..... b=0.050
P
0.0 05 10 15 20 25 30
z

((1+w)V + 20— (1+w)o) + -

2
—k? ({1—|—w)\ll—|—c§§—§7r) + e

Has to be positive!

2
2 2
I g?r/é



Effective fluid approach

, , , , 1811.02469
5) The eftective pressure, density and velocity perturbations
L2 F. _ f‘ F B - -0,66?;— frg=-10" y______:.;;-;;:;:—'5""";;" T T
dPpr N 1 EET 7 T 3(1+5 s :]F-T{' 5 oo
— — " O LS
PDE JF 1+ 3%‘; ij_-'.-.— PDE T S — DES
@ -0_6702— foo e HS
-0_6?1:- f’
k* R -/
son ~ L1IZFH QR —3F)T pm |
Dh o F 1 —I_ 3 kE -F'-II R ﬁﬂ P‘I i D.OIO“I 0.605 0_610 U.OISO 0.1I00 0_5IDO %_
a? F ’ a
Voe = (1+wpg)fpr ¢, = % -
- 2 Fp _ 0_00052— fro==10"* |
_ F 14657 pm 5 —> a
— 2 I — m 9 0.0004F
2F 1 +3%T-.H PDE Cg,effzcg_gﬂ/éﬁ oS
] ‘:% o0o03f v T
5 Y HS
L,E (‘I’ ‘I’) ° 0.0002f | !
) _ C
T DE = — 0 0001;— \
R iﬂDE 0_0000;” | \.‘-:.:;.‘;Tu...‘ e e
kz FLH . 0.001 0.005 0.010 0.050 0.100 0.500 1
I @7 Pm 0 :
~ F1+3L FR_,O Om T = —(p+6p).
DE ) = (p+ P)uy,

T} = (P+6P)5, + %



Effective fluid approach

6) Solution of the perturbation equations is now very simple!

1811.02469

T T T T LI | T T T LI | T T T LR |
Vv 3 [oPFP I
Y =31+w)d — — — — [ — —wd -2
=y A , 102}
V  k? 6P 2 '
Vi= —(1-3w)—+ ——+(1+w v 10771
( )+ o > ( )3 - _
2 k2 = I
3a?H 1078
10—11 L
| Voe(a) |
| I T B T A M N T B | M B B SR |
0ooosf fro=-107¢ 0.001 0.005 @010 0.050 0.100 0500 1
0.00042— . a
s 0.0003? . [ —— DES ] i
“E_ ENY HS | :> DE perturbations grow
0.0002f ; and then reach a plateau
00001 ] In agreement with ceff
U.DUOU;II L -.-:.l“:-....‘l P B Ll .|i
0.001 0.005 0.010 0.050 0.100 0500 1

a



Summary

1) Dark energy 1s needed to explain accelerated expansion of the
Universe

2) DE model zoo: Scalar fields, Modified Gravity, Extra dimensions
3) f(R) 1s simplest modification of GR that works (sort of)...

4) Eftective fluid approach simplifies things a lot: write MoG as
GR+DE!

5) Conclusions: Lots of work to do, many models to study!
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