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Gravity is described by General Relativity

R
R, — Eg,w = K1

l

Geometry
Matter

Ly = (P + p)“uuu + P9uv

Application to Cosmology (homegeneity & isotropy)

The cosmological principle implies

that the geometry is ds? = —c*dt” + a*(t) [dr” + 7*(d6” + sin” 6d”)]

<N\ 2
a K
- Friedman equation: (—) = H? = —p

- Conservation equation: 0 + 3H ( P+ p) =0




Observational fact: the expansion of
the Univers is accelerated
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We have acceleration if the pressure is
negative!

a K
- = 3
- 6(p+ D)

0
<__
P=73

So, the question is: what is causing the acceleration?
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An obvious candidate is the cosmological
constant ..

R
RMV_EQ,LW Ay guv F KT

v
Bared cosmological constant

(dimension m-2)

This term can be added because A cosmological constant can also be viewed as
a fluid the stress tensor of which is given by
VH(Agguw) = A Vg, =0

A

TV:_ Bgu
" - I

We still have a conserved stress-energy tensor




More on the last issue... Stress-energy tensor of a perfect fluid
T,LLV — —Eg’uy TNV — (p +p>uMuV +pgNV
i 60 B I I I I I B
_ AB _ AB [
pA_HapA—_ﬁ; — 40}
T I
L QO 20 N matter
Py E_D.x i
wy = — = —1 e 0r
Pa - .
| g —20F :
— i e Cosmological constant
L P ~ .
p+3H(p+p)=p=0 —40[ 27 ! ;
The energy density associated with 0 5 10 15 20 <O
the cosmological constant is constant
with time _| Log (z+1)
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Why a cosmological constant can cause acceleration??

<N\ 2
( a ) _ L, = Ao _ onstant The corresponding spacetime
3 is the de Sitter spacetime (as
l for inflation)
a(t) o< et
flat open
. closed L
a |
- = H2 > O = N /Y X
a

Obvious since the pressure
is negative ...




- All the data are compatible with a CC

- This introduces a new fundamental scale
pu ~ 107GV ~ o
~ (10_36V>4
L, ~10 °m
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.. S0 is the problem solved? Is the CC responsible for the acceleration of the
expansion of the Universe?

apparent direction
"“:“::",’“" o of source

"The weigh of the
Vacuum”

- At the classical level, there is no problem

- At the quantum level, however there are
other contributions ...

Phase transitions in the

early Universe Aep = A + /€<p>vev -+ /ﬁ;<p>PT + ...
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For instance, let us calculate the contribution to the vaccum of a simple quantum
scalar field in a finite box

ik x—iwt T —ik-x4iwt
(ake + a, e )

1
X> a ; vV 2L3wk

J/[akvai)]—(Skp >{wk«/k2—|—m2

H%j(alijwr%)w

Particles number

So the vaccum contribution is given by

(0|H|0) = Zwk ( = )3/w(k)d3k

L (p) =

1 1 M? m?2
- dB3kVE? +m2 = 14+ — ~ 1022 py
2(27T>3/ Vi +m 1672 ( +M2+ ) Pe

(obtained with MC — MPI)
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Another contribution 1 '
comes from the Elec1'r'c¥/eak V=VW+ —m2q§2 + )\g/54 v v
phase transition 2
False
— Vacuum
Prmin = ’/_T ~ 246GeV <— (0|®|0) =¥
\\ ®=0 : G
[p .................. 03 v v v o v g v,
0 True
\'
m’ > 0 m’ < 0 0[e10) = 0
(a) Unique Vacuum (b) False and True Vacuum
4 . .
m A 4 Huge in comparison
(Pror = Vo — AN = Vo — 1 (246 GeV) with the critical energy density
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So the cosmological constant problem consists in the following ...

- In General Relativity, the vacuum gravitates

- The vacuum energy density is made of huge disconnected pieces
while the observed value is tiny

Aot = AB -+ H;<p>V6V T H’-<p>PT T

Small or vanishing huge huge

- Miraculous cancellation?

- Landscape (ie eternal inflation+string theory)?

13
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Supersymmetry is a symmetry which relates the bosons with the fermions. The
simplest example is the Wess-Zumino model

L =1, (0"®) (8V®) +iTg (") 8,V + FIF

This Lagrangian is invariant under the following transformation characterized by &

8O = /26T, <—— From aboson, one obtains a fermion
Vo = —iV2 ("), 5 E°0,® + V26, F

Two successive susy fransformations »

0F = —7;\/5564 (5#)0‘6 aquﬁ ﬁtmnsla‘rion in spacetime

This set realizes the SUSY algebra

{Qus Qs = 20%,P,
(2o : fermionic operator generating
: the SUSY transformation [QQ,P“] =0
[M",Qq] = =i ("), " Qp

14



.|

In a SUSY theory, the energy of any non-vacuum state is positive definite. In the SUSY
vacuum, the vacuum energy is exactly zero

{Qu Qs =20 0 > 4 |P°| %) = (4] Qu (Qa)” +(Qa)" Qu| ¥) > 0

— (0|P°|0) =0 <= Qa]0)=0

.. But SUSY has to be broken for phenomenological reasons at a scale at least
(approximatively) higher than 1 TeV

1 1 M? m?2
= - dgk k2 2 = 1 —— : ~ 1060 cri
(p) = 2 (27)° / VE: +m 62 ( + Ve + - ) p

i M, ~ 1TeV

We are still off by 60 orders of magnitude ...
15
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The previous difficulties have led to the search of alternatives .. Can the
dark energy be a (scalar) field?

2
po = - +VI(Q
“ 2 (@) If the potential energy dominates, one
32 can have negative pressure (as for inflation)

pQZj—V(@

1- This allows us to study dark energy with time-dependent equation of state

2- This is not a simple “"reverse-engineering” problem, ie give me the equation of
state and I will give you the potential because we require additional properties, to
be discussed in the following.

3- Since we have a microscopic model, we can consistently computed the cosmological
perturbations

4- This allows us to discuss the link with high-energy physics and to play the
game of model building. As we will see this is at this point that we have big
difficulties ..

5- This does not solve the CC problem. Instead of explaining @ =0.7 of the critical
energy density we are just back to A =0
16



More on the last issue.. The action of a scalar field is

S =— /d4:c\/—g [%g””@u@(‘?y@ +V (@)]

;o2 S
S R

1
T“V — g'LL)‘@)\(I)ay(I) — (WV [590458@(1)86(1) +V (@)]

Neglecting the l Variation with respect to

spatial derivatives (FLRW) the field
(i)Q
p=—+V (P) . . 9V
O+3HP+ — =0
b2 OP
b= o V(®)

In the vacuum the derivatives - No spatial gradient because FLRW...

should be zero ..
- Damping term because the field lives

in curved spacetime

P = —|_Vmin ((I)> — —Pp
17
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One postulates the presence of a scalar field Q@ £

with a runaway potential and A=0. Assume that, = M4—|—a —

initially the field is subdominant. This means V(Q) -

- a E

2/(34+3wy) 2 Q E

a(t) o t B "= . d :

equation of state of the e F Two par‘ame‘l'er's : M and o E

background fluid, i.e. 1/30r 0 XX E 3

l gt :

=

)+3——Q —aM*teQ 21 =0

? 3(1+ wB)tQ “ 3 E

There exists a particular solution to this . .
non-linear equation such that

[ T T I 1T 1T 1T l 1T T T L . I 1T 1T T T l T ]

Q(t) = Cla,w ,M)t[4_°‘(3“’B +1)]/(44+20) F Wy is the equation of state of the .

" f background fluid, i.e. 1/3 or O 1

\I/ .E. radiation _:

[~ attractor d*v/dn%~H? ]

—3(1 —2 4+ aw i .

pQO(a (—H'UQ),QJQ:—B - ]

2t o * F E

-The field tracks the background ie it adapts its ~ S

behaviour to the background fluid C S ]

E zanc=(QQ/Qm){8+a}ﬂs_1 -\‘\_ E

- It scales less rapidly than the background fluid C h -]

and will eventually dominate e e L —




Of course, when the field starts dominating the matter content of the
Universe, the previous particular solution is no longer valid. This happens

when

ZQ:

When does it happen? On the attractor,

one has

d*V(Q) 9a+1

40?2

I_lllllIIIIllIIIIIIIIIIIII[IIIIIIIII'II_

O\ (a+2)/6
(Q E ) —1~0(1)

2 2
2 (1 wQ>HQ~

<Q>today ~ My,

-
-

ma

s

[ radiation

-

tter ~ - _ >

0,/0.-1

llIIIlIIIIlIIIIIIIIlIIII[IIIllIIIlIll-r--

attractor d*/dn~H?

Zgg,= (QQ/ Qm){2+a)/6_ 1
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.. But why is a particular solution
interesting?

The particular solution is an attractor

and is joined for a huge range of
initial conditions

107%7GeV* < p, < 101 GeV*

This is called a « tracker field »» and can
also be obtained for other form of the
potential

Log [p(GeV)]

Log [p(GeV?)]

60F
40|

The attractor

is joined

7 quintessence p
) 10 15 =0 2O
Log (z+1)

1 PR S S R S

10

15 =0

Log (z+1)



- The equation of state is a time-
dependent (or redshift-dependent)

quantity

L _@2-V@
TQY2+V(Q)

=wot+wiz+---

- The present value is negative and
different from -1. Hence it can be
distinguished from a cosmological
constant

- Of course, the present value of the
equation of state is also independent
from the initial conditions

O ) 10 15 20 25

Log (z+1)

15:|||

1.0F “2+owy  —246x1/3 ]

05F
§ 00f
~0.5]

l 21 a 216

~1.0}
_15:||1

Log (z+1)
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Is it reliable? Caution!

- Flat fiducial models with

w(z) =wp + wi 2

- 3-fit: HO7 Qm7 wo

- SNAP like data (~2000 SEIG)

~_ 2 2
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0 0
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- The energy scale M of the potential
is fixed by the requirement that the
quintessence energy density today
represents 70% of the critical energy—
density 3

MAto

me
Pl

Logyo[M(G

= Pcri =

19 — 47
a-+4

logiy [ M (GeV)| ~

- The mass of the field is tiny

Pecri
2
mpl

mé =V" = ~ (10_336\/)2

ie very long range force: danger because
already well constrained by various experiments

- .. but the vev is huge

<Q>today ~ Mg,
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Log [p(GeV")]

Log [p(GeV*]

60
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=20

—=20

—40

60
40
=0

- radiation —.
The attractor A

- is joined g T

3 T matter?

P quintessence E
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Log (z+1)

_ The attractor is joine‘_c__l..»-"""" . 7

ek S

x reheating ~
0 5 10 15 20 25

Do we have initial conditions (final conditions
from the point of view of inflation) that are
compatible with the attractor?

Log (z+1)

Farthest
supernova
Expanding universe

Slowing
expansion

Accelerati
expansion

<4+— Inflatio
n

- What are the initial conditions for the
quintessence field at the beginning of
inflation?

107%7GeV* < p,, < 10%'GeV*
Q

m

107107/ <« = <1079/

Pl

25



10-13. —
Test Quintessence field in a : _ 14

. . R Q|n|—4.7)(1 0 mp| I

background the evolution of which . 0.=4.7%10"" m i
is controlled by chaotic inflation | ini™ P s
T 10-14 - - - - Q|ﬂ|=9'1 X1 0 mP| /‘,' I
£ F slow-roll regime o :
é [ /// I
Typically, the quintessence | |
field is frozen during inflation - .’ |
.7 !
107k . o :

However ... e

107 10° 10° 10"

- Stochastic effects are important Number of e—folds N

- From high energy considerations, the inflaton and the quintessence
field must interact

26
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-~ Stochastic inflc:rriq%

-~ regime
3 /

s | |

= oL T A
= :‘ .. . /’K
S . Chaotic inflation
AL V@) <A/
—. . : : .\l\.\-\:—-.gll-.’/./. [P

b«
¢

The field undergoes quantum jump
H/2n every Hubble time

H
Adgy ~ —
(/bq 2

Vs Ve 1
2 Y SH H

) Quantum effects are important for
Adqu > Apel = ¢ > @y ~ A7 752 quintessence!

M. Malquarti & A. Liddle (2002)
J. Martin & M. Musso (2004) 27




Y L I B A B A A L LB 0.1 0 T T T T
10 <Q>1V0r(o) : in < Q < inax; Qini’ &= 67 ¢ini7 n= 2) :
>50% |
10* 0.08 N -
. >10%
102 -
) = 0.06 >1% 7
g £ )
> 1 iy 2
S 0.04 -
1072 :
- 0.02 -
1078 ey 0.00 [P DT patrtioos UM I T
L i o E 0 500 1000 1500 2000 2500

Number of e—folds N

Bin/ Mey

- The confidence region enlarges with the power index o

- A "small” number of total e-foldings is favored because otherwise the
Quintessence field has too much time to drift away from the allowed
range of initial conditions

J. Martin & M. Musso (2004) 28



1- Can we find a candidate for the quintessence scalar field in particle physics?
There is no candidate in the standard model of particle physics. Hence, we
have to consider the extensions of this model. The most popular extensions

are based on supersymmetry and/or supergravity.

2- Can we derive the Ratra-Peebles potential in a consistent way?

3- What is the influence of the quantum corrections on the shape of this potential?

4- If the dark energy is just a field, it must interact with the rest of the world.
Can we compute this interaction?

5- Can we go even further and establish the link between dark energy and string
theory? Can we find a candidate with a stringy interpretation?

29



Supergravity is the gauged version of super-symmetry, ie the infinitesimal susy

transformations are made local ——\L

00 = V2£%(z) ¥,

One finds in the spectrum a graviton field (spin 2) and its supersymmetric partner,
a field of spin 3/2, the gravitino

In the scalar sector, one finds that the Lagrangian can be written as

ESUGRA = GABau(I)Ag’u ((I)B)T 4+ ieG (GABGAGB _ 3) + VD 4+ ...

Iﬁ',2
— ——— ) —
J/ F-term D-term
0°G —
GAB — 8(DA8 (@B)T « Metric in fields space » Fields manifold
32
= (kK +1n (k°|W]?)]
DAY (BB)" A
2 (HJK) T Super-potential

- DAY ((I)B>T Kahler potential

The SUGRA potential is no longer positive definitel




. o

The link between the SUGRA and the global susy frameworks can be sketched as

o
- SUGRA = SUSY+O (—)

mPl

- Tracking behavior —» V(Q) = M*T2Q™% — (Q)today ~ My,

l

SUGRA
P. Brax & J. Martin (1999)

The quintessence model building issue must be addressed in the SUGRA framework

31
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So let us try to construct the supergravity version of the Ratra-Peebles potential. One
needs to specify the Kahler and super potential. A relatively general Taylor expansion leads
to

Dk YyT)” Fxxf
K = XXT—FQQT—I-YYT €1 + (Q%q) +62( 2p_)2 /C(Q% —— )
mC mC mC mC
(Xx1)" (QQ1)" f
3 Smten—2 + o Mass scale: cut-off of the

c effective theory used

WQuint — AX2Y (canbe justified if the charges of X, Y and Q under U(1) are 1, -2 and 0)
s (V) =0=(W,,.) =0

Coupling 7 —
constant <X> 5

Furthermore, one requires that

e =0 nho quadratic term in Y, p>1

no direct coupling between X and Q,

e3 =0 otherwise the matrix is not diagonal

32
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Straightfoward calculations (..!) lead to the following expression for the potential

:

p
2
M4—|—2q M4+2q — e’fg mi@)\2€4
Vuint (@) = "¢ - /2
Quint Q24 1 fmy, 1/4
5 - \/X mc Ccri
v
v (QQH)* (YYH? Q@b xXxt
Kouime = X‘XT +QQT+YYT e + 2 + €2 a2 K( 2 )
2
—>  SUGRA corrections HJQQ ~ = 0(1)
m

Pl

One does not recover exactly the Ratra-Peebles potential

33
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In particular, one can determine the mass scale of the potential in terms
of the microscopic parameters

2
MAT29 — miq)\2§4

With this simple model, one can see that the scenario has important problems

A~ 1, mg, =10"%GeV <m,, ,q~T7= £>10°GeV

o0 T n
.. But how to control terms like Z (CfnLQn) with <Q> ~ My,
n C

A~1l, mg=my, = &~ 107%° GeV ~ 107 °"m

Pl

.. But, in some sense, the fine-tuning problem reappears ...

34



What are the effects of the
SUGRA corrections?

1- The attractor solution still exists
since, for large redshifts, the vev of
Q is small in comparison with the
Planck mass

2- The exponential corrections pushes
the equation of state towards -1 at small
redshifts

L _@2-V@
© Q2+ V(Q)

=wo twiz+---

3- The present value of the equation
of state becomes "universal”, i.e. does
not depend on a

00f
—0.2}
0.4
—0.6

—0.8}
_1.0¢

log (1+2z)
o M ;
Vo (@) = & /2=
) 10 15 20
35



- So far, we have treated the quintessence field as isolated from the
rest of the world.

- This is clearly not very realistic!

- What are the properties of this interaction, its strength etc ..??

- The problem is not easy technically because we must adress it in the
framework of SUGRA (cf before)

36



Observable sector

Kobs:Z¢a¢IL+"'
1

Wobs = gz)\abcﬁbafbbﬁbc

abe

1
+ 5 Z HabPaPy
ab

where the standard fields live: electrons,

quarks, dark matter etc ...

Gravity mediated

<

Hidden sector

sydy

Khig = Y ziz] + -+
i

Whiq = W(%;)

Usual structure of the standard model: two sectors

37

where susy is broken: Poloyni field, etc ...
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= ¢aolh + -
a
1
5 Z Aabcﬁbaﬁbbﬁbc )
abe Quintessen
1 couplings & madges
5 2 Hab$ads
ab

/\ Gravity mediated /\
<

Observable sector

dependence of

Modification of the
Quintessence poteyTi

Quintessence sector

Kquint — Kquint(da> ’
unint — unint(da>

K = Kguint + Khid + Kobs ,

W = Wauint + Whia + Wobs

38
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The presence of dark energy will affect the Electroweak transition. In the
mSUGRA model, one has

- There are two Higgs doublet instead of one

- The EW transition is intimately linked to the breaking of SUSY

Without the breaking of SUSY, the Higgs potential only has a
global minimum. The breaking of SUSY modifies the shape of
the potential through the soft terms

VmSUGRA = em},(‘/SUSY - Aabc (¢a¢b¢c - ¢L¢£¢Z)

+Bap (¢a¢b + §b2¢(];) + m25¢a§bz

Wobszﬂ(Hlj_HcT _H8H8)+"' Soft terms

39



Then, the particles acquire mass when the Higgs
acquire a non-vanishing vev. One gets two "types”
of particle

—_—

without the soft

terms
] My = )‘U<HS>
ma = Aa(Hy)

40



In presence of dark energy, the vev's
of the Higgs become Q-dependent

vtan — v

\/1+tan2ﬁ’ ‘ V14 tan? 3

Vu —

ma(Q) = Age Kot/ 22 1l*/2y (@)

Mma(Q) = AgeKamne/242, 14:l/2,, ()

The fermions pick up a Q-dependent mass

W N

which is not the same for the “u” or “d”

particles. This is calculable entirely from
SUGRA.

Derived from the
SUGRA model+ mSUGRA

41



Consequences:

1- Presence of a fifth force

1 dlnmy,q(@ Y
Ofu,d(Q) — /{,1/2 dQ ( ) < ].O 2:5

Example of the SUGRA model (no systematic I
exploration of the parameters space yet)

2- Violation of the (weak) equivalence
principle (because there are two Higgsl!)

Aa a, —a 1
= [ — —9-A B Z _
nAB ( a )AB aA _|_ aB 2aE <aA aB)

Current limits: 7, = (+0.1£2.7£1.7) x 10713

3- Other possible effects

Variation of constants (fine structure constant etc ..), proton to electron mass ratio,
Chameleon model because interaction between dark matter and energy (hence, one can
have w < —1)) 42



- The expansion of the Universe is accelerated. It is now a fact. The
cosmological constant seems to be a natural candidate but it is difficult
to understand its magnitude. Even SUSY cannot really help.

- Quintessence is a model of dark energy where a scalar field is supposed
to be responsible for the accelerated expansion of the Universe. It has
some nice properties like the ability to "solve” the coincidence problem. In
addition, The Quintessence equation of state now is not -1 as for the
cosmological constant and is red-shift dependent: this would be a clear
observational signature.

- However, implementing Quintessence in high energy physics is difficult
and no fully satisfactory model exists at present.

- The interaction of Quintessence with the rest of the world is non trivial
and can lead to interesting phenomena and/or constraints. Probing dark
energy is not only measuring the equation of state .. Local gravity tests in
the solar system are also important.
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Consider ¢, a "matter” field (in fact it should
be a fermion). Because of its coupling with the
quintessence field, its mass can change

1 1 ) Q ) 15.14‘+12 Z’.

Smat[¢] - 9 /d x\/__g [glwau¢au¢‘|’m (M_> 0 ] % o
g X

LIGOVIRGO | /

Variation of the mass <« NSNS AN |‘

Through the redefinitions

A(0)

2 m(Q) =

~ 2 ~
gNV:A gﬂ”’ ¢:A

AQ)
0

% 4
We obtain a scalar-tensor theory (in the Einstein frame)

Suaeld A9y = —3 [ /=5 [ 8,60, + m (0) &

% 15}'0‘0’0'0’0'0'0’0'6'
4o’,’/‘o’.’o’o’o’o’o‘o’o‘o’o’o‘ N

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

Constrained by solar system and/or pulsar tests

matier

(O—+¢ (courtesy GEF@iap)
|t
}  LIGONIRGO
0.2 !yNS-Bll ,
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@ The evolution of the small inhomogeneities is controlled by the
perturbed Klein-Gordon equation

a’ >, 2d?V(Q) o, dV 2
5@% +2E5Q;€ + [k + a TQQ 0L = —2a @(I)k + 4() (I);c
|
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Clustering of quintessence :
only on scales of the order 1000 F
of the Hubble radius g
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