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Cosmology in a nutshell

The Universe at large is homogeneous, isotropi
 andexpanding. 3d spa
e is Eu
lidean. All this is en
oded inspa
e-time metri


ds2 = dt2−a2(t)dx2

x : 
omoving 
oordinates, label distant galaxies.
a(t)dx : physi
al distan
es.
a(t): s
ale fa
tor, grows in time; a0: present value (matter of
onvention)

z(t)=
a0

a(t)
−1 : redshift

H(t)=
ȧ
a

: Hubble parameter, expansion rate



Present value

H0 = [70.4±1.4]

km/sMp
 = (14·109 yrs)−1

1 Mp
= 3·106 light yrs= 3·1024 
mHubble law (valid at z ≪ 1)
z = H0r Fig.The Universe is warm: CMB temperature today

T0 = 2.726K Fig.It was denser and warmer at early times.



Hubble diagram for SNe1a
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CMB spe
trum

T = 2.726K



Present number density of photons

nγ = #T 3 = 410
1
m3Present entropy density

s = 2· 2π2

45
T 3

0 +neutrino 
ontribution= 3000
1
m3In early Universe

s =
2π2

45
g∗T 3

g∗: number of degrees of freedom with m . T .Entropy density s
ales exa
tly as a−3Temperature s
ales approximately as a−1.



Friedmann equation: expansion rate of the Universe vs energydensity ρ :

(

ȧ
a

)2

≡ H2 =
8π

3M2
Pl

ρ

(MPl = G−1/2 = 1019 GeV), no spatial 
urvature.Cosmologi
al horizon: distan
e that signals 
an travel fromBig Bang to time t,
l(t)∼ H(t)−1Today l0 ≈ 15 Gp
= 4.5·1028 
mPresent energy density

ρ0 =ρc=
3M2

Pl

8π
H2

0 = 5·10−6 GeV
m3



Energy balan
e in the present Universe

73%darkenergy

23%
dark matter

0.3�1% � neutrinos0.5% � stars4.5% � ordinary matter



Di�erent 
omponents behave di�erently in timeMatter (dark matter + baryons)
ρM(t) ∝ nM(t) ∝

1
a3(t)

Radiation (photons + neutrinos at early times):

T (t) ∝ 1/a(t),
ρrad(t) ∝ nγ(t)T (t) ∝

1
a4(t)

Dark energy Λ:
ρΛ ≈ 
onst



109 K 1 � 300 snu
leosynthesis
3000K CMB 370 thousand years

2.7 Ê Today 14 billion years

In�ationGeneraion ofdark matter Generation ofmatter-antimatterasymmetry



Dark matter

Astrophysi
al eviden
e: measurements of gravitationalpotentials in galaxies and 
lusters of galaxiesVelo
ity 
urves of galaxies Fig.Velo
ities of galaxies in 
lustersOriginal Zwi
ky's argument, 1930's

v2 = G
M(r)

rTemperature of gas in X-ray 
lusters of galaxiesGravitational lensing of 
lusters Fig.Et
.



Rotation 
urves



Gravitational lensing



Out
ome

ΩM ≡ ρM

ρc
= 0.27Assuming mass-to-light ratio everywhere the same as in 
lustersNB: in 
lusters sit 10 % of galaxiesNu
leosynthesis, CMB:

ΩB = 0.046

The rest is non-baryoni
, ΩDM ≈ 0.23.

Physi
al parameter: mass-to-entropy ratio. Stays 
onstant in time.Its value

(ρDM

s

)

0
=

ΩDMρc

s0
=

0.2·0.5·10−6 GeV 
m−3

3000
m−3 = 3·10−10 GeV



Cosmologi
al eviden
e: growth of stru
tureCMB anisotropies: baryon density perturbations at re
ombination ≈photon last s
attering, T = 3000K, z = 1100:
δB ≡

(

δρB

ρB

)

z=1100
≃

(

δT
T

)

CMB
= (a few) ·10−5

In matter dominated Universe, matter perturbations grow as
δρ
ρ

(t) ∝ a(t)

Perturbations in baryoni
 matter grow after re
ombination onlyIf not for dark matter,
(

δρ
ρ

)

today
= 1100× (a few) ·10−5 = (a few) ·10−2

No galaxies, no stars...Perturbations in dark matter start to grow mu
h earlier(already at radiation-dominated stage)



Growth of perturbations (linear regime)

tΛtrecteq t

Φ

δB

δDM

δγ

Radiation domination Matter domination Λ domination



NB: Need dark matter parti
les non-relativisti
 early on.Neutrinos are not 
onsiderable part of dark matter

UNKNOWN DARK MATTER PARTICLES ARECRUCIAL FOR OUR EXISTENCE

Cold dark matter, CDM
mDM > a few ·10 keVWarm dark matter

mDM ≃ 1−10 keV



WIMPs

Simple but very suggestive s
enario

Assume there is a new heavy stable parti
le XIntera
ts with SM parti
les via pair annihilation (and
rossing pro
esses)

X +X ↔ qq̄ ,et
Mass: MX , annihilation 
ross se
tion at non-relativisti
velo
ity v: σ(v)Assume that maximum temperature in the Universe was high,

T & MXCal
ulate present mass density



Friedmann equation:

(

ȧ
a

)2

≡ H2 =
8π

3MPl
ρ

Early epo
h (radiation dominated): Stefan�Boltzmann

ρ =
π2

30
g∗T 4

g∗: number of relativisti
 degrees of freedom (about 100 inSM at T ∼ 100GeV). Hen
e
H(T ) =

T 2

M∗
Plwith M∗

Pl = MPl/(1.66
√

g∗)∼ 1018 GeV at T ∼ 100GeV



Number density of X-parti
les in equilibrium at T < MX :Maxwell�Boltzmann

nX = gX

(

MX T
2π

)3/2e−MX
T

Mean free time wrt annihilation:
τann ≡ Γ−1

ann =
1

nX 〈σv〉Freeze-out: Γann(Tf )∼ H(Tf ) =⇒ nX(Tf )〈σv〉 ∼ T 2
f /M∗

Pl =⇒

Tf ≃
MX

log(MX M∗
Pl〈σv〉)NB: large log ⇐⇒ Tf ∼ MX/30De�ne 〈σv〉 ≡ σ0 (
onstant for s-wave annihilation)



Number density at freeze-out

nX (Tf ) =
T 2

f

σ0M∗
PlNumber-to-entropy ratio at freeze-out and later on

nX(Tf )

s(Tf )
= #

nX(Tf )

g∗T 3
f

= #
log(MX M∗

Plσ0)

MX σ0g∗M∗
Plwhere #= 45/(2π2).Mass-to-enropy ratio

MX nX

s
= #

log(MX M∗
Plσ0)

σ0
√

g∗(Tf )MPl

Most relevant parameter: annihilation 
ross se
tion σ0 ≡ 〈σv〉at freeze-out



MX nX

s
= #

log(MX M∗
Plσ0)

σ0
√

g∗(Tf )MPlCorre
t value, mass-to-entropy= 3·10−10 GeV, at
σ0 ≡ 〈σv〉= (1÷2) ·10−36 
m2Weak s
ale 
ross se
tion.Gravitational physi
s and EW s
ale physi
s 
ombine into

mass-to-entropy≃ 1
MPl

(TeV
αW

)2

≃ 10−10 GeV

Mass MX should not be mu
h higher than 100 GeV

Weakly intera
ting massive parti
les, WIMPs.Cold dark matter 
andidates. To be dis
overed at LHC.



SUSY: neutralinos, X = χBut situation is rather tense already: annihilation 
ross se
tion isoften too lowImportant supperssion fa
tor: 〈σv〉 ∝ v ∝
√

T/Mχ be
ause of p-waveannihilation in 
ase χχ → Z∗ → f f̄ :Relativisti
 f f̄ =⇒ total angular momentum J = 1

χχ : identi
al fermions =⇒ L = 0, parallel spins impossible =⇒
p-wave



mSUGRA at fairly low tanβ
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see K. Olive' astro-ph/0503065



Larger tanβ is better
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Warm dark matter: gravitinos?

Clouds over CDMNumeri
al simulations of stru
ture formation with CDM showToo many dwarf galaxiesA few hundred satellites of a galaxy like ours �But less than 20 observed so farToo high density in gala
ti
 
enters (�
usps�)Not 
risis yetBut what if one really needs to suppress small stru
tures?High initial momenta of DM parti
les =⇒ Warm dark matter



Warm dark matter

De
ouples when relativisti
, Tf ≫ m.Remains relativisti
 until T ∼ m (assuming thermaldistribution). Does not feel gravitational potential before that.Perturbations of wavelengths shorter than horizon size at thattime get smeared out =⇒ small size obje
ts do not form (�freestreaming�)Horizon size at T ∼ m

l(T ) = H(T ∼ m)−1 =
M∗

Pl

T 2 =
M∗

Pl

m2Present size of this region
l(t0) =

T
T0

l(T ) =
MPl

mT0(modulo g∗ fa
tors).Obje
ts of initial size smaller than l0 are less abundant



Initial size of dwarf galaxy ldwar f ∼ 100kp
∼ 3·1023 
mRequire

l0 ≃
MPl

mT0
∼ ldwar f

=⇒ obtain mass of DM parti
le
m ∼ MPl

T0ldwar f
∼ 3 keV

(MPl = 1019 GeV, T−1
0 = 0.1 
m).

Parti
les of masses in keV rangeare good warm dark matter 
andidates



Suppression of density perturbations
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Pk: power spe
trum of density perturbations.see Gorbunov, Khmelnitsky, V.R., 0805.2836 [hep-ph℄



Gravitinos

Mass m3/2 ≃ F/MPl√
F = SUSY breaking s
ale.

=⇒ Gravitinos light for low SUSY breaking s
ale.E.g. gauge mediationLight gravitino = LSP =⇒ StableDe
ay width of superpartners into gravitino + SM parti
les

ΓS̃ ≃
M5

S̃

F2 ≃
M5

S̃

m2
3/2M2

Pl

MS̃ = mass of superpartner S̃



Gravitino produ
tion in de
ays of superpartners
d(n3/2/s)

dt
=

nS̃

s
ΓS̃

nS̃/s = 
onst∼ g−1
∗ for T & MS̃, while nS̃ ∝ e−MS̃/T for T ≪ MS̃

=⇒ produ
tion most e�
ient at T ∼ MS̃ (slow 
osmologi
alexpansion with unsuppressed nS̃)
n3/2

s
≃ ΓS̃

g∗H(T ∼ MS̃)
≃ M∗

Pl

g∗M2
S̃

·
M5

S̃

m2
3/2M2

PlMass-to-entropy ratio
m3/2n3/2

s
≃

M3
S̃

m3/2

1

g3/2
∗ MPl



m3/2n3/2

s
≃ ∑̃

S

M3
S̃

m3/2

1

g3/2
∗ MPlFor m3/2 = a few keV, mass-to-entropy= 3·10−10 GeV

MS̃ ≃ 100÷300GeV De�nitely in LHC range

Need light superpartnersand low maximum temperature in the Universe, Tmax . 1 TeV toavoid overprodu
tion in 
ollisions of superpartners (and in de
ays ofsquarks and gluinos if they are heavy)Rather 
ontrived s
enario, but generating warm dark matter isalways 
ontrivedNB: ΓNLSP ≃ M5
S̃

m2
3/2M2

Pl
=⇒ cτNLSP = a few ·mm÷a few ·100mfor m3/2 = 1÷10 keV, MS̃ = 100÷300GeVLonger lifetime for heavier gravitino (CDM 
andidate)



WEAK SCALE PHYSICS MAY WELL BE RESPONSIBLE FORGENERATION OF DARK MATTER

Is this guaranteed?By no means. Another good DM 
andidate: axion.Plus a lot of exoti
a...

Cru
ial impa
t of LHC to 
osmology,dire
t and indire
t dark matter sear
hes



WIMP, signal at LHC:Strongest possible motivation for dire
t and indire
tdete
tionInferred intera
tions with baryons =⇒ strategy fordire
t dete
tionA handle on the Universe at
T = (a few) ·10 GeV÷ (a few) ·100GeV

t = 10−11÷10−8 s
f. T = 1 MeV, t = 1 s at nu
leosynthesis



Gravitino-likeA lot of work to make sure that it is indeed DM parti
leHard time for dire
t and indire
t sear
hesNo signal at LHCNeed lu
k to �gure out who is dark matter parti
leNeed more hints from 
osmology and astrophysi
s



Baryon asymmetry of the Universe

There is matter and no antimatter in the present Universe.Baryon-to-photon ratio, almost 
onstant in time:
ηB ≡ nB

nγ
= 6·10−10

Baryon-to-entropy, 
onstant in time: nB/s = 0.9·10−10How was this ex
ess generated in the 
ourse of the 
osmologi
alevolution? Sakharov'67, Kuzmin'70

Need B-violation, C- and CP-violation, Thermal inequilibrium



Can baryon asymmetry be due toele
troweak physi
s?Baryon number is violated in ele
troweak intera
tions.Non-perturbative e�e
t 't Hooft' 76Hint: triangle anomaly in baryoni
 
urrent Bµ :
∂µBµ =

(

1
3

)

Bq

·3colors ·3generations ·
g2

W

32π2εµνλρFa
µνFa

λρ

Fa
µν : SU(2)W �eld strength; gW : SU(2)W 
ouplingLikewise, ea
h leptoni
 
urrent (n = e,µ ,τ)

∂µLµ
n =

g2
W

32π2 · ε
µνλρFa

µνFa
λρ



Large �eld �u
tuations, Fa
µν ∝ g−1

W may have

Q ≡
∫

d3xdt
g2

W

32π2 · ε
µνλρFa

µνFa
λρ 6= 0Then

B f in −Bin =
∫

d3xdt ∂µBµ =3QLikewise

Ln, f in −Ln, in =Q

B is violated, B−L is not.



How 
an baryon number be not 
onservedwithout expli
it B-violating terms in Lagrangian?Consider massless fermions in ba
kground gauge �eld ~A(x, t) (gauge
A0 = 0). Let ~A(x, t) start from va
uum value and end up in va
uum.NB: This 
an be a �u
tuationDira
 equation

i
∂
∂ t

ψ = iγ0~γ(~∂ − ig~A)ψ = HDirac(t)ψ

Suppose for the moment that ~A slowly varies in time. Then fermionssit on levels of instantaneous Hamiltonian,
HDirac(t)ψn = ωn(t)ψnHow do eigenvalues behave in time?



Dira
 pi
ture at ~A = 0, t →±∞

0



Left-handed fermions Right-handed

TIME EVOLUTION OF LEVELSIN SPECIAL (TOPOLOGICAL) GAUGE FIELDS

The 
ase for QCD

B = NL +NR is 
onserved, Q5 = NL −NR is not



If only left-handed fermions intera
t with gauge �eld,then number of fermions is not 
onserved

The 
ase for SU(2)WFermion number of every doublet 
hanges in the same way



NB: Non-Abelian gauge �elds only (in 4 dimensions)QCD: Violation of Q5 is a fa
t.In 
hiral limit mu,md ,ms → 0,global symmetry is SU(3)L ×SU(3)R×U(1)B,not symmetry of Lagrangian SU(3)L ×SU(3)R×U(1)B ×U(1)A



Need large �eld �u
tuations. At zero temprature their rate issuppressed by e− 16π2

g2
W ∼ 10−165High temperatures: large thermal �u
tuations (�sphalerons�).

B-violation rapid as 
ompared to 
osmologi
al expansion at
〈φ〉T < T

〈φ〉T : Higgs expe
tation value at temperature T .Possibility to generate baryon asymmetry at ele
troweak epo
h,

TEW ∼ 100GeV ?However, Universe expands slowly. Expansion time

H−1 =
M∗

Pl

T 2
EW

∼ 1014 GeV−1 ∼ 10−10 s

Too large to have deviations from thermal equilibrium?



Ele
troweak transition

Ele
troweak symmetry is restored at high temperaturesJust like super
ondu
ting state be
omes normal at �high� TTransition may in prin
iple be 1st order Fig1st order phase transition o

urs from super
ooled state viaspontaneous 
reation of bubbles of new (broken) phase in old(unbroken) phase.Bubbles then expand at v ∼ 0.1c FigBeginning of transition: about one bubble per horizonBubbles born mi
ros
opi
, r ∼ 10−16 
m, grow to ma
ros
opi
 size,

r ∼ 0.1H−1 ∼ mm, before their walls 
ollideBoiling Universe, strongly out of equilibrium



Ve f f (φ) Ve f f (φ)

φ φ1st order 2nd order



φ = 0

φ 6= 0



Baryon asymmetry may be generated in the 
ourse of phasetransition, provided there is enough C- and CP-violation.Ne
essary 
ondition:Baryon asymmetry generated during transition should not bewashed out aferwards

=⇒ B-violating pro
esses must be swit
hed o� in broken phase

=⇒ Just after transition

〈φ〉T > TDoes this really happen?Not in SM



Temperature-dependent e�e
tive potential, one loop
Ve f f = (−m2+αT 2)|φ |2−β

3
T |φ |3+ λ

4
|φ |4

α = O(g2), β = O(g3). Cubi
 term weird,
−β

3
T
(

φ†φ
)3/2

But 
ru
ial for 1st order phase transition. Obtains 
ontributionsfrom bosons only
fB =

1eE/T −1
≃ T

E
≡ T

√

p2+g2|φ |2
≃ T

g|φ | at |p| ≪ T , g|φ | ≪ T

Bose enhan
ement ⇐⇒ no analyti
ity in g2|φ |2



At phase transition (−m2+αT 2) = 0,

Ve f f =−β
3

T φ3+
λ
4

φ4

Hen
e

〈φ〉T =
β
λ

T = #
g3

W

λ
TGiven the Higgs mass bound

mH =
√

2λv > 114GeVone �nds 〈φ〉T < T , asymmetry would be washed out even ifgeneratedFurtermore, in SMNo phase transition at all; smooth 
rossoverWay too small CP-violation



What 
an make EW me
hanism work?Extra bosonsShould intera
t strongly with Higgs(es)Should be present in plasma at T ∼ 100GeV
=⇒ not mu
h heavier than 300 GeVE.g. light stopPlus extra sour
e of CP-violation.Better in Higgs se
tor =⇒ Several Higgs �eldsMore generally, EW baryogenesis requires
omplex dynami
s in EW symmetry breaking se
torat E ∼ (a few) ·100GeVLHC's FINAL WORD



Is EW the only appealing s
enario?By no means!� Leptogenesis� Something theorists never thought aboutWhy ΩB ≈ ΩDM?



Are we on right tra
k assuming that dark matter and baryonasymmetry were generated at the hot stage of 
osmologi
alevolution, not at post-in�ationary reheating stage?



Initial 
onditions for perturbations:Adiabati
 mode: δρ ,δT 6= 0, but 
hemi
al 
omposition sameeverywhere,

δ
(ρB

s

)

= δ
(ρDM

s

)

= 0This must be the only mode if dark matter and baryonasymmetry were generatd at hot stageOtherwiseIso
urvature modes: δT = 0 =⇒ δρ ≈ 0, but

δ
(ρB

s

)

6= 0 (Baryon iso) or δ
(ρDM

s

)

6= 0 (DM iso)
CAN ONE TELL?



CMB sky
WMAP

T = 2.726◦K, δT
T

∼ 10−5



Understanding CMB anisotropy spe
trum

De
ompose temperature �u
tuation in spheri
al harmoni
s(starting from l = 2)

δT (θ ,ϕ) = ∑
l,m

almYlm(θ ,ϕ)

Large l ⇐⇒ small angular s
ales
alm: Gaussian random variables,

〈almal′m′〉=Clmδll′δmm′averaged over ensemble of Universes like ours.Isotropy: Clm =Cl independent of mTemperature �u
tuation
〈δT 2(n)〉= ∑

l

2l +1
4π

Cl ≈
∫

dl
l

l(l+1)
2π

Cl





What's behind?Primordial density perturbations (not explained within hotBig Bang theory; need long pre
eding epo
h to generate them,e.g, in�ation) and possibly primordial gravity waves:
alm random Gaussian ⇐⇒ δρ(k) random GaussianHint towards origin: enhan
ed va
uum �u
tuations of almostnon-intera
ting quantum �eld, e.g., in�atonFlat (Harrison�Zeldovi
h) or almost �at primordial powerspe
trum

〈
(

δρ(x)
ρ

)2

〉=
∫ ∞

0

dk
k

As ·
(

k
k∗

)ns−1

with ns −1=−0.040±0.014 (assuming no gravity waves)Small adimixture, if any, of gravity waves,

r ≡ Gravity wavesDensity perturbations < 0.2



S
alar tilt vs tensor power

ns



Further evolution

Perturbations in baryon-photon plasma ⇐⇒ sound waves.Comoving momentum k 
onserved, physi
al momentum k/a(t)gets redshifted.Mode of 
omoving momentum k os
illates as

Baryon-photon: δρ
ρ

(k, t) ∝ 
os(∫ t

0
dt

vsk
a(t)

)

vs= sound velo
ity.NB: Phase of os
illations �xed!Early times, k/a ≪ H: one mode is 
onstant, another rapidlyde
ays away.



Perturbations in DM do not os
illate.No pressure � no os
illations.a
ousti
 os
illations =⇒ os
illations in momenta atre
ombination:
Baryon-photon: δρ

ρ
(k, t) ∝ 
os(∫ tr

0
dt

vsk
a(t)

)

Interferen
e between perturbations in baryon-photon
omponent and dark matter 
omponent, if these are of
ommon origin



E�e
ts on CMB:

All at last s
atteringTemperature perturbations, δT ∝ δρrad ⇐⇒ baryon-photon
omponentGravitational potential ⇐⇒ dark matter mostlyDoppler e�e
t ⇐⇒ baryon-photon 
omponent.

Adiabati
 mode: baryons, photons and dark matter work togetherCDM iso: CMB anisotropy is 
ompletely di�erentSimilarly for baryon iso



Cal
ulated CMB anisotropy spe
trum

Adiabati
 Iso
urvaturesee Challinor, astro-ph/0403344



Observations 
onsistent with purely adiabati
Iso
urvature . 10%This does favor generation of baryon asymmetryand dark matter at hot stage.BUT

Even small admixture of iso
urvature mode(s)would make a big di�eren
e

Wat
h out Plan
k!



Extra dimensions/low s
ale gravity

Would obviously have major impa
t on 
osmologyFundamental gravity s
ale ΛG ∼ TeV
=⇒ Standard 
osmologi
al evolution at best from T ∼ TeVIn�ation, if any, o

ured at energy densitiesof at most TeV4Dark matter, baryon asymmetrygenerated below T ∼ TeVORAll that happened in quantum gravity regime



DreamStudy quantum gravity at 
ollidersStudy earliest 
osmology at 
olliders

A lot of fun � and jobs � for usand our grand-grand
hildren,experimentalists and theorists



But 
osmology may be telling ussomething di�erent � and unpleasantFriendly �ne-tuningsCosmologi
al 
onstant ∼ (10−3 eV )4Just right for galaxies to get formedPrimordial density perturbations δρ
ρ ∼ 10−5Just right to form starsbut not supermassive galaxies w/o planetsDark matter su�
ient to produ
e stru
tureAlsoLight quark masses and αEMJust right for mn > mpbut stable nu
leiMany more...Is the ele
troweak s
ale a friendly �ne-tuning?



Anthropi
 prin
iple/environmentalism

�Our lo
ation in the Universeis ne

essarily priviledged tothe extent of being 
ompatiblewith our existen
e as observers�Brandon Carter'1974 FigRe
ent support from �string lands
ape�We exist where 
ouplings/masses are rightProblem: never know whi
h parameters are environmental andwhi
h derive from underlying physi
sDisappointing, but may be trueMay gain support from LHC, if not enough new physi
s





To 
on
lude

LHC may well dis
over things 
ru
ial for our existen
eDark matterDynami
s behind baryon asymmetryQuite possibly not parti
ular ones dis
ussed hereMay �nd something even more profoundLike extra dimensions/TeV-s
ale gravityQuite possibly something elseMay support anthropi
 viewpoint

And in any 
ase will 
hange the lands
ape of physi
s,
osmology in
luded
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