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Friedmann equation for the present Universe

N\ 2
a 8r
H? = <a> = 3 G(Pu -+ Prac +Pn+ Pn)

8n > 3
- - _ = 7/_/2
3 Gpcurv 32 ) Po 87TG 0

0- 5GeV

Pc = Pum,0+ Prad,o +Pr0 = pPc=0.53-1 omd

Px,0
Qy =2
X="
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Photons in the expanding Universe

/d4x\/ guv FusFvp

dt = adn conformally flat metric

ds? = d* — 2 (t)§adx'dx) — ds® = &2(n)[dn? — §;dx’dx’]

S=-3 [Py AL = effen=ix -k~ K

Ax=2n/k, An=2n/k

A(t) = a(t)Ax = 27:355)  T—a(t)an = 2na§(t)
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Redshift and the Hubble law Ay = ),,-% = Ai(1+z(t))
P(t) =55+ (=305
for not very distant objects
a(t) =ao—a(to)(to—t;) — a(t)=ao[1 —Ho(to —t)] J

Z(t)=Ho(to—ti) = Hor, z<1
km

Hy=nh-1
0 00s-Mpc’

h~0.68

k

similar reddening for other relativistic particles (small H, H, etc.)
P=2am is true for massive particles as well
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Gas of free particles in the expanding Universe

homogeneous gas dN = f(p,t)d*Xad®p
in comoving coordinates:

dN = f(k)d®xd®k = const, d®x =const, d°k =const.
f(k) = const
comoving volume equals physical volume

d*xd’k = d®(ax)ad® (';) = d*Xad®p

f(p, 1) = f(k) = fla(t) - p] -

t=t f(p) — f(p,t):f,-(j((;))p)
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Massless bosons (photons) fermions J
N ply _ 1 1
fl(p) = fPl < TI = (27[)3 elPl/Ti _ 1

f(p.1) = f(a(a?7’$|) _f<Tl:(‘t)>

Tert(t) =

ok J

decouplingat T > m: neutrinos, hot(warm) dark matter
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0 Expanding Universe: mostly useful formulas
e The real Universe
e Big Bang Nucleosynthesis

e Dark Matter
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Expanding Universe: mostly useful formulas

Outline

0 Expanding Universe: mostly useful formulas
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Expanding Universe: mostly useful formulas

Einstein equations

Tuv: macroscopic description S [ d4xy=gTuvdg"v
Tuv = (Pp+p)uuly — Guvp ideal fluid with p(t) and p(t)
in the comoving frame u® =1, u=0 (almost) always works

T = diag(p. —p)

ds? = di* — & (t)y;dx’adx! |

1 1
SEH:—%/d“x =GR : Ruv—50uR=81GT,,

N 2
a 8w »
(00): <a> ~30 -2
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Expanding Universe: mostly useful formulas

-\ 2
Friedmann equation ~ (00): <§> —81Gp— %

a 3 a2

. .a
V,T"=0 — p—|—35(p+p):0

the equation of state
p=p(p)

many-component liquid, other equations
in case of thermal equilibrium

dp
—3d(Ina) = =d(Ins
(ina) = == =d(ins)

entropy of cosmic primordial plasma is conserved in a comoving frame

sa® = const
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

o\ 2
a 8n
#=0 (a) =3 o
dust: p=0 singular at t =t
_ const 3 Y _ const m
=5 a(t)y=-const-(t—1t;)=°, p(t)= (—1)2

a 2
=0, H)=2(=3;. P=ga 671G 12

the Universe is too young
2

10 _
3Ho =09x10"yr (h=0.7)

fo=
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Expanding Universe: mostly useful formulas

Cosmological (particle) horizon /y(t)

distance covered by photons emitted at t =0

the size of causally-connected region — the size of the visible part of
the Universe J

in conformal coordinates:
ds?> =0 — |dx| = dn f
coordinate size of the horizon equals
n(t)=[dn

| t ot
(1) = a(n(=a(t) || 2
dust
_ _ 2 _ 28 _
Iy(t) =3t = ) Iho=26x10%cm (h=0.7)
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

radiation: p=1%p singular at t = ts
const 1/2 const
p= 7 a(t):const-(t—ts) / ) p(t): (t*ts)z N
a 1 3 3 1
— H(H = Z(t) = — — Y H2_ —
=0, HD=300=% P=gz6" ~3zrGP
tdt 1
In case of thermal equilibrium T =const/a
2 2
_ T T _ 7 T
2

T
30
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Expanding Universe: mostly useful formulas

Examples of cosmological solutions

vacuum: Tuv = pvacuy p=-

Se=—1s" G/erx SA——/\/«ﬁd”'

8r
a=const-efs! | Hg =4/ ?Gpvac

de Sitter space: space-time of constant curvature
ds? = dt? — e?Has! gx? J
a>o, no initial singularity
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0 Expanding Universe: mostly useful formulas
e The real Universe
Q Big Bang Nucleosynthesis

0 Dark Matter



The real Universe

Friedmann equation for the present Universe

N
a 8n
H? = <a> 7G(pM + Prad + PA+ Peurv)
8r » 3
3 Gpcurv aga Pc 871G 0

GeV
Pc = Pw,0 + Prad,0 +PA0 = pc =0.52-10" > omd for h=0.7

Px.0
Qy =2
X Pc

(g>2 _ B?EGPC |:QM (%0)3—|-Qrad (aa()) + Qn + Qeurv (E:) }
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The real Universe

Homogeneous and isotropic 3d manifolds

di? = dp?+r?(p)(d6? +sin® 0d¢?)

Rsin(p/R), 3-sphere
r(p) = P, 3-plane
Rsinh(p/R), 3-hyperboloid
p is a geodesic distance; S=4nr?(p); A6 = TL)
2 2 2 2
dp? — dr2p _ drrz dp? — dr2p _ drrz
cosh® g 1+ & Cos® 5 -5
2 ar? 20402 | ain? 2
dff = ———+r (d6< +sin“0d¢“)
1 — %ﬁ
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The real Universe

Brightness—redshift dependence in the Universe

ds? = o2 — 2(t) [dx2+sinh2 x (d92+sin2ed¢2)} J

coordinate distance p/R —x = [ 2 z(t) = 2. —1

%(Z)_/Z az 1
0 aHo \/Qu(z' +1)3+Qn+Qeurn (2 +1)2

QSHSQCUN =1, Qu+Qa+Qcunw =1
S(z)=4rr?(z), r(z)=apsinhy(z2)
detector: Ny < S7', 0 = w;/(1+2), diy=(1+2)dt;
hence the brightness (energy flux measured by a detector) is

L L
J= = , hon=(1+2)-r(2)
(1+2)2S(z) — 4nrl, P
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The real Universe

Brightness—redshift dependence: SNe la

rph
ron(Q = 0.8,y = 0.2)

A(m— M) =5log

e E
E ]
B ‘ —
g E - 3
J : -
05[ i I ]
E . Ground Distovered ‘ ]
1.0~ ¢ HST Discovered ¢ -
- + + —— = o]
o 10y g, (+Quw ]
- oy QuSt R yolution =2 ¢ ;
05 pigh 29 E
g ¢ == ]
E L1 =g ——————— . ___ ]
’ET 0.0_ B e -]
R E
< r
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No Big Bang
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The real Universe

Last scattering: ye — ye

81 a? 1
— — ~0.67-10"2* cm? =—
Or = 3 g ) Ty GT'ne(T)

last scattering: T (Tr) =~ H '\ (Ty) ~ &

T,=026eV, z=1100, t =370000 yr

for general processes one should solve kinetic equations

an X;
at

— +3Hny = / (production — destruction)

o - cd (ngB) — B
Boltzmann equation in a comoving volume: § (na®) =a° [ ...
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The real Universe

Recombination: horizon

matter domination: e = 2IR
81 81 a\® e8rn
H2 3 GPM(tr) 3 GpM 0 ( O) S ?GPCQM,O(“ +Zr)3 .
T 2 1
at recombination: hr = Foy/@ (1120072
today /H,I’(to) = /H,I' X 3_? = Hoﬁm \/_114»72,
n

I
o /142 ~30

/H,r(tO)

X
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The real Universe

Recombination: angle

IH,r

ra(zr)

ra(z;)=(142z/)""-ag-sinhy,

Aer =

1
AG,Z\/ﬁ, Qeurv =27 =0.
) 1 2/ chrv/QM
r

B VZI'+1 Slnh <2\/QCUI’V/QM/> ‘
/—/1 Y
JO /1+%y6
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Acoustic oscillations in
relativistic plasma:

What matters is the sound
horizon:

lsr =l r-vs= /H,r/\/§

Then A
1 1 180°
— X —— 1
V3Vi1+z T
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The real Universe

3 T T T T T T T T T T T T T
20 0.04
0.03 | =
1 r 17
0.02 1
0.01 - 1]
0.3 - 14
= or il
hvel r ]
o1 b o L ! ! ]
: 50
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0.00 |
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Big Bang Nucleosynthesis

Outline

e Big Bang Nucleosynthesis
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Big Bang Nucleosynthesis

Neutrino freeze-out

T > me ete < vy, eve ev

oy ~ GZE?

neutrino interaction rate

i 1 , 8z _, T
YT loonv) T GETS 3309 T Mz

AN
Tv.f~< *> ~2-+3MeV
’ GEMp,
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Big Bang Nucleosynthesis

Neutron decoupling p+e<+— n+ve
typical energy scales

Tz2Am=13MeV, T 2> me=0.5MeV

neutron interaction rate

1 1
T, = =
nep ran Ch GIZ__ T5

v

neutron decoupling Cnop(T) ~ H(T) = T2 /M,
(CoM5,G2)
7 7 1 Mg
g.=2+L1-4+%.2.N, t= =M~

2H(T,) — 272 ~1s
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Big Bang Nucleosynthesis

Neutron density at decoupling
Ny — mnT 3/2 Hn;_’"n + o
n=0n o e Un+ Wy = Up+ Ue
Mn
N

__Mp-mp  pn—Hp
T T

for relativistic et and e~

Ng- — Ng+ n n _
Ho T~ flor _ P ~ng=-L=6x10""1°

2
Ng- — Ng+ ~ T — &= = °F —_F
or ~fler mHe T T8 T3 ny
Nnp _mn—mp _am 1wy
—_— = Thn =e Th ~—=e Tn
Np
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Big Bang Nucleosynthesis

p+n— D+y Saha equation
myT 3/2 K“n—Mn m,T 3/2 Hp—Mp

nn:2<2’;> e T, np:2<2’jr> e T,

Chemical equilibrium for nuclei: Ua=Up-Z+Un-(A-2)
n mpT 3/2eHDfrmD
D o )
Temperature of BBN Tys: Np ~ Np
Ap =2.23 MeV tns =~ 3 min
3/2 A
np/Np(Tns) ~ Ne (2‘:“3> s ~1 — Tyg ~ 50 keV
[o}
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Big Bang Nucleosynthesis

Helium abundance (NO chemical equilibrium)

Neutrons remain mostly in helium

’
Nape(Tns) = Enn(TNS) :

neutron-to-proton ratio Th ~ 880 s

nn(Tns) N 1 s w1

~—-—-e m-.e Th ~ — ,
np( TNS) 5 7
_ Maye - n4He(TNS) 2
P e mp (p(Tus) + M(Tvs)) — 22(Tis) g~

Uy
ANy et <1, 7| < 0.01
n
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Big Bang Nucleosynthesis

Main nuclear reactions

@ p(n,y)D — deuterium production, BBN starts.
@ D(p,7)3He, D(D,n)3He, D(D,p)T, 3He(n, p)T — intermediate stage.
© T(D,n)*He, 3He(D,p)*He — production of “He.

Q T(w,7y)'Li, He(a,y)"Be, "Be(n, p)’Li — production of the heaviest
baryonic relics.

@ ’Li(p, ®)*He — "Li burning.

One has to compare reaction rates to the expansion rate
H(Tns=50keV)=10"2s""
to obtain nonequilibrium concentrations
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Big Bang Nucleosynthesis

Baryon density Q,h?
027 0.005 0.01 0.02 0.03

: E LR I S \y 777777 —3

g 7 E

026 F “He % 3

0.25 7 *472

Y  —

Po2a E Z E

0.23 — % ,,,,,,,,, é

E % E

1073E Z 1

7

:g; ]

1074 \m O =

§ % E

= 3HeH|p u e ]
105
1079 |

5
"LiMp

2 L
10-10 |
1
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Baryon-to-photon ratio 1 x 1010

Lecture #2 ,

30 October 2014

Measurement of ng =
at T ~1MeV

Lack of Lithium. ..
Yy =0.2581+0.025,

ng/ny

Exotics needed?

D/H| 287i021)><10_
1103.1261
T T T A T T
oF . B
! — o H'He
——- o'H, +'He
c= He'He
3 = oy H He
=
Zost q
Py
v/-
'
v/.
00k . ol L
0.0 ) 20 3.0 4.0 5.0

similar results from other recent
studies including structure formation
1001.4440, 1001.5218, 1202.2889
Nv.eff < 4.2 @ 95%CL

Ny eff < 4.0 from D/H 1205.3785
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Big Bang Nucleosynthesis

BBN limits on Unstable relics Cx = Mxnx/ny
astro-ph/0605255 X —=y+x
107 ¢
1078
1077
1078 |
107 L

100 1000 10* 10% 10% 107 10® 10° 10!0 10!! 10%®
Ty (sec)
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0 Expanding Universe: mostly useful formulas
e The real Universe
Q Big Bang Nucleosynthesis

° Dark Matter



Dark Matter

Dark Matter Properties p=0

(If) particles:

@ stable on cosmological time-scale

@ nonrelativistic long before RD/MD-transition (either Cold or
. Vapyup < 1079)

© (almost) collisionless

© (almost) electrically neutral

If were in thermal equilibrium: My = 1 keV

If not: for bosons
A =2n/(Myv), in a galaxy v ~0.5-107% — M, >3-10"22 eV
for fermions

Pauli blocking: My = 750 eV
__p?_
f(p,x) = p)/(\;() . L S8 M| < 2gx -
X (meVx> p=0 (27)
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Dark Matter

Dark Matter Candidates

WIMPs (neutralino, .. .)

sterile neutrinos

gravitino

axion

Heavy relics

(Topological) defects

Massive Astrophysical Compact Halo Objects
Primordial black hole remnants

Dmitry Gorbunov (INR) Lecture #2, 30 October 2014
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Dark Matter

Weakly Interacting Massive Particles

Assumptions:
@ no X — X asymmetry Ny = Ny
@ @ T < My in thermal equilibrium with plasma

M, T\ 3/?
nX:n;(:gX< 2)(7.[) eiMX/T

XX — light particles

freeze-out temperature T M; = Mp;/1.66,/g.
1 1 M,
s —HY(T)—Ti=—>
gx Mx Mg, o
N (GannV) In (W)
Bethe formula: annihilation in s-wave: oann = "—VO
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Dark Matter

Weakly Interacting Massive Particles (WIMPs)
T2

density after freeze-out: (1) = 70,
]

3
present density: n(To) = (2%%) n(T¢) = (S(s%)) Ny (Ty) o< ﬁ < T

X + X contribution to critical density:
ax Mg, My o
Myng(To) -, S0 ( )" 0)

Qu=2—"-"=706
X Pc P00 Mo\ /9. (Tr)

.y (10 TeV) 2\ 0.3 n [ @MaMoo ) 1
oo g*(Tf) (271;)3/2 2h?

natural dark matter:  op ~ 0.01 X Opeak

GO< 2 — MX<1OOTeV

naturaly “light” S we
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Dark Matter

WIMPs are mostly welcome

@ Do not need new physical scale (and interaction?)
@ Can search for WIMPs in collision experiments (LHC):

X+X<+<SM+SM +...

@ Can search for WIMPs in cosmic rays: products of WIMPs
annihilation (in Galactic center, dwarf galaxies, Sun)

X+X—pp, ete, v,y,...
@ Direct searches for Galactic Dark Matter (v ~ 103)

X +nuclei — X +nuclei+ AE
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Dark Matter

Direct searches for a particle of 5GeV ...

LHC helps!

provided some (reasonably) weak interactions between visible baryons and invisible (dark)
antibaryons, which should be lllustration with searches for WIMP-signal

9,7, Z,or W

N.Zhou et al (2013)
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Dark Matter

CMS results of (in)direct searches @ 7 TeV

g 10% g g 107 —
[ -=- CMS MonoJet CMS £ -=- CMS MonoJet CMS
9O, - CMS MonoPhoton §=7TeV 9O, 33 —s— CMS MonoPhoton Vs=7TeV
c — CDF 2012 c 10 — CDF 2012
S o XENON-100 J-L dt=5.01" S SIMPLE 2010 J-L dt=5.01f
g CoGeNT 2011 g 10%  cousizon
(7] CDMSII 2011 9] Super-k WW
-37 b
8 R S S ——— 8 10 += IceCube W'W
Q — Q
O O 0%
c c
3 8 1ot
° 5 10
> >
Z Z 104
= a) Spin Independent . } = E b) Spin Dependent
P T BT B A YT BT 10’45? il il il
1 10 10° 10° 10" 1 10 10° 10°
M, [GeV/c?] M, [GeV/c?]
for WIMPs 1206.5663 £10°FTo05, &L Sy bepanden i B S
0% - swpLe —pus §XENONIOD —CQUS
.. . 5 g - COF D8 G D, 3 CMS (5 e )
Logic: no light superpartners, Mgysy > 500 GeV g10.f —omsemh e, 3
D1 (scalar): Mazxdq D8 (axial): 2P Pranstq ol
scaiar): —= axal): —5 §10°F \
( ) M3 x99 (axial) M2 Wraawra g .
Z10° __ amias, 08, o1 T : 1
=gt e Ams.ns.ww:mw i 3
D5 (VeCtOI’) 2 Z?’qum q D9 (tensor) 2 ZG quflvq :ZM: ATLAS E:7TeV,JLdt:A6!b:: :
45| R R RR R BT R R}
e T T e T
1209.4625 m 0% (el
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Annihilation rate <ovs for x§ — qq [cm°/ s]

Dark Matter

ATLAS results of (in)direct searches @ 7 TeV

Spin-independent

ATLAS s =7 TeV. 4.7 fo, 90%CL
—0®F T ‘Hub_7 QERLIEE]
" XENON100 2012 1.qq%1(xx) ]
S 4g®1[---- COMSIllow-energy _,  D5: qﬁﬁj(ﬂ);:z
s sl gcheglggLouxz) —— D11: gg— j(xX)
o 210%} - Do, piac]
'f‘TLAs T ‘ “F‘ ‘ ‘Z“Tev 4. 7‘fb‘ ‘95\\/\‘"0": I OMS a1 10 =1 Oineary ]
E 2 3
2 x ( Fermi-LAT dSphs (xx)MaJmanae bb ) 510737,
L o
B [y S, ol
P —=— D5:q0—~> (), g10%
E L= — S 1041f
F———— D8:q3—> (W), 2o 1
S 104 1
L = 10745:‘ ]
1

10 10 10°
WIMP mass m, [ GeV |

" " Thermal relic valu . ATLAS e Js 7 Tev. 4.7 fol, 90%CL
k. as| —— SMPLE 201 —— D8: a5 [y, |
S I, e i
610} —— D8: NS @ i QL ]
§10-37
2
| Huu\s S10%
2
10 10 S10%
R
WIMP mass m, [GeV] g R S —

E 41
1210.4491v1 3 107

Spin-dependent

1 10 102 10°
WIMP mass m, [ GeV |
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Dark Matter

CMS results of searches at @ 8 TeV

V. Khachatryan et al (2014)

10 ‘ T T
N B E
g 109F % -
L. E G E
[ L
Sk ERE-Ral-
- 7 e E
Q 103 -4 O e
% CMS, 90% CL, 8 TeV, 19.7 fb* 3 % E
10 g vate ] L
2 i
O 10% SMPLE2012 Veclor O gl CMS, 90% CL, 8 TeV, 19.7 fb*
O O . (RY,Y 0@y, )
c 10 c 10 E Axial-vector operator %
Q -43 Q -43 ;
D 10 D 10%E
5} 5} E
2 104 E § 10'44?
0 3 1
>< 105 & Scalar 2 ><10%E o
E Spin Independent 3 E Spin Dependent
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Dark Matter

Decoupling of relativistic specia (DM?)

Thermal equilibrium is forbidden:
T4 > My, and then ny /s = const

Qup— MX:Nx0 _ Mx-SoNxo 5 Mx (97x) 100 \ 1
3/2 e e So “100eV \ 2 9.(Ty)) 2h2

@ If fermions: limit from Pauli-blocking

@ Generally: too hot at Equality:
from structure formation we need at Tg; ~ 1€V, vpy <1073
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Dark Matter

Other Dark Matter candidates are not in equilibrium!

WIMPs (neutralino, ...) <= thermal | = Singlet scalar field:

1 m2
L =Lsu+ E(&#S)Z — 7032 —ASPH H+ ..
Invisible decay H — SS if kinematically allowed, missing energy
direct searches for dark matter
sterile neutrinos «= Price: sensitive to mass and couplings! not seesaw neutrino!
axion «= Price: sensitive to mass and (=couplings) and history!

gravitino <= Price: sensitive to mass, couplings and reheating temperature !l yet it is
natural LSP if Agygy <1010 GeV

Heavy relics «= Price: sensitive to mass and untestable

Asymmetric WIMPS, Nx ;ﬁ Ny <= No cosmic ray signals, but trapped in stars
Why asymmetric? But other matter, baryons, is asymmetric. . .

Why non-thermal DM? «— But major processes we know (recombination and
nucleosymthesis) were out-of-equilibrium. . .
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