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Outline

|) Dark matter/intro and review [~2hr]

[Kolb& Turner, Dodelson,Weinberg, Baumann,

asics of cosmolo
D basics &Y TASI lectures, PDG, Sec.21 BBCosmo]

1 Dark matter properties [PDG, Sec. 26 DM]
| | Candidates, lifetime

| | Thermal freeze-out production of WIMPs

1 Sterile neutrinos, freeze-in, entropy dilution

1 A history of Dark matter
[Bertone, Hooper ’1 6]



Outline

2) Phase transitions and gravitational waves [~2hr]
|1 effective potential/basics of thermal field theory
| first order phase transitions

1 false vacuum decay

1 energy budget of gravitational waves

L1 GW spectra and sensitivities



Basics of cosmology



Expansion - metric

FRW metric: 3D isotropic & homogeneous

ds® = dt* — a(t)® (dz” + dy* + dz°)

2
= dt* — a(t)” (1 drk > er§22>
— RT

k ~ () for a flat universe



Expansion - metric

FRW metric: 3D isotropic & homogeneous

ds® = dt* — a(t)® (dz” + dy* + dz°)

2
= dt* — a(t)” (1 drk > er§22>
— RT

k ~ () for a flat universe

1 N
a(t) — . . . scale factor describing the expansion of a= —

A
space, z is redshift of (wave)lengths

V x a’

agp = 1 today,ais | by definition



+1000 KM

500KM

Hubble parameter

velocity(redshift)
proportional to the distance

U:HQD

[Hubble *29]

VELOCITY

DISTANCE

0 € PARSECS 2 »10€ PARSECS




Hubble parameter

measured today

a . .
g=2 veIOC|ty<redsh|ft) | v = HoD
a proportional to the distance
[Hubble "29]
500KM .’
) S. i
3
0 PR 106 PARSECS 2x10€ PARSECS
km 1 km 1
Hy = [68 — 74] = h x 100
s Mpc s Mpc



Hubble parameter

early universe late universe
(indirect) (direct)
z = 1100
flat ACDM
CMB
67.4 8:
e
67.411 ]
. — .
BAO+Lensing+BBN  SN1A+ Red giants Sn1A + Cepheids
69.8 £ 0.8 74.00%
—_— — O
@ Carnegie-Chicago (Freedman et al. 2019) fime delayj_cif;quasars
@® Planck (Planck Collaboration 2018) 73-3_18
+
® DES+BAO+BBN (Abbott et al. 2018)
@® SHOES (Riess et al. 2019) 11.1
@ HOLICOW 2019 (this work) 73'8—1.1
. . +
@ Late Universe (SHOES + HOLICOW) BAO-Lensing+BBN
H [km S —1 |\ /I pC _1] combined in 5.3 sigma
0 tension with Planck



Dynamics

Friedman equations

Einstein equations GW/ =81 Gn Tuu



Dynamics

Friedman equations

Einstein equations GW/ =81 Gn Tuu

geometry of the FRWV universe



Geometry

[see e.g. Dodelson p. 28-33]



Geometry



Geometry



Geometry

R AN
Goo = Roo — - goo =3 <—> = 3H”

2 a



Dynamics

Friedman equations

Einstein equations GW/ =81 Gn Tuu
/ p 0 0 O\ [see e.g. Lifschitz-Landau]
L 0O p 0 O .
T = 00 p 0 Stress-energy tensor for a perfect fluid
\0 0 0 p/
O . .. energy density, depends on the content of the universe

P - .. pressure



Dynamics

Friedman equations

Einstein equations GW/ =81 Gn Tuu
[p 0 0 0)
THY = O-p 00 Stress-energy tensor for a perfect fluid
0O 0 p O
\0 0 0 p/
O . .. energy density, depends on the content of the universe
P - .. pressure

G()() — 3H2 :T()O — 87TGN,0: MPQ

Pl

expansion depends on the energy content



Dynamics

Friedman equations

Einstein equations GW/ =81 Gn Tuu
[p 0 0 0)
THY = O-p 00 Stress-energy tensor for a perfect fluid
0O 0 p O
\0 0 0 p/
O . .. energy density, depends on the content of the universe
P - .. pressure

—2
Goo = 3H? = Too = 87Gnp = =L | periv = 3H; Mp,
Pl

expansion depends on the energy content



Units and constants

Gravity is weak, much weaker than the weak force

— Mpy 1

— — 2.4 % 10" GeV > v = 246 GeV
V& VTG N




Units and constants

Gravity is weak, much weaker than the weak force

- M 1
Mp; = —% — — 2.4 x 10'® GeV > v = 246 GeV

\/87‘(‘ B \/87TGN

The critical energy density is rather small

3H2
87TGN

GeV N 1
~ 4mp ﬁ

—2
crit = — 3H? Mp, = 107° K2
Pcrit 0 Pl cms



Units and constants

Gravity is weak, much weaker than the weak force

- M 1
Mp; = —% — — 2.4 x 10'® GeV > v = 246 GeV

\/87‘(‘ B \/87TGN

The critical energy density is rather small

3H2
87TGN

GeV N 1
~ 4mp ﬁ

—2
crit = — 3H? Mp, = 107° K2
Pcrit 0 Pl cms

All the energy content normalized to the critical density

Q, = L= Qtot = Qp + U + Q2 + ...
Pcrit




Pz
Pcrit

Energy budget today

Qtot:QA—FQm—FQfY—F...

for a flat

universe with
k=0

exp
Q1:01: — 1



Energy budget today

for a flat
universe with
k=0
Px ex
Qx:p Qiot = Q0 + QL + Q0 + ... QP ~1
crit
74.0% radiation
(1, =5 X 107
heutrinos

QCI/B ~ 1.3 X 10_5

0.4% Stars, Etc.

Dark Matter 3106t% _ GWs
ntergalactic Gas
i Qow S 107"

22.0%



Expansion in matter/radiation universe

Number density

N .. .no. of particles in a co-moving volumeV o a”

n ... number density

dN
o na’ + 3aan = 0

n _
— = —-3—- = nxa
n



Expansion in matter/radiation universe

Energy density

p...

energy density per co-moving volume

non-relativistic matter
scales with volume

light gets stretched and
redshifts, energy
depletes faster



Expansion in matter/radiation universe

Energy density

p ... energy density per co-moving volume

More formally, using the 2nd Friedman equation

p+3=(p+p) =0 = a3 L (pa®)

matter p=0

v C



Expansion in matter/radiation universe

Energy density

p ... energy density per co-moving volume

More formally, using the 2nd Friedman equation

. a d a
3¢ —0 = 3@ 3y _ @
pt+3-—(p+p) a=*— (pa®) = =3—p
matter p=0 i (p a3) =0
v C dt "
dpy | @ 4 d(p,a’)
radiation D= g dt 54’07 — ¢ dt 0



Thermodynamics

Particles meet & thermalize to equilibrium

interaction rate I'>H expansion rate
dx
Box of d3zd’k k ... proper
particles in dk | 27h — I h momentum
phase space




Thermodynamics

Particles meet & thermalize to equilibrium

interaction rate I'>H expansion rate
dx
Box of d3zd’k k ... proper
particles in dk | 27h — I h momentum
phase space
d>k
T — gZ/ (27T)3 fl(aj7k)
d’k 2 2 2
on-shell

degrees of
freedom



1

E -
Tf[l::l

Jr/B = +1  Fermi blocking

€

. —1 BE condensation
Fermions/Bosons

here we neglect the chemical potential/number
changing interactions, more about that later on

—m
T

Boltzmann suppression k£ < m E~m foxe

Presence of particles heavier than T is exponentially suppressed



1

E;
e T ::1

Jr/B = +1  Fermi blocking

. —1 BE condensation
Fermions/Bosons

Boltzmann suppression k£ < m E~m foxe

Presence of particles heavier than T is exponentially suppressed

degrees of gi(7) =2  two polarizations

freedom
more on this later



Adiabatics

Pressure and conservation of entropy

d3k k?
Pressure Pi = G (27_‘_)3 fz-(:zf,p) 3.
i _ptp_,
dT T

Entropy density conserved with expansion

_3d(p+p)a’ dp

— =0 chain rule and the above gives
dt dt 8

a




Cosmic inventory

pi = gz’/ (37:53 fi(x, k) E;i(k)

Photons g = 2 m=0=F =k



Cosmic inventory

pi = gz’/ (;TI)C?) fi(z, k) Ei(k)

Photons g = 2 m=0=F =k

_2/ d3k 1 k_87TT4/OO dx 3
TR @ R 1T T @rP )y e




Cosmic inventory

pi = gz’/ (ZWI)C?) fi(z, k) Ei(k)

Photons g = 2 m=0=F =k

7.‘.4
_2/ d>k 1 k_87TT4/OO dzz® |~ 15
S O KIS TR DY T | !

2
T 4
ST

Stefan-
Boltzman’s law



Cosmic inventory

Pi :gz’/ (37:;3 fi(x, k) E;(k)

Photons g = 2 m=0=F =k

_2/ d>k 1 k_87TT4/OO dz 23
= 2m)3 % -1 (273 ), er—1

Stefan- T
Boltzman’s law

2.5 x 107°
Present-day CMB: Io =2.7T K (2, Py _

Pcrit h2



Matter

Cosmic inventory

pi = gz’/ (37:53 fi(z, k) Ei(k)

e <frr2n’£, m > 1
¢ \%gT‘l (1,%), m <L T



Cosmic inventory

pi = gz’/ (37:53 fi(x, k) E;i(k)

Matter
)
pm:<”2”22}7 7 m << T
eq 4
09T (1, §), m>T

and the number density




Cosmic inventory

Degrees of freedom

7.‘.2

p = g*(T)%T‘L SM T>mr: ¢.=106.75



Cosmic inventory

Calculation of g,

Ino6)= me = 0,51 - 107 -33; mu = 0.105; mc = 1.776;
mu=2.5-102A-3;md =5 10A-3; ms = 0.1;

mc =1.29; mb =4,19; («MSbar«) mt = 172.9; 7"'2 4
MW = 80.399; MZ = 91.1876; mh = 125.5; P = gy (T)—T
mr = 0.1396; mnO = 0.135; mK = 0.49368; mKO = 0.4976; 30

(* p is vector with spin = 1 =*)
mpo = 0.77549;

g. for massless particles (m<<Tand p<<T)

n(118):= (* g. from a massless real boson and a massless Dirac fermion =)
{(30/x7r2) 1/ (2x72) Integrate[u”r3/ (Exp[u] -1), {u, 0, Infinity}],
(30 /7x72) 1/ (2nx72) Integrate[ur3/ (Exp[u] +1), {u, 0, Infinity}]}
(* gluons + photons, massless = 2 d.o.f, for SU(n), we have n?*2 - 1 generators =)
gSgf = (8+1) 2;
(* neutrinos =)
gSnu=3 2 .7/8;

1, z}

ut{118)= 3

——

Temperature dependence, again (u<<T)

nj106)= gSFf[m , T ] :=15/n"r4 NIntegrate[Sqrt[u?r2- (m/ T)A2]ur2/ (Exp[u] +1), {u, m/ T, Infinity}]
gSb[m , T ] :=15/n7A4 NIntegrate[Sqrt[u?r2- (m/ T)*2]Jur2/ (Exp[u]l -1), {u, m/ T, Infinity}]
(* g« (T) in the SM x)
gSSMabvQCD[7 ] :=gSgf+gSnu+2 2 (gSf[me, 7] + gSf[mu, 7] + gSf[mc, 7]) +
322 (gSf[mu, 7] +gSf[md, 7] + gSf[ms, 7] + gSf[mc, 7] + gSf[mb, 7] + gSf[mt, 7]) + 6 gSb[MW, 7] + 3 gSb[MZ, 7] + gSb[mh, T]



Degrees of freedom

Cosmic inventory

7.‘.2

p=g:(T)5=T"

1107
100
90

Radiation dominated

30

SM T'>mr: g =1006.75

g. in the SM above the QCD PhTr

001

T[GeV]

T2
H =0.3./7x
Pl

M

0.10 1 10 100

1000

2
p=g*g—OT4 = 3H?M},



matter

Entropy and decoupling

2
T p+p
= g.(T)==T" §=—=
D = 0 radiation D~ = g
272
entro — *S—TB gx = Jxs
PY S g 15
mass effects
dS LT3al _
O:_:g - = To<g>,<81/3a_1

dt dt



Entropy and decoupling

Thermal equilibrium I'~H



Entropy and decoupling

QED thermal equilibrium I'~H

neqocT3

more 042 y
on this ov) ¢ — + A
later < > T?



Entropy and decoupling

QED thermal equilibrium I'~H H ~ /39

neqocT3



Entropy and decoupling

QED thermal equilibrium I~ H H ~

neqocT3

T < a*Mp; ~ 10'® GeV

SM QED in thermal equilibrium




Entropy and decoupling

EW thermal equilibrium I'~H H ~
Neq X T3
W, 2 op
(ov) ~ GLT? + A 3

[~ ng,{ov) ~ GET?

Neutrino freeze-out, decoupling

Tdee o MeV




Entropy and decoupling

Cosmic neutrino background (CvB) neutrino decoupling = freeze-out, later DM

Y e~ et vy X3
2772 7
_437T2 I/L><3

T

90



Entropy and decoupling

Cosmic neutrino background (CvB) neutrino decoupling = freeze-out, later DM

Y e~ et vy X3

2 7
sc = ——T3 <2+—(2+2+3+3)>

45 8
4372 3
= T3 L neutrinos
90 .
do nothing
entropy conserved when electrons annihilate S<CL3< = s>a3> aclc = a1,
T ~m., < MeV
27T2 3 7 3 TV 3 4
TS (2T7 i 6§T”> 7, V11



Entropy and decoupling

Cosmic neutrino background (CvB) neutrino decoupling = freeze-out, later DM

Y e 8+ vV X3
212 4 7
4372 3
= T3 L neutrinos
90 .
do nothing
entropy conserved when electrons annihilate S<CL3< = s>a3> aclc = a1,
T ~m., < MeV
27T2 3 7 3 TV 3 4
TS (2T7 +6§T”> 7, V11
) =27K
43 T; 21 v
? (CL<T,/)3 =4 <T_Z’ + g) (CL>T,/)3
v T =1.94 K = 0.17 meV



- DM Properties



Mass range from observations of dwarf spheroidal galaxies

dSph are small, low luminosity galaxies with no dust and few old

stars, gravitationally bound and thus likely dominated by DM

 "Fornax

Rasph



Mass range

Fermions lower limit due to the Pauli exclusion principle ~ [Tremaine, Gunn *79]

volume estimate

foum(x,p) < h™>  limited phase space
g g dBZE ~ R(%Sph

dgp ~ p3 = (’mDMUDM)3

Masph = Mpy / foa(z,p) dxd’p



Mass range

Fermions lower limit due to the Pauli exclusion principle  [Tremaine, Gunn ’79]

fom(z,p) <h™>  limited phase space

Maspnh = mpu / foa(z,p) dxd’p

3 3;_-3 .
< mpyRispn (Mpyvpar)” b volume estimate
3/2
GyM : .
_ 4 3 N 1V1dSph 3
= mpyRasph ( e h velocity from gravity
dSph

lower bound mgM > (G’ij)’\,]\4013phR(?jlsphh_6)_1/8



Mass range

Fermions lower limit due to the Pauli exclusion principle  [Tremaine, Gunn ’79]

fom(z,p) <h™>  limited phase space

Maspnh = mpu / fou(z,p) d*z dp

< mDMR?iSph (mDMUDM)B B3 volume estimate
3/2
= mbyRison (GNMdSph) h—3 velocity from gravity
b Raspn
F 3 3 —6\—1/8
lower bound  mp,, > (GNMdSthdSphh )
Fornax only mpas > 70 eV [Randall, Gunn ’79]
: Domcke & Urbano ’14,
Combined + uncertainties mpa 2> 0.4 keV [Domcke roano

di Paolo, Nesti,Villante | 7]



Mass range

Bosons lower limit due to free-streaming

AaB < R
de Broglie wavelength should not b dSph

exceed the size of the dSph



Mass range

Bosons lower limit due to free-streaming
AaB < R
de Broglie wavelength should not P 45ph
exceed the size of the dSph
h 10722 eV (3 x107°
AB = :2kpC< © ) ( )<Rdsph22kpc
MpDMUDM mpmM UDM

mpy = 1072 eV ‘fuzzy’ dark matter



Mass range

Bosons lower limit due to free-streaming
AaB < R
de Broglie wavelength should not b ASph
exceed the size of the dSph
h 10722 eV (3 x107°
AB = =2kpC< ) ( )<Rdsph22kpc
MpMUDM mpm UDM
mpy = 1072 eV ‘fuzzy’ dark matter
see the recent study and references [Hui, Ostriker, Tremaine, Witten ’ | 6]
Fermions and bosons mpym < D Mg upper limit from tidal disruption

[Audren et al. 1407.2418]



Electromagnetic charge
dark structures don’t shine like stars, no O(l) e.m. interactions

may be milli-charged, coupling to photons suppressed by mixing/small U(l) charge



Electromagnetic charge
dark structures don’t shine like stars, no O(l) e.m. interactions
may be milli-charged, coupling to photons suppressed by mixing/small U(l) charge

main constraint from CMB, DM (single component) should be there at recombination

mpy < GeV mpy > GeV

0.35
Opas < 4 X 10—7(21;%4) Opu < 3.5 % 10—7(

mpas\ 0-58
GeV )

[McDermott,Yu, Zurek 1011.2907]



Bullet cluster

1E0657-56

Chandra 0.5 Msec image

Self-interactions
instead DM can interact quite strongly with itself [Randall et al. 0704.026 1]
9DM-DM < 0.8 barn nucleons On—n ~ few barns [Tulling,Yu |70502358]

MpM - GeV Mo, GeV



Dark matter density profile

direct observations of radial velocity vs. distance from the center of the galaxy

DM (other interpretations such as MOND less likely, involve ~DM as well)

Corbelli, Salucci

10,000 - 20,000 30,000 40,000

/
Observations b
from starlight
100 |~
Velocity
(km s-1)
. e Expected from
HERRL AP the visible disk
\L\ --.’:- »
3 s T : .
LR

M33 galaxy R i - Distance (light years)



Dark matter density profile

velocity flattens out at large distances, what does that say about the DM density?

GNMhalo(R) _ U_g . — \/GNMhalo(R) const

R? R c R .

R
Mhyalo X R Maio = /dgﬂ? PDM = 477/ drr?ppar (1)
0
1
PDM(T) X 7“_2’ r> R
[Navarro, Frenk, White '96] oNEW _ al

common DM profile,
fit to simulations



Dark matter density profile

velocity flattens out at large distances, what does that say about the DM density?

GNMhalo(R) _ U_g . — \/GNMhalo(R) const
R2 R c R .
R
Mhalo X R Mhalo = /dgﬂ? PDM = 477/ drr*ppas(r)
0

Milky Way, at our local vicinity, relevant for direct detection

GeV

cms

local density  ppy (Re) ~ 0.4

GNMMw(R@) N

local velocity vpm (Re) =~ \/

local flux ODM = —




Candidates



DM candidates

WIMPs

SUSY - MSSS & beyond motivated by hierarchy, stabilized by R-parity
Singlets, additional multiplets (Inert Higgs doublet/multiplet)
Extended/Hidden interactions (Left-Right, Twin sectors, dark QCD, ...)

Extra dimensions, Kaluza-Klein stabilized with KK-parity

Right-handed/sterile neutrinos motivated by massive neutrinos

Axions motivated by strong CP
Many others...

Primordial black holes



Stability
Ty 2 14.7 byrs = Loy <1074 GeV

Generic issue for heavy particles

' = | A|° x phase space

m m Yo\ 2
C2body = 759" = (150 Gev) (q077) T
2=body = 7g7¥ 7 \100 Gev/ \10-21) ~PM

Stabilize by:  symmetries Z: SM — SM, DM — —DM

decouple by hand (issues with corrections)

light enough, lightest in the spectrum



DM Production

Dark genesis



- Production mechanisms

Freeze-out

a DM particle is thermally coupled to the primordial plasma, just like
neutrinos. After some time, the expansion of the universe is faster than the
equilibration rate and DM decouples, freezes-out. From then on, it follows

the expansion of the universe (red-shifts).

Freeze-in, oscillations/matter effects

sterile neutrinos may be produced through the mixing with active ones,
either in vacuum or in presence of lepton number. Axions may also be

produced from unfrozen oscillations of a classical axion field.

Non-thermal

decays from an inflation, gravitational production.



- Production mechanisms

Freeze-out

a DM particle is thermally coupled to the primordial plasma, just like
neutrinos. After some time, the expansion of the universe is faster than the
equilibration rate and DM decouples, freezes-out. From then on, it follows

the expansion of the universe (red-shifts).

Freeze-in, oscillations/matter effects

Asymmetric DM production

sterile neutrinos may be produced thrd
L . Phase transitions (defects)
either in vacuum or in presence of lep

produced from unfrozen oscillations o
Multiple annihilations

Non-thermal Multiple annihilations

decays from an inflation, gravitational p



Freeze-out

Boltzmann equation 1 3 [see e.g. Dodelson’s book]

5 H [ [ Goyag, 00'8 (Xp) 8 (25

X ’M\ X {fafa(LE f1)(1 £ f2) — fifo(L £ f3)(1 £ fa)}

Relevant for BBN, recombination, DM production, ...



Boltzmann equation

-

~N

entropy conservation in

absence of interactions

1 d(nia®)
a3 dt

J

Freeze-out

3

2 4

11/

[see e.g. Dodelson’s book]

kinematics, relativistic
phase space integration

o ' ()5 (2 8)

J

< IMP x {fafaQ £ f)(LE f2) — frfo(1 £ f3)(1 £ fa)}



Freeze-out

Boltzmann equation 1 3 [see e.g. Dodelson’s book]
2 4
R4 . . . N
entropy conservation in kinematics, relativistic
absence of interactions phase space integration

7

a13 d(n;ta3) B ﬁ / (

\_ J =1

srysg 208 (n) s (£ 8)

. vE

particle properties,

interaction
g actions )

(fsfa(l+ f)(L £ fo) — fufa(L £ fa)(1 % fa)}

statistics, Fermi vs. Bose

f(T < Ez) N e—TE. solve for the chemical equilibrium



Boltzmann equation

d>k
number density n; = giet/T / (_ e~ Ei/T

equilibrium
Boltzmann
suppression

T\ 3/2 |
o) _ d’k —E;/T _ (%}T) / €_m’”/T, m; > 1
i — Yi 3 € = 3
(27) gi L m; < T non-relativistic
number in eq.



Boltzmann equation

d>k
number density n; = giet/T / (_ e~ Ei/T

equilibrium

n — (g, & — .
SR NCTE gi L m; < T
"n;
Y
0
thermally averaged (ov) = 1 / |/\/l]2 o~ (E1tE2)/T
cross-section ngo)ném 7;

Boltzmann
suppression

non-relativistic
number in eq.



Boltzmann equation

T d’k E;T
number density n;, = gieﬂi/ /W e~ Fi/
7
equilibrium
m;T\3/2 _m
n(O) = g%/ Tk e~ Ei/T — ( 217;) € Z/Ta m; > T
! (2n)° gi L mi < T
n;
L o Hi/T
n(0)

thermally averaged

cross-section B n§0)n§0) ;
; r \
1 d(nia”) (0) _(0) N3Ny N1N9
=N, Ny (OV) —
a®  dt b MOMOBIOMO

\_

Boltzmann
suppression

non-relativistic
number in eq.

(ov)y>n . )

J

strong interactions
= equilibrium



Thermal DM relic

Boltzmann eq. becomes

WIMP

X =DM SM, mgy =~ 0

X SM

1 d(nxa?)

0)2
S e O (”gf) _”%f)

_ . (0)
nsM — Mg



Thermal DM relic X =DM SM, mgg ~ 0 nsm = n'
m=m
" X SM
1 d(nxa?) 0)2
Boltzmann eq. becomes S = (o) (ng() _ n%{)
Yield
nx dY



WIMP

Thermal DM relic X =DM SM, gy ~ 0 nsm = n'
m=m
3 X SM
3
Boltzmann eq. becomes 13 d(n;—ia ) _ (o) (ng?)Q _ n%()
a

Yield
_ X dy 3 2 2
X measures temperature very simple differential equation
m dY A m>{ov)
r=— = — = (Y?-Y? =
T dr 72 ( eq) A I 12



WIMP

dY A
= (V" -Y)

Yeq[x ] :=1/nA2NIntegrate[y”*2/ (Exp[Sqrt[y*2+x722]]1+1), {y, 0, Infinity}]
NDSolve[{Y '"[x] = -A/xA2 (Y[x]*2-Yeq[x]72), Y[xO] == Yeq[xO]}, Y[x], {x, xO, 100}]

weaker annihilation,
*  freeze-out early,
| higher abundance

stronger coupling,
annihilates more,
freezes-out later,
abundance drops

1 5 10 50 100



WIMP

Freeze-out analytic estimates can be useful

Cﬁfﬁlo

late times, low T freeze-out value =z > 1

ay Y*?
T o~ N
dx x?
1 1_A y. =10 I
Y Yf X f A A
s _
improved estimate  I'(zy) = ng?) (ov) = H(zy) el _ oo (ov)ym Mp,
Vv \/(QW)BQ*
f
\——— ——
0.1
improved semi-analytic approach [Beacom, Dasgupta, Steigman 1204.3622]
tools [DarkSUSY, micrOMEGASs]

exceptions: co-annihilations, up-scattering, resonances [Griest, Seckel PRD 43,°91]



WIMP

Dark matter abundance exp. value Qpa ~ 0.12h7% = 0.265
DM energy density  ppam (L) = Mo = MY T]:? at freeze-out
T\’ mY, T3
today: —mY, T3 i1l > -0
! PDM = T Lo 10 (aoTo 30

Yoo m T T3
Normalized density Qpy = ppif — SOTZCTO — a);\f3?(7)1pci

1/21073 cm?
Qpay ~ 0.3h 2 (ﬁ) (9—)
DM 10/ \100 (ov)

weak cross-section = WIMP



Sterile neutrinos

1

/I: —_— — I
See-saw L, = 5 U Qs — §msuz Cvs —ypvs HL mp =Ypv

2
m

0 m, =~ mD

mp S

M, = (mT - ) masses
D s
mV4 = mS

M, has to be diagonalized, therefore sterile and active neutrinos mix

v ~vr — 0, vy ~vs +0up mixings

mp m, 3 ( my, )1/2 (m,,4 )—1/2
~ =3 x 10
Mg My, 8 0.01 eV keV



Sterile neutrinos

(ov) ~ *°G%T? [y, ~ neglov) ~ 0°G%T°  [Dodelson, Widrow 93]



Sterile neutrinos

(ov) ~ *°G%T? [y, ~ neglov) ~ 0°G%T°  [Dodelson, Widrow 93]
Freeze-in aY,, — <OU>n%M 0 — Ocg ~ 0 = To ~ 100 MeV
dT HTs 1+ (T'/To)

62 m 1.8
5 2 ~ 0.1 ( V4 )
it~ 0 (3><109> 3 keV



Freeze-in — _

Sterile neutrinos

(ov) ~ 0*G5T?

dY,

4

<UU>n%M

ar

HT's

Q,h? ~ 0.

[y, ~ neglov) ~ 0°G%T°  [Dodelson, Widrow 93]

H%HGHN

2
. 0
(3 x 109

0

1+ (T/T5)°

T() ~ 100 MeV

My, \1-8
) (3 keV)

A | KATRIN reach

dwarfs

Ui
overproduction

underproduction
L LT LT

1 my,, in keV 10

10?

10°

[de Gouvea, Sen, Tangarife, Zhang ’19]

ruled out by X-ray searches

0 2
FNl —28 —1
O <4><10_6)
m 5 );7
(i)
7 keV /M\s

A
N, Vi gj

‘saved’ with additional interactions

anomaly at 7 keV



Right-handed neutrinos

Additional gauge interactions [Bezrukov et al.’09, Nemevsek et al.’| I]

[Pati, Salam ’74, Mohapatra, Pati ’75,

Left-right symmetry and parity restoration Mohapatra, Senjanovi¢, '75...’79]

SU(S)C X SU(Q)L X SU(Q)R X U(l)B_L

matter comes in symmetric representations, three right-handed neutrinos

required by gauge anomaly cancellation

extra gauge bosons W}%, ZILR Mg, . ~ \/§MWR



Additional gauge interactions

RH neutrinos in equilibrium

My, \*
(ov) (MXR> G212




Additional gauge interactions

RH neutrinos in equilibrium

MWL>4 2 2 (MWL>4 2 5
ov) G2T ['), >~ neg{ov) =~ GT
o= (3 ) 6 = neglo) = () 63
thermal freeze-out M 4 T2

( WL) G%TE’: 20+« —

Mwy, Mp,

weaker coupling = earlier freeze-out, around the QCD phase transition

4/3
g« \ /6 [ Mw
T, ~ 400 MeV (—) R
f " \70 <5 TeV)



Additional gauge interactions

RH neutrinos in equilibrium

MWL>4 2 2 (MWL>4 2 5
ov) G2T ['), >~ neg{ov) =~ GT
o= (3 ) 6 = neglo) = () 63
thermal freeze-out M 4 T2

( WL) G%TE’: 20+ —

Mwy, My,

weaker coupling = earlier freeze-out, around the QCD phase transition

) 1/6 / M 4/3
Ty ~ 400 MeV (g—o) (5 T"Z@) > my, ~ keV

relativistic at freeze-out, no Boltzmann suppression

Ny, _ 135¢(3)

[

Y,

g ~
f S 474,



Over-abundance and entropy dilution

un-suppressed additional species leads to over-production [Lee,Weinberg '77]

S m 70
O, =Y, .m, —:3.3( ”R) ZY~ 130
R RmeC keV <g*> DM

either many d.o.f suppress the abundance or there’s explicit dilution

similar to electron annihilation, heavy particle (diluter)
dominates the universe, decays to radiation and heats [Scherrer, Turner ’85]

up the photons w.r.t. to DM

Yomp 2wzg*T§

%, =H? =
Mp, 45

I'p Mpy )1/3

T =0.65
= (YDng*



Over-abundance and entropy dilution

un-suppressed additional species leads to over-production [Lee,Weinberg '77]

S m 70
O, =Y, .m, —:3.3( ”R) ZY~ 130
R RmeC keV (g*) DM

either many d.o.f suppress the abundance or there’s explicit dilution

similar to electron annihilation, heavy particle (diluter)
dominates the universe, decays to radiation and heats [Scherrer, Turner ’85]

up the photons w.r.t. to DM

Ymp 2mg. L < H=Tp=166Y2"T12
Mpl 45 MPI

1/3 I'pM /1
T. = 0.65 ( L'pMp ) Ts ~0.78, | 2221 ~ 1.22 MeV =5
Ypmpg. \/ 9+ D

2 = H? =




Over-abundance and entropy dilution [Nemevsek, Senjanovi¢, Zhang * 1 2]

final dilution factor and DM abundance

3 .
sudden decay approx My, Yy, 5« = =551 reheating temperature
4 above MeV for BBN



Over-abundance and entropy dilution [Nemevsek, Senjanovi¢, Zhang * 1 2]

final dilution factor and DM abundance

3 reheating temperature

sudden decay approx MypYupsS< = ZS>T7~
above MeV for BBN

Safter Safter 1/4 Yz/ my
dilution factor S = ~ ~ 1.8 (g« (15 AL
Sbefore Sbefore ( ( ) ) \/FD MPI

1/2
final DM abundance €1, ~ 0.23 ( My ) 1.85GeV'Y [ Isec 9« (Typ)
1keV mp



Warm dark matter in Left-Right

[Nemevsek, Senjanovic, Zhang ’12]

rich phenomenology, connections to other searches/experiments

min
Q) N,

040 -
035
030,
025
020!
0.15
0.10.

0.05 -

Tn,,>1.5 sec
distavored by BBN

my,=04keV

2

5

collider searches

10
My, (TeV)

neutrino-less double beta

EDMs

20

50



Outline

2) Phase transitions and gravitational waves [~2hr]

| [Quiros ICTP lectures,
1 effective potential/basics of thermal field theory Laine&Vuorinen,
Kapusta & Gale]

1 first order phase transitions
[ 1 false vacuum decay [Coleman lectures]
1 energy budget of gravitational waves

L1 GW spectra and sensitivities



