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Dark Matter Production

e Standard production:
» Freeze-out mechanism

Weakly Interacting Massive Particles:
Thermal production

e Alternatives:
» Freeze-in mechanism
» Decays of other particles
» Gravitational production
» Misalignment mechanism
» Spontaneous symmetry breaking
» Asymmetric DM
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2- (nWIMPeq)Z]
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:

dn,
dt

i T, ' - 'j
— —3Hn, — (0av)(n — (n%)?)

where the thermal average

| 1 d3p1 d*po w(s)
a 'E"\" = — - — E [_EI' -
Eq -
of velocity times the total annihilation cross section:
TN = Z o(rmT® — X)
X
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:

dn,
dt

i T, ' - 'j
— —3Hn, — (0av)(n — (n%)?)

where the thermal average

| 1 d3p1 d*po w(s)
7 AV) = —— T F(E1) f(Ey)—
w(s) is defined as
_ / ANT2
w(s) = E1Eo0 4V = A1 - M
2 \’ s

with the the invariant Mandelstam variable:
s = (p1 +p2)* = 2(M? + E Ey — |1 ||Pa| cos8)
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:

dn,
dt

i T, ' - 'j
= —3Hn, — (oav)(n2 — (n9)?)

where the thermal average

| 1 d3p1 d*po w(s)
) — 2 25 m

eq -

The distribution functions are assumed to be thermal:

1
F(B) = s

(1

and defined the equilibrium number densities: ,, _ [ _“7 ;g
eq (‘}T~}3 f': II
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WIMP Relic Density

The expansion of the universe is driven by the Friedmann equation:

ST
3M?2

H? = p

It is interesting to parameterize the energy (and entropy) content by the
Effective number of relativistic degrees of freedom:

m

102E 0= gosr(T)—T"
- f .ijf( }SEI
& A2 9
; 10 s = her(T) =T
@ 10°F s = hess(T) 2

They run from
106.75 to 3.36 (energy) or

TR lb’ i '1{)L:l‘m 16‘2 ‘16"5“ JIOL:I‘“' l
1 (Gev] 106.75 to 3.91 (entropy)
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WIMP Relic Density

By rewriting the Boltzmann equation for the new variables:

Xx=M/Tand Y =n/s
we can write

- ar2 1;,2 . : 0.01 r
ﬂ _ i ;1.{}_1. ;Itj‘f:‘.fr , 1\.' ,_};_2 B _};_2 0.001 5‘ -
d- = —41_ —] 2 . {_CTA v} |:\ t._:q) 0.0001 | r

-+ 2 . 10 1. Freeze-out 1
The solutions can be approximated o Increasing <,v> 4
- - - 10-1 r =
by the thermal distribution at >, 10 ”‘ R
freeze-out: y = § \ ;
i 45¢(3) 1 g 1 1
}’{: T) = —. < 3 g 107t |- 4
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WIMP Relic Density

Freeze-out normalized number densities: x =M/T and Y = n/s

Yoq(z) = 226B) 1

— T3
2t hepr(w) ( II

- _ 45 m\ 12 g0 1 —x
Y, (I)_T(g) o (> 3)
Hot relics:

Estimated freeze-out tempertature:

2 e— I'=<c,v>npy,

H(Ty) = 1.679.77(Ty) 3= = Ta(Ty)

Result:
1 M

Qp,h? =7.83-1072 _
o heji(zy) eV
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WIMP Relic Density

Freeze-out normalized number densities: x=M/TandY =n/s

Yoq(z) = 226B) 1

-, < 3
2t hepr(w) (z<3)
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Hot relics:
Semi-analitical estimated freeze-out tempertature:

[]038 clc —|— 2}_’1 _frjtﬂ_{r C}I':_ql't.‘\"- . oo .
rf=1In ( ( /2 1/2 74y (TAv) = Z CrnZ ™"
geff lf n=>0

Result:

~1
o0
- 2 o= 117 572 £Lf Cn L —T
Qp,h? =8.77- 1071 GeV ™ 775 (Z — )
Geff \n=0
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WIMP Relic Density

Standard active neutrino example:

' ’
3 ¥ = L LJ - I IS ) ki U A B | | bt

meV eV keV MeV GeV TeV
neutrino mass
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Freeze-in Relic Density

The evolution of the number density follow the Boltzmann equation:

dn,
dt

i T, ' - 'j
— —3Hn, — (0av)(n — (n%)?)

where the thermal average

| 1 d3p1 d*po w(s)
a 'E"\" = — - — E [_EI' -
eq -
of velocity times the total annihilation cross section:
TA = Z o(rmT® — X)
X
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Freeze-in Relic Density

The evolution of the number density follow the Boltzmann equation:

dn.., . - g\
"2 — —3Hn, — (o4 v,}x— (n&1)?)

3
\ncq = / d p f(E)

where the thermal average

| 1 d3p1 d*po w(s)
TAV) = — -——f(E (E -
of velocity times the total annihilation cross section:
TN = Z o(rmT® — X)
X
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Freeze-in Relic Density

By assuming the standard inflation scenario:

dpe

;' = —SHJI?{;,'- — F.;;'-.,ﬂ{;'-
dpp | SRV VE A nc9)2
— = —4Hpr+Tyepy + (ov)2(Ex) [’-’h: — (ny ]
dny -
% = —3Hnx — (ov) [”i’ — (”f‘gﬂ :

» The energy density is dominated by the inflaton:
() = () (&)

X=M/T:xr=M/TR, and y = M/Twmax
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Freeze-in Relic Density

By assuming the standard inflation scenario:

I,-"Iilﬁ:jg*{THH} T_%H

{i d rd’:: f A= |
('?- _ _SHP{L-_' B Fm \. 45 J'IPE
t
d R f v ey d ) :. 4] 5 4
% _ —4HPR + r¢§¢ e .-xgy;,thEx; lnj,; — {-n{{:"' 2]
dny -
% = —3Hnx — (ov) [”i’ - (”f‘gﬂ :

» The energy density is dominated by the inflaton:
() = () (&)

X=M/T:xr=M/TR, and y = M/Twmax
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Freeze-in Relic Density

By assuming the standard inflation scenario:

dpe

;' = —SHJI?{;,'- — F.;;'-.,ﬂ{;'-
dpp | SRV VE A nc9)2
—3 = ~4Hpr+Tepy + (00)2(Ex) lﬂx — (nx ]
dnx

= —3Hnyx — (ov) l& — (nf{?f] :

» The energy density is dominated by the inflaton:
() = () (&)

X=M/T:xr=M/TR, and y = M/Twmax
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Freeze-in Relic Density

By assuming the standard inflation scenario:

 The energy density i1s dominated by the inflaton:

)~ () - ()
Hp -\ Ty - \agp

 The abundance can be computed from the Boltzmann equation:

9 —7 0N 2

o S0g°Tp 90\ 2 ‘

Qoh? ~ — F(Tmax ) -
0 3675 H2 M, \ g. (Tmax,

=N
Fly) = M° [ (ov) 282 dn
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Freeze-in Relic Density

By assuming the standard inflation scenario:

 The energy density i1s dominated by the inflaton:

)~ () - ()
Hp -\ Ty - \agp

 The abundance can be computed from the Boltzmann equation:

] _‘I"' - E_:

o S0g°Tp 90\ 2 ‘

Onh2 ~ z T

MgN™ = o7 Tmax ) +
+?=-G?T6H,:‘;‘}ﬂfp] (ﬂ:—c (Tmax

..
i L1 — 3 —q f LY _.:l J LY [ _f.!
(ov) ~ M “ejz’ Fly) =M [ (ov) " dx
. _IJI
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Freeze-in Relic Density

By assuming the standard inflation scenario:

 The energy density i1s dominated by the inflaton:

)~ () - ()
Hp -\ Ty - \agp

 The abundance can be computed from the Boltzmann equation:

] _‘I"' - E_:

o S0g°Tp 90\ 2 ‘

Onh2 ~ z T

MgN™ = o7 Tmax ) +
+?=-G?T6H,:‘;‘}ﬂfp] (ﬂ:—c (Tmax

(o) o~ Y) = o C; = 8—j
e 29— ! aﬁ—,‘zc —Cj, Y>> 3.
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Freeze-in Relic Density

By assuming the standard inflation scenario:

 The energy density i1s dominated by the inflaton:

)~ () - ()
Hp Tg ap

 The abundance can be computed from the Boltzmann equation:

] _‘I"' - E_:

o S0g°Tp 90\ 2 ‘

Onh2 ~ z T

MgN™ = o7 Tmax ) +
+?=-G?T6H,:‘;‘}ﬂfp] (ﬂ:—c (Tmax

: ] ['(9—7,2y) ——-':.Sx,__j.]!{r-._ y << 3;
'::fTE':f- i .1ljr_2{'_l:,.!'_*l ‘;r(y} iy - il {_.j ~ Q8—3 7 Y

}5_’(3 Y>3,
X=M/T :xr=M/TR, and y = M/Tmax
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WIMP Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2_ (nWIMPeq)Z]

WIMP relic density:

QWIMP h2 oC 1/<GAVWIMP>
TFreezeout~ mWIMP/ 20

1. Freeze-out

Increasing <o,Vv>
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Freeze-in Relic Density

The evolution of the number density follow the Boltzmann equation:
anIMP/dt b _3HnWIMP B cSAV >[(nWIMP)2_ (nWIMPeq)Z]

Freeze-in relic density:

0.01 & g
0.001 F -

i g 0.0001 :r 'l

WIMP relic density: o*p 1. Freeze out
QWIMP h2 oC mWIMP /<GAVWIMP> :-u: _ :
TFreezeout~ leMP/ 20 104%‘ IncreaSIng <GAV> :I

Q. h? oc (opVou) 2. Freeze in
S Increasing <c,v> T E
2
£ 10> L I L L
(o] 1 10 100 1000
o x=m/T

(Time =—)
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Decays of other particles

The evolution of the number density follow the Boltzmann equation:

anIMP/dt = _3HnWIMP ik

WIMP relic density:

QWIMP h2 oC 1/<GAVWIMP>
TFreezeout~ mWIMP/ 20

SWIMP relic density:

stu\np Iz = QWIMP h? M swime /mWIMP
oC 1/<GAVWIMP> (mSWIMP /mWIMP)

WWU

MUNSTER

S OpV >[(nWIMP)2' (nWIMPeq)Z]

001 § T T T T T T

1. Freeze out
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Gravitational decays

Planck scale suppressed decay:

3mr M2 357x10%25 [MeV]®
T o~ _
b (Am) b Am

/

with: b = 10 cos? @y /3 ~ 2.54 Bl — Gly
b = 2cos? @y ~ 1.52 G — Bly
b= 2| Ny |? x = Gy
b= [N’ G = xy

X = Ni1 (=i%)+ Ni2(=iZ)+ N1gH, + N4 Hy

= Lectures on Dark Matter
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
s JakK? A

» Scalar mode wave functions in large k region:
é +3Hg + o (a)d, =0
« WKB approximation:

1 i, dt tifw, dt
A = (ak,oe J + [ 08 Jo j

3
J2m,a
Lectures on Dark Matter
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
i a4
7T-a Chaotic inflation, conformal coupling

n=

preheating, reheating i

Nonadiabatic stage |

|
-106 0 10 20 30 40 b0 60 70 80

LM,
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

. [dkk? ||

n=
2r°a’

» Scaling of the DM density related to radiation:

p(to) p(tru) (TRH)

pr(te)  pr(tru) \ To

Lectures on Dark Matter
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

. [dkk? ||

n=
2r°a’

» Scaling of the DM density related to radiation:

p(to) p(trRH) (TRH)

pr(te)  pr(tru) \ To

p(trH) - 87 plte)
pPr(tRH) 3 J[%IHQ(YLE.)

Lectures on Dark Matter
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
= jdk k?| ]

e Abundance: 2 = p(to)/pe (to) ——pe(to) = 3HEME, /8™

Oh? ~ Qpp2>r (1R ‘r;(fe?”?
3 To ) M2,H?2(te)
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 2
- kK’

n=

)2
‘-3k|2 ~ ﬁc}};p —4 (A‘f’ff"cﬁ‘“')) + m? |
9 ’)”'\/Hjﬁ(") + Reg (1) /6

A

« Abundance:

o _ 87 TRH
Oh? ~ Qph?
" RT3 ( T )

n(te)m
M3z, H?(te)
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Gravitational production

Particles are generically produced by a temporal depending
geometry

 The number density is related to Bogoliubov coefficients /£,

1 5 2
n:zﬂzasjdkk 5,
« Abundance:
M. ¥ T Y
Q. h? ~ X RH X | exp(—2M. /H
X (10“6er lOgGeV[He] P «/H.)

mm)> Supermassive DM: Mx > 10° GeV

Chung, Crotty, Kolb, Riotto, arXiv:hep-ph/0104100
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Relic Density from symmetry breaking

Non-topological and topological solitons are
generically formed:

m Strings: Non trivial first homotopy group

= Monopoles: Non trivial second homotopy group

= Skyrmions: Non trivial third homotopy group

= They can be classified according to the
homotopy of the coset space of the
symmetry breaking pattern:

G =y H m Coset space: G/H

Lectures on Dark Matter
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Relic Density from symmefry breaking

= Non-topological and topological solitons are
generically formed:
= Strings: Non trivial first homotopy group
= Monopoles: Non trivial second homotopy group
- = Skyrmions: Non trivial third homotopy group

------

- f = (®ener

= | Spontaneous Symmetry Breaking
) 4

Topological defect network formation !

If stable: Viable DM candidates

= Lectures on Dark Matter
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Parficle defects: Monopoles

= Kibble mechanism:

m Correlation lenght &
= Formation of one monopole per Hubble volume

anf_g = .-".'MzHE

» Universe dominated by radition:

|am3g, T? T? 2T 3
H=1/  __ —=1.66\g, — = —g,
V 45 Mp & Mp > 45 Exs T

= Number density of monopoles:

| [OEER (TY g (Te)
s 45 g.s \Mp) Mp

el Lectures on Dark Matter
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Parficle defects: Monopoles

= Kibble-Zurek mechanism:
= The transition takes place in a finite time
= Correlation lenght {g:gU|E|—v  T.-T
= Relaxation time t

™ = Tole] ~* T.

{ i(—t*gc;r’:g}ff:) = &(t) = &o (:—f) "
= Quenching time:

TQ — 2t = H_l(TC)

t— £,

= Lectures on Dark Matter
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Parficle defects: Monopoles

= Kibble-Zurek mechanism:
= The transition takes place in a finite time
= Correlation lenght {g: Eole| ™ T.-T
= Relaxation time N

T = Tple|7H T.

Abundance of monpoles vs. critical temperature

g I.
nm 24 T\ w1 = | ™" S B
—~ = 0,00?( i )
= Landau- 12
Ginzburg: =% = Gl

11
W E

- :E|T — Kibble
”—Mgo,l(Tc)
S Mp

= Fiducial: (v =2/3)

5 — 1000 F000  1-10% B-10° 1-40° B-10° 1-1p®
™ o35t - — ’
s Mp
el Lectures on Dark Matter
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Parficle defects: Monopoles

s Kibble-Zurek mechanism:
m Correlation lenght {£:§EJ|E|—F  T.-T
s Relaxation time T = Tole[™* r.

PeV

T

- 10—12\ T P
thgwﬁ-lﬂlﬁ(l'g{ 10 ) (”i-lw)p_l

Te =mu /T

= Landau-Ginzburg: ;2. 230 (mm)?
M z. \PeV

s Fiducial model:

1.9. 10_2 (mM )l?

2
Qarh ;r?ﬁ PeV
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Parficle defects: Monopoles

= Kibble-Zurek mechanism:
= Correlation lenght {5:50|E|—v T.—T
= Relaxation time T = Tole| ™ r.

( Current density of monopoles B
,x#:f’f o
Yo 4 &
Vo ~;
£ 4 £
r ;;’// ,:,.’b'
0.500 e o
% "4
=
c
0100 v = 0.50
0.050 = 0.53
= .56
= (.50
0.040 o =0.62
v = 0.66 JI
0.005
10 50 100
L J
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Relic Density from symmefry breaking
= Non-topological and topological solitons are
generically formed:
= Strings: Non trivial first homotopy group

= Monopoles: Non trivial second homotopy group
= Skyrmions: Non trivial third homotopy group

W .".J' ‘.1i
J-- ~"
, : S
y N T W b i
:n ” : . ! i

// S -4 ’.‘ -__:'.-"7

s r y o
< el H = PP

U

= Monopoles: AR
/ i~ 15x 10" (1) (37)

F
T, =~10° GeV _

= Lectures on Dark Matter
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Relic Density from symmefry breaking
= Non-topological and topological solitons are
-generically formed: - -
= Strings: Non trivial first homotopy group

= Monopoles: Non trivial second homotopy group
- = Textures or skyrmions: Non trivial third homotopy group

Energy
= | Spontaneous Symmetry Breaking
: ) 4

\QL’C
Topological defect network formation |

Topological defects decay |

Pseudo-goldstone boson production

= ' Lectures on Dark Matter
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Relic Density fromm symmetry breaking

= Topological defects are generically formed
depending on the symmetry pattern:
= Strings: Non trivial first homotopy group
= Monopoles: Non trivial second homotopy group
m Textures or skyrmions: Non trivial third homotopy group

Energy

Oh® ~ 0.15 [’”“ ]_[ L

[ter]
(ﬁ."sl gs1 }]

= Lectures on Dark Matter
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

= Misalignment mechanism
S For H(T)>>m wmmdp @=¢)
5 For 3H(T)<m == ¢ oscillates around the

minimum of its potential. These oscillations
correspond to a zero-momentum condensate.

1
Ty ~ 15.5TeV [ ms 1= | 100
leV gel

a : s TP rh2 [
= Number density: 1 ~ mo¢i/2 i

= Abundance: Qghg - (14 /8)(80/Vs1) mo \\Q
Perit

el Lectures on Dark Matter
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

= Number density:  n¢ ~ mooi/2

Energy

= Abundance: () ;2 . (me/s)(s0/7s1)

Perit

mo

= It oscillates from: m. 1k [m] b

T, ~ 15.: T'z\-"[
! -0 ¢ leV gel

Cold DM Abundance:

* . L
Mg 13 o] 27100 ge1 |°*
leV 1012 GeV (Vs194 )*

Ogh? =~ 086 |

Lectures on Dark Matter
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

COld DM Abu nda nce: Energy
2 Mg 1z ) > 1 100 g2, @
/7 = 0.86 [1 eV [1{]1*3 G{‘.] [ (Vs1 G351 )‘4]

| Cembrencs PRL1G2:041201 2009) | :

= For the QCD axion:

- — 10" GeV
mo ~ Ajep/fa = 0.6 x 107 eV ( © )

fa

01 =61 fa

= Lectures on Dark Matter
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

COld DM Abu nda nce: Energy
2 Mg 1z ) > 1 100 g2, @
/7 = 0.86 [1 eV [1{]1*3 G{‘.] [ (Vs1 G351 )‘4]

| Cembrencs PRL1G2:041201 2009) | :

= For the QCD axion:

anll 7
mo =~ ;'iacjl)f'fﬂ ~ 0.6 x 1[]—-1 eV (10 fGE\ )
{E:]‘ _ 9 a | i N 713.7
b1 o f m(T) ~ 0.1 mg [lﬂﬂ;leﬁ }

= Lectures on Dark Matter
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Asymmetric DM

The abundance of DM may be related to a different
number of DM particles versus DM antiparticles.

e A Dark global symmetry can be postulated
assoclated with a dark baryonic number:
» Bv is broken, whereas Bp iIs not.
» Bp 1s broken, whereas Bv iIs not.
» Bvand Bo are both broken.

» A linear combination of Bv and Bo can be broken: X
e Different possibilities for production:

K. Petraki and R.R. Volkas, arXiv:1305.4939v3 [hep-ph]
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Asymmetric DM

The abundance of DM may be related to a different
number of DM particles versus DM antiparticles.

e A Dark global symmetry can be postulated
assoclated with a dark baryonic number:

e Different possibilities for production:
» Asymmetric freeze-out
» Asummetric freeze-in
» Violating X and CP Decaying DM

» Coherent bosonic background violating X and CP
(Affleck-Dine mechanism)

» First order phase transition (X is violated through
sphalerons)

» Spontaneous genesis (CPT violation)

= K. Petraki and R.R. Volkas, arXiv:1305.4939v3 [hep-ph]

WWU Jose A. R. Cembranos 47

MUNSTER




We have discussed about different DM production

Conclusions

mechanisms:

>
>
>

-reeze-out mechanism
~reeze-In mechanism

Decays of other particles

» Gravitational production

» Misalignment mechanism

» Spontaneous symmetry breaking
» Asymmetric DM

Lectures on Dark Matter
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 Conclusions

Examination sheet

-

Jose A. R. Cembranos

Departamento de Fisica Tedrica I, Universidad Complutense de Madrid, E-28040 Madrid, Spain.

[.- Estimate the maximum and minimum mass and cross section interaction for the dark matter candidate in order
to account for the dark matter abundance of the standard model of cosmology depending on the production mechanism:

[.a.- Freeze-out mechanism
[.b.- Freeze-in mechanism
I.c.- Decays of other particles
[.d.- Gravitational production
[.e.- Misalicnment mechanism
[.f- Spontaneous symmetry breaking:
I.f.1.- Topological Defects
[.f.2.- Pseudo-Nambu-Goldstone bosons
[.g.- Asymmetric DM

Comment your assumptions and plot the final results in a common figure o vs m (for example, & can be defined as
o = (oav)/+/(v?) for the freeze-out mechanism, but other definitions can be used for other types of production).

o 3 s R Lectures on Dark Matter
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~ Conclusi ons

DM School Lund - Cembranos Sebastian Baum - October 3, 2016
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Conclusions

DM School, Lund University (2016)
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= Kibble-Zurek mechanism:

Parficle defects: Monopoles

= Correlation lenght

& =C&ole|™

T = Tole| ™

€

T.

T.-T

= Relaxation time

-

Abundance of monopoles vs. critical exponent
1 —
§ 5 .
@ E T. = 10° GeV
0] _ 1n4
o 3 —T.=10" GeV
10 —T.=10° GeV
— 115 C
i S~ Ki
7 Parker (dark) ‘*---..._T:j:xh‘?b"&z rek
Sl —
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Direct Search
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Current density of monopoles
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Relic Density from Misalignments

= Bosonic particles may have important abundance
due to initial displacements.

= Misalignment mechanism
S For H(T)>>m wmmdp @=¢)
5 For 3H(T)<m == ¢ oscillates around the

minimum of its potential. These oscillations
correspond to a zero-momentum condensate.

Y 4

Cold DM Abundance:
mq 3 ' mﬂ{"l
Qyh® ~ 0.86 [ [ﬁ] elffil) \\QL’/

1
1 T

17 ~ 15.5TeV [m !ﬂ]
Ge1

Cembranos, PRL102:141301 (2009)
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