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The Dark Matter Production Mechanism Program

What is dark matter?

)
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The Dark Matter Production Mechanism Program

What is dark matter?

Starting point:
poMm.o = 1.26 - 107° GeV em ™

— Where did it come from?

)
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The Dark Matter Production Mechanism Program

What is dark matter?
Starting point:
poMm.o = 1.26 - 107° GeV em ™

— Where did it come from?

Thermal relic particle dark matter

o stable neutral particles are automatically dark matter candidates

o thermal bath of the early Universe accounts for production

— relate production to signatures
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Conclusion
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Thermal history of the visible sector

o All we know about early Universe is from relic particles

o Relic abundances calculable from GR + known particle and atomic
physics
o T, ~ MeV: neutrinos decouple — p,
Ty ~ MeV: neutrons decouple — ‘He/H
Ty, ~ 0.1 MeV: nuclear reactions decouple — D/H,3He/H,’Li/H
Ty ~ €V: atoms form, photons decouple — CMB
however: proton relic abundance instead determined by baryon
asymmetry

© © o o
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Thermal history of the visible sector

o All we know about early Universe is from relic particles

o Relic abundances calculable from GR + known particle and atomic
physics
o T, ~ MeV: neutrinos decouple — p,
Ty ~ MeV: neutrons decouple — ‘He/H
Ty, ~ 0.1 MeV: nuclear reactions decouple — D/H,3He/H,’Li/H
Ty ~ €V: atoms form, photons decouple — CMB
however: proton relic abundance instead determined by baryon
asymmetry

© © o o

o t > 1s, Universe is dominated by SM radiation bath of temperature T
o can extrapolate cosmology to earlier times
o assuming SM particle physics

(€7
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Thermal history of the visible sector

o All we know about early Universe is from relic particles

o Relic abundances calculable from GR + known particle and atomic
physics
o T, ~ MeV: neutrinos decouple — p,
Ty ~ MeV: neutrons decouple — ‘He/H
Ty, ~ 0.1 MeV: nuclear reactions decouple — D/H,3He/H,’Li/H
Ty, ~ €V: atoms form, photons decouple — CMB
however: proton relic abundance instead determined by baryon
asymmetry

© © o o

o t > 1s, Universe is dominated by SM radiation bath of temperature T
o can extrapolate cosmology to earlier times
o assuming SM particle physics

o introducing (meta-)stable particles that interact with the SM, we can
relate their properties to their relic abundance

maybe dark matter is a thermal relic, too?
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This talk

@ thermal relics

o textbook basics
o WIMP successes
o simple model failures

@ details in the dark: multiple DM candidates

@ details in the dark: self-interactions

()
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Early Universe thermodynamics

Boltzmann Equation
std. treatment [GondoloGelmini’91]

Self-interacting DM
000000
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Early Universe thermodynamics

Boltzmann Equation
std. treatment [GondoloGelmini’91]

O _

|2%
ot

Hlp

Self-interacting DM
000000
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Conclusion
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X IME s [ fo@ 2 O£ £) = fifi(1£ )1 f)] +

o assume SM bath dominates Universe

8nG
H? = —pR with pg = —geff(T)T

o assume kinetic equilibrium, MB, f,(E) — e#

n
X
T 3Hny = —(00) y+b—i+j [nyne —

fom(p) =

/T o=E/T

nin;
eq_ el
n qn 4

P

<O'U> eq T /d3pX d3Pb O'UMﬂ]e_(EX+Eb)/T

My

for absence of kin.eq., see eg. [1706.07433]

Johannes Herms
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Thermal dark matter production

WIMP freeze-out: the standard paradigm

o The WIMP paradigm:
o DM stabilised by a dark parity
o freeze-out of 2 — 2 interactions determines the relic density

dn
X 2
e +3Hn, = —(00) y y-sm (ni - nf(q )
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Thermal dark matter production

WIMP freeze-out: the standard paradigm

o The WIMP paradigm:
o DM stabilised by a dark parity
o freeze-out of 2 — 2 interactions determines the relic density

dn
X 2
e +3Hn, = —(00) y y-sm (ni - nf(q )

10°

o introduce evolution parameter WIMP
x =m/T and abundanceY = n/s —
107°
dYX _ S<GU>XX_>SM 2 eq2 s increasing coupling
—— =YY, 2
dx xH
10710
_10 ({MpM\ !
Yobserved =435-10 10 ( ) q.
DM . YL
Gev 107]5 0 T oM . o)
10 10 10
x =mpm/T

o quick estimate: n)((xfoxo'z))(xfo) = H(xg,), Y)(ltoday = Y)e(q(xfo)

(00) yyosm = (2 ~3) X 107 cm®/ s
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Thermal dark matter production

WIMP freeze-out: the search

The WIMP paradigm is very predictive and has inspired a large
experimental program.

X SM

X SM

WIMP

x (0V)T~m/20 determines relic abundance

increasing coupling

e

o,

10° 10" 10°
x=mpu/T

)
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Thermal dark matter production

WIMP freeze-out: the search

The WIMP paradigm is very predictive and has inspired a large
experimental program.

X SM

X SM

x (0V)T~mj20 determines relic abundance

x (0V)v~vy, dark matter indirect detection
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Thermal dark matter production

WIMP freeze-out: the search

The WIMP paradigm is very predictive and has inspired a large
experimental program.

X SM

X SM

x (0V)T~mj20 determines relic abundance

x (0V)v~vy, dark matter indirect detection

x Opp—s y x+x collider signatures

Johannes Herms
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Thermal dark matter production

WIMP freeze-out: the search

The WIMP paradigm is very predictive and has inspired a large
experimental program.

X SM

X SM

x (0V)T~m/20 determines relic abundance

x (0V)v~vy, dark matter indirect detection

x Opp—syx+x collider signatures

x oyn dark matter direct detection
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Thermal dark matter production

Freeze-out: variations on a theme

there may be multiple particles odd under the stabilising symmetry
= dark sector

o co-annihilation: other particles in the dark sector may aid DM
depletion [Griest,Seckel’91]

o chemical equilibrium within the dark sector — effective WIMP

eq
n; d”dark €q2
ni = Ndark eq = dt — t3Hngark = —(00)est (ndark dark)
" dark

o different processes can deplete the dark sector, e.g.
o 2 — 2 may be “forbidden” [1505.07107,2012.11766] = 3 — 2 [1702.07716]
o “secluded” dark matter, annihilation into unstable dark sector particles
[0711.4866]
o dark matter number changing interactions ¢pdd — dd, xxxx — xx

o ..

o same motivation, different signatures possible

7
8 Thermal relics beyond minimal dark sectors Johannes Herms



Introduction Thermal relics Multiflavor FIMP Multiflavor leptophilic Self-interacting DM Conclusion
[e]e]e} [slejele] lelele} [e]e]e} 000000000 000000 [e]

Thermal dark matter production

Freeze-in: FIMPs

example: from heavy particle decay

FIMP

2 increasing coupling
2

107]" \

1077 107 10° 10! 10?

xy =my/T
eq My eq2
T +3an = (s yx) (s —ng' =g | = (00)yy—sm |7 —n)(
Ny

o for FIMP from heavy partilce X decay

ms )4( my ) Qy
100 GeV 10keV/ \ Qpm

o lack of thermalisation — cosmological history relevant!

CTy, =~ 16m><g2(
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A simple example...

Singlet scalar dark matter

The simplest model, arguably

o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z,
1 1 1 1
L= Low+50,40" = Sm'¢? = 0o = g (HTH) b

o production in SM thermal bath

d”l¢ 2 eq2

W+3Hn¢ =—<O"U>¢¢*>SM (n¢—n¢ ) — WIMP
— {0V gpp— (n‘;S - n;n;qZ)  SIMp
+(Thogg) (nh - n;qné/n;qz) -

o different mechanisms can determine the relic abundance
o standard WIMP
o self-interactions — SIMP [eg. 1906.07659]
o freeze-in [eg. 1908.05491]

11 Thermal relics beyond minimal dark sectors Johannes Herms
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A simple example...

Singlet scalar dark matter

The simplest model, arguably

o add one dof. to the SM, real scalar singlet ¢, stabilised by a Z,
1 1 1 1
L= Low+50,40" = Sm'¢? = 0o = g (HTH) b

o production in SM thermal bath

d”l¢ 2 eq2

W+3Hn¢ =—<O"U>¢¢*>SM (n¢—n¢ ) — WIMP
— {0V gpp— (n‘;S - n;n;qZ)  SIMp
+(Thogg) (nh - n;qné/n;qz) -

o different mechanisms can determine the relic abundance
o standard WIMP ¢
o self-interactions — SIMP [eg. 1906.07659] ?
o freeze-in [eg. 1908.05491]

o signatures?

11 Thermal relics beyond minimal dark sectors Johannes Herms
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I like minimal models — why?
o laziness.
o Occam’s razor?
o dark matter identification is not a beauty pageant — not really...
o simple = generic?
o simple model — expect to find common signatures

o what do we do if we find no signatures?
— take more detail into account!
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Multi-flavour singlet scalars
Add two real scalars @1, to the SM, stabilised by a Z;

1 1 1
L=2Lsy+ §3p¢i(9”¢i - Emij¢i¢j - ,]kl¢ i1 — 2 (HTH) Pidj,
FIMP production is governed by the decay

'¢¢1
z’ = ~ 1 2 . 10—11 (ml + m2)71/2 Q/lll
h-- -/-11-2.7}‘ GeV QDM

W)
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Multi-flavour singlet scalars
Add two real scalars @1, to the SM, stabilised by a Z;

z]kl¢ $iPepr — - (HTH) Pidjs

[e]

1 1
L=Lou+ Ea,uqsiaﬂd)i - Emij¢i¢j -

FIMP production is governed by the decay

'¢¢1
z’ = ~ 1 2 . 10—11 (ml + m2)71/2 Q/lll
h-- -/-11-2.7}‘ GeV QDM

3

ordrids,
s

¢2- T :~ Y
h ‘{ 102
Y 1095
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Multiflavor FIMP
(o] Te}

Thermal relics

00000000

Gamma ray spectral features

0.01

1073

E,’xd*®/dE,dQ) [MeV em™ s~ sr7']

Data

- — COMPTEL: [f|€(0.60). [b<(0. 7o) q

———HEAO-1: /=(58,109)J(238, ”89) |ble(20,90) 4
J"‘ ——— INTEGRAL:|¢|€(0.30), [bl(0,

———EGRET: (€(0,360), |bl&(20,60)
———FERMI: £€(0,360), |bl(8,90)

|

102 100 10°  10°
E, [MeV]

adapted from Essig et.al. [1309.4091]
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e
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Self-interacting DM Conclusion

000000 o
10°
A=1
10%
Py
_10%
107 \
102 5 \
§
L0 Wl
1073 107! 10 10°
My[GeV)

Ghosh et.al. [1909.13292]
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Probing multiflavour FIMP dark matter

1912.09458 w. Alejandro Ibarra
= can relate production mechanism to signature!

1010

10%

(s)

-1
eff

= 1%

10%

10°

107! 10° 10!
my (GeV)

10 10° 107

o Lines show expected signal strength for Q,, = Qpum
o small mass splitting A = 1 — m?/m3 suppresses signal

2 ’7 2
° 5mij )Lijv /2 ~ MeV
Johannes Herms i1/
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Probing multiflavour FIMP dark matter

1912.09458 w. Alejandro Ibarra
= can relate production mechanism to signature!

lom
1035
—_
z
|
= 1%
1023
[Fo0NCT TN~
10% 10° 10 107! 10° 10! 10°
my (GeV)

o Lines show expected signal strength for Q,, = Qpum
o small mass splitting A = 1 — m?/m3 suppresses signal

2 ’7 2
° 5mij )Ll.jv /2 ~ MeV
Johannes Herms " >/
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Generally: What about DM-“flavour”?

o SM fermions come in 3 generations, 1st generation dominates
cosmology and astrophysics

o DM fermions?
however...

o “Flavour physics” relies on complex, chiral nature of SM

o Flavour violation limits put strong constraints on non-trivial
flavoured interactions of DM [eg. Kopp+1401.6457]

= as fist step: look at 2 DM candidates w. same gauge QNs

7
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Fermionic multi-flavour Dark Matter

DM fermion ¢/1.,, odd underZ, — need mediator X to couple to SM
£>(0,5) (D"S) - ms='s — Aps|HPZ)

" (%%iaw" - %mi‘//_ic‘/’i ~gifriyiZ + h.c.)

17 Thermal relics beyond minimal dark sectors Johannes Herms
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Fermionic multi-flavour Dark Matter

DM fermion ¢/1.,, odd underZ, — need mediator X to couple to SM
£5(0,3) (D"3) - ms3tS - Az | HP S
+ (%%lalﬁl - %milﬁ_ft//i - gifRL¥i> + h.c.)
o choose leptophilic scenario
L D —gilg>

o single component scenario popular model: ms, my, ¢

o multi-flavour scenario:

msy, mp, my, 923 gl

— qualitatively different signatures?

7
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Fermionic FIMP
Decaying fermion FIMP DM
l Y
/ FIMP abundance
T
Z-->- — y—
implies decay %‘“ L \
V1.2 h
10"
10%)
5
—
109
ms = 430 GeV
T TE A T 10° 10' 10?

my (GeV)
o Decay signal suppressed by two small couplings

o y-ray line limits from [FermiLAT’1506.00013] and [Essig+'1309.4091], CMB

limits from [Slatyer+'1610.06933]
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Fermionic FIMP
Decaying fermion FIMP DM
l Y
/ FIMP abundance
Y- — ffy—d
\ implies decay |2 %
V1,2 ¥
10%)
y’i., s 4@ 2 =
10%
2
TE
e
109
my = 430 GeV
O 1?10?7107 10° 10! 107
my (GeV)

o Decay signal suppressed by two small couplings

o y-ray line limits from [FermiLAT’1506.00013] and [Essig+'1309.4091], CMB
limits from [Slatyer+'1610.06933]

o large coupling possible for small m; = how small?

18 Thermal relics beyond minimal dark sectors

Conclusion
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Fermionic FIMP

Lower limits to the DM mass

o general: DM free-streaming erases primordial inhomogeneities

[ ) |,
AFs —L Wdt

o limits on DM mass [Irsic+,1702.01764]

recast to

mwpmMm > 5.3 keV mevp > 15.6 keV(

106.75 \"*
[Kamada+’1907.04558]

Gs,eff (Tprod)
o WDM actually rather cool: Qgﬁ = (Twpm/Tv)® (mwpm /94 eV)
o subdominant non-cold component [eg. Diamanti+'1701.03128]

s ﬁ'ltﬁ

Jedm
=]

-

g . . ;
10-"10- "0~ 10410 AT T

.. r7n1 021781 (7))
19 Thermal relics beyond minimal dark sectors Johannes Herms
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Fermionic FIMP
Mixed FIMP - HDM

o for very light m;: g; allowed to thermalise

o abundance set by Ty,

o coupling g; constrained by fhcdm

10° 10 -
< 6/\& % /%4 E«“ E‘
> 10 NANAR
< N
= 1050 5
Ee 100 = N
el 2 NN

e N \

S 0= - A

8 10 B I

=

g 107° =

= 10 Tomg=430GeV Y N

g = . . . . . 1077 = - - 2

Es 1017041 0 02 o 00 o 107 107 102 107! 10° 10! 10?

my (GeV)
m (eV)

o signals possible in proposed MeV-range y-ray instruments [eg.
eASTROGAM, 1711.01265]

20 Thermal relics beyond minimal dark sectors
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Full range of couplings

General 2-flavour leptophilic DM thermal relics

solve Boltzmann eqn. to obtain relic abundance (i = 1, {5, %)

dn;
nn eq_eq
’r +3Hn; = Z(av s AB (n,-nj n;n; )
eq
sca €q q
- Z<UU>iA—>jB iny —Njlg —eq q
j nj
nd
= i
— ZFH]- n; — njﬁ ,
J Jj
eq( T)
fast conversions can ensure chemical equilibrium n; = Mdark 7807
dark
dngark
) ann eq2
dt +3Hn; = <O'”U> (ndark dark)

[Griest,Seckel’91],

(&
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Full range of couplings
Numerical solution to the Boltzmann Eqn
o no chemical equilibrium — no MIcROMEGAs etc.
o cast BE into numerics-friendly form
[ Y4
ann J
dInY; 3 (o)t apsYiva | [y, yed  yf?
dc & xH Ly v
_ Z » <O.U ?fﬁaajBSY.Zq " I:i—>j 1— E Yieq
5 xH xH Y; Y;q

o if Dby > H: stiff equation!

o physics to the resuce: consider summed equation, imposing
equilibrium relations

22 Thermal relics beyond minimal dark sectors Johannes Herms
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Full range of couplings

The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

Qpm
vl -
obs

log( &2

ms = 430 GeV, m 5 = (100, 120) GeV
| e

-10 -5 0

logjo 81
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Multiflavor FIMP Multiflavor leptophilic Self-interacting DM Conclusion

Introduction Thermal relics
000000080 000000 [e]

[e]e]e} 00000000 [e]e]e}

Full range of couplings

The full range of couplings

Numerically solve Boltzmann system for particles i = %, 4, {1 in
complete coupling parameter space

Qpm
logp5—

obs

-5

log,o g2

ms = 430GeV, my 5 = (100, 120) GeV

-10 -5 0

logjp 81
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Full range of couplings

The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

logQDM % 4 2 0 2 4 5 8
10
Qabs

logo 82

Johannes Herms "«

23 Thermal relics beyond minimal dark sectors



Multiflavor leptophilic Self-interacting DM Conclusion

Introduction Thermal relics Muiltiflavor FIMP
000000080 000000 [e]

[e]e]e} 00000000 [e]e]e}

Full range of couplings

The full range of couplings

o Numerically solve Boltzmann system for particles i = 3, 2, 1 in
complete coupling parameter space

6 4 2 0 2 4 6 8

QoM
logio gy b T T
obs

logo 82

Johannes Herms e/
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Full range of couplings

The full range of couplings

o Numerically solve Boltzmann system for particles i = X, 15, {1 in
complete coupling parameter space

my = 430GeV, m» = (100, 120) GeV/
—_—

log;o 82

-5

log)) &1

o most of parameter space ruled out by overabundance
o complex interplay of reactions in WIMP-WIMP region

)
Johannes Herms @
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Full range of couplings

2nd component effects on WIMP signatures

Conclusion
000000 [e]

o even if Y, not around today, can modify expectations for WIMP

signals
T T T T T T T 107
91226, 6,=10° \
1072 1
1026 T
10 4 =
— Y o 1077
> Y é}
100 ve q é 1028 Q=0
10°12

\
mg=200 GeV, m »={150.,175.} GeV \‘

. mg=200 GeV, m,={150.,175.} GeV'
10"

1 5 10 50 100 500 1000 10 107 107 107!
&

o commonplace: reduction of signals due to coannihilation

o here: can have enhancement of (cv) over canonical WIMP value

o surprises possible also for instruments that don’t reach canonical
benchmark
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Falsifying WIMP Dark Matter?

direct/indirect/collider WIMP identification inconclusive so far
WIMP CDM scenario has other predictions

o cuspy halos following Navarro-Frenk-White profile [NFW’97]
o subhalos form down to My, < Mg [eg. Bringmann’09]

(+]

©

small scale issues of ACDM
o cored halos, diverse halos [eg. 1504.01437]
o missing satellites, missing small-but-“too-big-to-fail” galaxies
[eg. 1111.2048]

(]

©

dark matter self-interactions? [review eg. 1705.02358] [1904.10539]
o thermalised cores
o host halo effects amplified
o gravothermal collapse possible

W)
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Self interacting dark matter

Singlet fermions for concreteness, “sterile neutrino”

1
* 41A?

1—. 1 oy — —
Lom = 5){%;{ —SMXK - (x¢x)(x°x) +h.c.

o self-scattering

o constraints

[0704.0261]

<7
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Self interacting dark matter
Singlet fermions for concreteness, “sterile neutrino”
Low = Xy = 3myex = v, Ly + s 0 + he
2 2 41A2
o self-scattering
S B
2—>2 2T A4

o constraints and possible evidence?
0.1cm?/g < oss/mpy S 1lcm?/g

100 Cluster A2537 NFW SIDM = 7o,

self —interacting r;  collisionless

DM density (M /kpc?)

100 1000
[1508.03339] [0704.0261]

radius (kpc)
\
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Majorana SIMPs

connecting self-interactions to DM production

o number-changing interactions can deplete n,

x> ' X '
X>7X ' X

X
— Strongly Interacting Massive Particle (SIMP) DM

dn
X 2
Ty = (00 (o~ )
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Majorana SIMPs

connecting self-interactions to DM production
o number-changing interactions can deplete n,

X X

in . >7x . X
X 3H(Tn, = —(00”), ( — s )) ,
dt X —2 X X >7 . X .

— Strongly Interacting Massive Particle (SIMP) DM

o what about 77 ?

()
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Majorana SIMPs

connecting self-interactions to DM production

o number-changing interactions can deplete n,

X

dn
d_+3H(T)”x = —(ov >4—>z( -n n;qz( )) N

—
e

X
— Strongly Interacting Massive Particle (SIMP) DM

o what about 77 ?

107 g st = e
. ]
e
167 U
T
1o N .
B
= o A _J
i) 10 T
B E
e gt 3
i

T eV
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Self-interacting DM Conclusion

00e000

[}
X
X
X
X
X
[Carlson+’92]
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Solutions to the SIMP heat problem

o couple DM to SM kinetically, 7" = T [Hochberg+'14]
o dump entropy to SM — need sizable couplings!

Conclusion
[e]

3 - 2 Freezeout

10*
101 -
m, = 100 MeV
[*4
w
1+ 9
£ S w
g
10»1 -
10- . . . .
L 1078 1077 107¢ o 40"
. [Kuflik+'6]

102

0 o 1‘,
mwlGev)  [Hochberg+'14]
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Solutions to the SIMP heat problem

o couple DM to SM kinetically, 7" = T [Hochberg+'14]
o dump entropy to SM — need sizable couplings!

3 - 2 Freezeout

Conclusion
[e]

10*
101 -
m, = 100 MeV
[+4
w
1+ 9
£ S w
&
10»1 -
10° : :
L 1078 1077

1072

x| i
mowiGev)  Hochberg+’14]

o start out colder, 77(0) < T(0) [e.g. Bernal,Chu’15]
o both 3 — 2,4 — 2 possible
o less predictive, depends on initial condition
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Self-interacting Majorana singlets
1802.02973 w. Takashi Toma, Alejandro Ibarra
n
X _ 3 4 _ 2 eq2
I +3Hn, = —(0v” )42 (nX nny
o instantaneous freeze-out approx
— 3 3
H(Tr) = {ov”)(1 ), (1)
20
10 F
£
1
101 1072 1072 1071 100 10! 10?
my [GeV]
Johannes Herms“‘L ;."‘
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Populating the dark sector in a UV-complete model

add a real scalar!

Yo — 1
Lot = —7%)(6)( — ptom | H|? — > AoH o*|H|*

o Higgs portal as possible source of dark entropy

d(p’/p) 1
Al T
T HTp darkmpnp(T)
o relate p "Ip to entropy ratio S/S’ =s/s’ = § e~ [10°,101]
(7 ﬁ -

e
2

IInon-relativistic freeze-in

—non-relativistic freeze-in

=)
S
&

3my ] 0.1F

3
<
I

. L
1074 1073 1072 107! 10" 1074 1073 1072 107! 10

my[GeV] my[GeV]
o recently: methods to extend to relativistic regions [1906.07659]
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Conclusions

o Thermal relic scenario attractive and plausible
o implications for particle physics
o implications for astrophysical DM properties
o production modelling to find range of expectable signatures
o multi-flavour dark matter
o predicts signals in otherwise untestable FIMP regime
o can amplify/reduce WIMP signals
o self-interacting dark matter

o interesting astrophysical hints
o straightforward production mechanism for MeV-GeV DM

W)
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Conclusions

o Thermal relic scenario attractive and plausible

o implications for particle physics

o implications for astrophysical DM properties
o production modelling to find range of expectable signatures
o multi-flavour dark matter

o predicts signals in otherwise untestable FIMP regime
o can amplify/reduce WIMP signals

o self-interacting dark matter

o interesting astrophysical hints
o straightforward production mechanism for MeV-GeV DM

Future directions

©

self-thermalisation of decoupled dark sectors?

©

tests of decoupled dark sectors?

©

can we get any mileage out of dark sector entropy?

©

where else do we need to model harder to arrive at signatures?

(<7
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Gamma ray signals from dark matter

o Gamma ray flux measured by telescopes

dd 1 - !
—(Ey,¥) = —/ ds Q (Ey,7(s,¥) i
dEy ! 47 Jlos. ( Y ) 5! s
% §T 22w 7
o source terms oo
ppm(r)\ dNy " / .t
Qdec(Es ﬂ = rdec ¥ 002 005 000 020 0.50 100 200
mpMm dE x=E[m,

[1208.5481]

2
Qann(E, 7) = (60)amn (PZM(;I)) %
DM

o extragalactic contribution

di
dq)e)e(fragalactic (E,) = 1 Qpmpe /00 dz 1 d_r (B, (1 +2)) e T(Ey:2)
dEy, Y7 4r mpm Jo H(z)dE,
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Numerical solution of the Boltzmann equation

o Boltzmann system for particles i = %, ¢z, 4

ni ann ©

d . q_eq

ar +3Hn; = E (av)ij AB (n,nj n;n; )
J

q
sca q eq i
_Z(av iA—jB (n,nA njng eq)

J
) n
_Zri*)j ni—njan
J J

€q

Y
dlnY; Z (av)UHABsYi# (Yj Yieq Yieqz)
Tar 7 |1y e vz
dx 7 xH Yl Y] Yi
r eq ~
_ Z <UU fia—UBSYA 1—‘i—>j 1— ﬁyl_eq
xH xI:I Y; Y;q ’

o fast rates give stiff equation — use summed equations if chemical equilibrium

(&
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Evolution of a decoupled dark sector

© Boltzmann equations Abundance. <a'v3)vu =10° GoV®
e my = 0.1 GeV
dn /T |iif = 60
X _ 3 4 2 _eq2
7+3an = —(ov )(nX—anX , s 107t ]
dp y -
Xy CHp, =0 Yog (T (T Thie) s YeolT
dt . .
10! T e
with
> LA
1 g 00 & KX
C(x)=—3p+3P) = > Ja
p = R
o T’ from 10-1»Temperatur? ‘ \ ]
) K (x/) 3 1078 1072 107! 10°
; =m Kz(x') + ; z=m/T

W7
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Populating the dark sector

o energy transfer from SM through Higgs decay

dp’ i
dl; +CHp' = (zir)3 /fh(P)Eh(P)Fh (En(0)) d°p = Thsdgarkmnni(T)

d(p’ 1
i) S

T HTp
o relate p’/p to entropy ratio S/S" =s/s" =
T (gSM(Tﬁ) p’ )1/4
f— 4 nN o
Jaark(T) P g
r=S-(X > hes(T)
T \T7) R(T")Ir=10Gev

Johannes Herms
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SIMP Boltzmann equation

o General Boltzmann eqn. can be recast as

dn
X 2
o3y = (00" (=)

where in the non-rel.-limit

- N i L. My 2,2, 2,2
/d3z)1 d3vy dPvs d*vq (003) 83(By + Ty + s + Dy)e” 217 (VI HOsTOIH])

3
(007 )42 = —
3., B g3 B 3= == s e (Vi ui ol +ul)
d>v1 v dvs vy 67(01 + U2 + U3 + Ug)e” 277 \ 172737 %

with all particle physics contained in

V3 dQ——
(00) = = [ IMP
6144rm’, J 4r
o result
1201 T2

245760V31 A8 m%,

o more versatile treatment, including relativistic effects [1906.07659]

Ty = F2_>492”/T A
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