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Dark Radiation

Radiation = relativistic particles

Dark radiation: relativistic particles # ~, M
Energy density (after et e~ annihilation at T ~ 0.5 MeV)

7(T\*
1+Neff8<-,-> ]p'y

Prad =

e T=T,

@ py = %TA'

@ Ny effective number of neutrino species

@ Standard Model: Ny = 3.046

@ Existence of dark radiation < AN = Nggs — 3.046 > 0

poR = 0.13 ANgst pad

Jorn Kersten (Uni Hamburg) Dark Radiation from Particle Decay 4/19



Be

Big Bang Nucleosynthesis (BBN) / et
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@ prag T~ faster expansion wm
~» more n available for D fusion ‘;’,, _,,WP,,,,” ,W
~~ more 4He d(M)HE ’He(mp)t l(dn)He
—|—O.8 0 d(dn)He
@ Ngt = 3.877 at 95% CL ._,,WM_.@_,MW_..
Izotov, Thuan, arXiv:1001.4440
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@ ANy < 1at95% CL \E

Mangano, Serpico, arXiv:1103.1261



Observable Effects
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@ ANy < 1 at 95% CL \

Multipole moment, ¢

Cosmic Microwave Background (CMB) s

@ Increased Silk damping
~+ reduced power on small scales

Temperature fluctuations [ K]

02
Angular scale
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Results from the CMB

AN = 1.51 +0.75 at 68% CL
ANy = 0.81 & 0.42 at 68% CL

ANggs = 0.3170:2% at 95% CL

ANyt = 0.47+948 at 95% CL using Ho from HST
ANgi < 0.71 at 95% CL

ANgg = 0.61 £ 0.30 at 68% CL
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New Physics in the Later Early Universe

Late decays: after BBN, before recombination ~~ affect only CMB
Mother — 2 light, weakly interacting daughters
Masses m, my < mo

m— mo
my

o=

Daughters form dark radiation while relativistic
Heavier daughter could form dark matter
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New Physics in the Later Early Universe

@ Late decays: after BBN, before recombination ~~ affect only CMB
@ Mother — 2 light, weakly interacting daughters
@ Masses m, my < mo
m— mo
0=
mo

Daughters form dark radiation while relativistic
Heavier daughter could form dark matter
Examples:
o Gravitino — axion + axino (I ~ m3 ,/Mg)
e Sneutrino — gravitino + neutrino
e Modulino — sneutrino + neutrino, axion + axino, ...
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Connecting ANg; and Particle Physics

A Ngi measured ~~ know
poR = 0.13 AN pid

Goal: Constrain model parameters
@ : Energy density of the mother
@ Lifetime 7 (equivalently, temperature at decay 7)
@ ¢§: Mass hierarchy between mother and heavier daughter
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Connecting ANg; and Particle Physics

A Ngi measured ~~ know
poR = 0.13 AN pid
Goal: Constrain model parameters
@ : Energy density of the mother
@ Lifetime 7 (equivalently, temperature at decay 7)
@ ¢§: Mass hierarchy between mother and heavier daughter
Two-body decay kinematics for my; <« mo:
Nor (6 +1)2 -1
2 (0+1)2

Npr = 1,2: number of relativistic dark particles during CMB times

por(Tq) = p(Tg) ~ Q= Q(ANegg, 7,0)

~ Free parameters in the following: 7, ¢
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Constraints from Dark Matter Density

Today’s density of heavier daughter Qo < Qpum ~~ lower limits

@ Decay before matter-radiation equality at feq:
1
t 2
6 > 0.3 ANy <j“>
@ Decay after matter-radiation equality (now also 2 < Qpw):
2

5> 0.15 ANy (teq> ’

T
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Constraints from Dark Matter Density

Odmin(7) from different reguirements
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Free Streaming of Heavier Daughter

Heavier daughter emitted with finite velocity
~~ washes out structure on scales smaller than free-streaming scale

s :/to"?dt
. a

Limit from Lyman-« forest:

A <1 Mpc
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Free Streaming of Heavier Daughter

Heavier daughter emitted with finite velocity
~~ washes out structure on scales smaller than free-streaming scale

ty (AS)min = A5(Gmin)
)\fs:/ ﬁdt ‘ Ay S e
a 11 o
-

Limit from Lyman-« forest:

A <1 Mpc

7[s]

~» Heavier daughter too hot to form dark matter (or ANg¢ < 1)

Jorn Kersten (Uni Hamburg) Dark Radiation from Particle Decay

11/19



Hot Dark Matter Constraint

Maximum amount of hot dark matter Q, < 0.04 Qpp
(corresponding to >_ m, < 0.44 eV
~ lower limits on ¢ rise by factor 25

@ Decay before matter-radiation equality at feq:

2
0 2 7 ANgg <teq>
T

@ Decay after matter-radiation equality:

2
3
5 > 3.5 ANy <teq>
.
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Hot Dark Matter Constraint

Odmin(7) from different reguirements
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Hot Dark Matter Opportunities

@ Imagine conflict between future measurements:

e Cosmology ~ (> my)cosmo > 0 Observed
e Laboratory ~~ upper limit < (> My )cosmo

~ Indication for hot dark matter # v from decay

© Heavier daughter may become non-relativistic during CMB times
~ observable consequences for CMB likely
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Two Decay Modes

@ Mother — ¢ + ¢, branching ratio B;
@ Mother — ) + 4, branching ratio B,

@ Daughter masses my < mo
ms
@ Xo = —=
2T m

@ Lighter daughter forms dark radiation
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Two Decay Modes

@ Mother — ¢ + ¢, branching ratio B;
@ Mother — ) + 4, branching ratio B,

@ Daughter masses my < mo

m:

@ Lighter daughter forms dark radiation
@ Examples:

e Saxion — axion + axion, axino + axino
e Modulus — gravitino + gravitino, axion + axion
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Adjustable Free Streaming

B, allows to adjust 2, ~~ no dark matter density constraint on x»
~ A arbitrary

1.2
0.4 Mpc T 05
X2—0'1< G ) (1053)

)\fs Q h2
~ . -3 2 —1 DM
B ~56-10 (0.4 Mpc) AN (0.1286)

~ Heavier daughter may form dark matter
~» Can be cold or

Jorn Kersten (Uni Hamburg) Dark Radiation from Particle Decay 15/19



Adjustable Free Streaming

- A L B e A A B B B L
\ *, I
I
10°F ! !
i I 4
N tcr‘nb ]
\

[ | ]
| ]
|

[\ ]

N |
|
L 3 | ]
Y
s
RN |
Yo F | .
x F N I ]

r N EN | 4

[ | ' | 1

r | N | 1

N, |
| RN |

L N . | ]

| B |

r | |

| |
» |
| N
10t Her | 5

- | | |

r | | |

r | N N N |

|
r | N N |
vl il il S NG N ol o il el ol )

10 10°

Jorn Kersten (Uni Hamburg)

10° 10° 101

Dark Radiation from Particle Decay

15/19



Solution of the Missing Satellites Problem

@ Simulations of structure formation
~» more galactic satellites than observed

@ Problem may well be solved by astrophysics

@ ... orby warm dark matter with
0.2 Mpc < A < 1 Mpc

~ possible in two-decay-mode scenario
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Constraints on Decays into Standard Model Particles

Br(Mother — SM 4+ SM) # 0

~» Change of primordial abundances from BBN
~+ Spectral distortions of the CMB

~» Change of ionization history

~ strict upper limits on branching ratio
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Constraints on Decays into Standard Model Particles

Direct B3®(7) from BBN constraints
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Constraints on Decays into Standard Model Particles

Direct Bi®(7) from CMB constraints
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Constraints on Decays into Standard Model Particles

Br(Mother — SM + SM) # 0

~+ Change of primordial abundances from BBN
~+ Spectral distortions of the CMB

~» Change of ionization history

~ strict upper limits on branching ratio
... even if only suppressed decay possible (loop, 3- or 4-body decay)
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Constraints on Decays into Standard Model Particles

Bhig'(7) from BBN constraints in considered scenarios
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Conclusions

@ Dark universe may contain dark radiation

@ Production in late decays ~ different impact on BBN and CMB

@ Energy density of mother determined by ANg, 7,6

@ Single dark decay mode: heavier daughter too hot for dark matter

@ Two dark decay modes: heavier daughter may form dark matter
and solve missing satellites problem

@ Severe constraints on branching ratio into Standard Model
particles ~~ input for construction of concrete models
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Effects on the Cosmic Microwave Background (CMB)

@ prag T~ later matter-radiation
equality
@ 151/3" peak ratio ~~ no change
~ pm T~ g Unchanged
@ prag T~ sound horizon rs < 1/H |
@ Peak positions ~~ no change of

Multipole moment, ¢

angular SIZe 03 — 675 ~s DA x 1/H \L oo — % 500 1000 1500 2000 2500

A 5000 i

(by pa 1)
@ Remaining effect:
increased Silk damping HW“’ R
~ reduced power on small scales W T oo

Angular scale
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