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(Goals

* Jo give a brief introduction to Late Kinetic
Decoupling

* Jo discuss 2 Dark Matter models
- Late Kinetic Decoupling from photons (LKD)

LKD
- Late Kinetic Decoupling from neutrinos (LKDv)

» Jo show that both models can change N.g without
the need for introducing new particles
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Motivation
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Setting Up the Problem

) - 74\ /3
L = — N
Py 8 (11> g

* |f p, is ever increased/decreased wrt p~ it will
appear as though N_g InCcreases

ANeog = Negg — 3.046

* Energy is transferred from the SM to the dark sector
via collisions when the sectors are coupled

* |nstead of cooling adiabatically with T, « 1/a* the
DM is now in thermal equilibrium with the radiation

T, ~T,x1/a



Late Kinetic Decoupling from Photons (LKD)

* Equations of motion for a coupled photon-baryon and photon-DM fluid.

Velocity Densit
Divergence  Gravitational ensity
perturbation

sSource Expansion Baryon-photon
\ N/ / —

Op = k™) — HOp + 2 k*0p — R (0 — 97‘),/
. 1 .
0., =k + k° (Za7 —~ av) — k(0 — 0p)
. — Photon-DM
— [ (97 — HDM) , — coupling

Opon = k*Y — HOpy — S~ 1 (Opa — 0-)

* Interaction rate for photon-DM scattering Interaction rate for photon-baryon scattering

,[L — A0DM—~CNDM K = A0 ThCNe

* &/[ is proportional to

R. Wilkinson, J. Lesgourgues and C. Boehm (2013)
ODM —~ 100GeV 1309.7588

Uy =
OTh mpwMm



Massive DM particles in local thermodynamic equilibrium
with a heat bath m, >> 1T

In a typical collision:

Apy ~p, ~ T
A T
N S e
Px Ty

Number of total collisions in a random
(Brownian) walk

2
N _ pX mX
coll — A ™ T
Px
A very large number of collisions is

required to keep the DM in kinetic
equilibrium

S. Profumo, pre-SUSY 2016 lecture

Relaxation time can therefore be
estimated as:

™
Trelax ™ Tcoll

T

Flrela,x ~ N~NOy —~
mx
S. Hofmann, D. Schwarz, H. Stocker (2001)
0104173



How do we calculate the change in energy density?

d [ Ap,
/07& = —3 Prelaxnfy (Tfy o TX)
P~
Change inenergy / L F No. density Kinetic energy exchanged
density time  — relax X ofphotons X per collision
I'relax ~ N~y Oy —~
mX
Total no. of collisions
Momentum ~u /time
relaxation rate No. of collisions required to
appreciably change the DM
momentum

» We can simply integrate both sides wrt time to find Ap,

Y, Ali-Haimoud, J. Chluba, M. Kamionkowski (2015)
1506.04745



Timeline of Universe’s evolution

DM typically decouples
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Final expression LKD~y

ANeff 1.726\/ ( adec >
= log
Neft MDM a,

—

ANesr _ 1.72¢V 2,/6.6 x 106 u,
— O
Neff MpDM 5 2 X 10_7

Inversely proportional to DM mass.

Depends explicitly on how long the DM is coupled to photons
while thermalisation is inefficient.

Positive sign =increase in N g
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Late Kinetic Decoupling from Neutrinos (LKD)

e Equations of motion for a coupled neutrino-DM fluid.

Gravitational Density Anisotropic
Source perturbation Stress

Divergence Neutrino-DM

\ . \ 1\ / . / interactions
0, =k’ + k* (157 — m,) — 1 (0, — HDI\V

Oom = k2 — Hbpm — S (Bpy — 6,))

Velocity

* Interaction rate for neutrino-DM scattering Interaction rate for photon-baryon
scattering scattering
[l = AGODM - CNDM K = QOTHCN

e k/f is proportional to
ODM —yp 100GeV

U, =
OTh  ™MDM

R. Wilkinson, J. Lesgourgues and C. Boehm (2014)
1401.7597



Timeline of Universe’s evolution

DM typically decouples

X +V<X+V

in this region
Qdec
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Final expression LKDv

ANeﬂ: 1.77eV (Cldec>
= log
Neﬂ: ™MpDM a,

1 x 1010

AN 1.77eV (g\/@ﬁ x 100 u,,)
= log
Nt MDM

* |nversely proportional to DM mass.

* Gy is much smaller than the LKD~ case because number
changing processes freeze out earlier for neutrinos.

= same AN,.g for smaller cross-sections.

* Negative sign = decrease in N g
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mpy = 5 MeV

10738 1033 10-28 10-2
Tom-v [em”]




Conclusions

Relativistic species can transfer energy to the dark sector through
collisions

Photon-DM interactions LKD~ lead to an increase in N g
Neutrino-DM interactions LKDv lead to a decrease in Veft

CMB S4 has conservative projected error bars of o(Neg) ~ 0.03
which will start to set tight constraints on opmMm—v for light DM
Masses

These constraints will be even more aggressive if a large Nes IS
required to solve the Ho dilemma

Realistic LKDvy parameters unfortunately don’t help solve the Hy
dilemma

CMB S4 Collaboration (2016)
1610.02743



Future Work k =10 Mpc ™!

* Envelope of photon transfer function o 0o~
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