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DM-thermal bath interaction

: chemical interaction
the number of DM is
the energy&momentum of DM are

At the chemical decoupling,

the number density of DM freezes out.

Observational consequence:
relic abundance of DM
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DM streams freely.

Yield
Y
OOOOC?OOOO

Observational consequence:

|
DR WN =, O OO0 O N W ——

—_— = =
OOC?OCD
—_ = = = =

€q
C

\\

increasing
<ov>

1 10!

107 103

time——




Fokker-Planck approximation

Boltzmann equation":
PHL ! TL PP Ipu|f = CIf]

well-established hard to de_al with

Fokker-Planck approximation:

expanding the collision term w.r.t. ¢/p < 1
l.e., the momentum change per collision ¢
< the typical DM momentum P




Fokker-Planck equation
(" differential )
) cross section

| = | dngPfeq(l! ey
6mpm T (2")2F 0 ap2

STP

, -
thermal momentum squared ! P momentum transfer squared !

T : temperature
u’(x) : bulk velocity
of thermal bath plasma

Homogeneous and isotropic solution:

Maxwell-Boltzmann distribution , n o\ /2 q?
fog= — exp [ —
2a2m; T ¢

l/H=1
I Kinetic decoupling

v/H > 1 (coupled) ! T\ o="1Tpx1/a temperature T <

v/H <1 (decoupled)! T, o< 1/a?
(with 7 monotonically decreasing faster than1/a)




DM perturbations

DM fluid variables:
| : density perturbation
| = bulk velocity potential |DM sound speed:

o : anisotropic inertia 2 _Ixo | 1ldlndy

. :entropy perturbation | ¥ mx 3 dlna

Evolution equations (synchronous gauge) /: for Perfect fluid
N %h /: for Imperfect fluid
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Implications for structure formati

CDM
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Kinetic decoupling

missing satellite problem

Suppressed matter density perturbations

at galactic scales, 7" =

| possible solution to the small scale <

issues in the standard CDM model
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QueStiOn we have addressed AK, K. Kohri, T. Takahashi, N. Yoshida, PRD, 2016
T

dimensionless matter power spectrum

K, T. Takahashi. arXiv:1703.02338

Vogelsberger et al., MNRAS, 2016

Damped oscillation

Loeb et al., PRD, 2005

Acoustic damping
# collisionless/free-streaming

CDM

damping (SM neutrinos)
# diffusion/Silk damping

— sz r - ﬂ\”ﬁ (baryons affected by the photon
T Al | free-streaming)
10 " [gOMpC—l] 10

wave number

What determines the damping scale?
- collisionless/free-streaming damping

| free-streaming scale of DM

- diffusion/Silk damping

I free-streaming scale of radiation




Electrically charged DM
108 e e L e e P T |CHAMP

ol / (CHArged Massive Particle)
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Simplified realization

coupled to a mediator boson ()

Suppose a simplified model, where SM is extended with
DM fermion (* ) and light Dirac fermions (v) = 1, /T
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Reaction rate & resultant matter power spectr/a/
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Evolution of adiabatic perturbations

Intermittent collision -

/ \ / e’r’rectlvely taken an averag‘e\
30— e — 30— —OVvVer manycsoillation =Y
k=80 h/Mpc k=480 h/ e
20" 20"
10 10
0 0
- my! 6 keV - My=6keV
10 7102 “100 g=a7x107
og M1 GeV —20 Mx=10CeV
-l 7 - ren
Cank || -30! _
30 10' 7 10' 6 10_8 10_7

> — a

AN
- /\ |
\/\/ UHJ\!\/\

10’ 10°
wave number K [h/Mpc]

PIK"$Popm ! K"&1

linear matter power
spectrum ratio to the
standard CDM model



12

Damping scale

These observations infer the following criterion
for the damping scale of dark acoustic oscillation:
1 d(v/H ) KoamnC. s sound speed
= , of the plasma

Yo/H dt yo=H 4 (usually 1/ 3)
(duration of the kinetic decoupling)-! (oscillation period)-

Analytical approaches (see the paper)
implies S 2(n + 4) " for ~/H o 1/a"+4
TC
which is concordant with the above criterion (up to 2/!)
_ 2.0, —AH kL, —
5_&% ?13 1.5 kSE A ” kdampi
S9E = 1.0 : H -
Qo= a9 05 !
$EG % 00— E /\ "
ED X _05 \: / \/
Egg 1o N/ I'RA (n~10)
sgs 10 10° T
=00 wave number k [h/Mpc] yIH oc1/a (v/H = 1)




Summary and conclusion

- Kinetic decoupling of DM leaves dark acoustic
oscillation on the matter distribution of the Universe,
which provides an invaluable hint on the nature of DM.

- The density perturbations at peak wavenumbers can be
larger than those in the standard CDM model.

The damping scale is determined by equating the
duration of the kinetic decoupling and acoustic oscillation
period.

- Imprints of such enhanced dark acoustic oscillation on
the non-linear matter distribution are worth investigating
by performing N-body simulations in future work.
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Backup slides
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Effects of collisionless damping of DM

10° |

:E, 10" U : perfect fluid dark radiation
S o - perfect fluid
» T 4p'30 |
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The collisionless damping of DM does not spoil the dark
acoustic oscillation, but introduce an additional damping scale
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Effects of collisionless damping of radiation

linear matter power spectrum
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The collisionless damping of radiation completely changes

the dark acoustic oscillation
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Large scale structure of the Universe

power spectrum
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SDSS DR7 (Reid et al. 2010)
LyA (McDonald et al. 2006)

ACDM (linear)

ACT CMB Lensing (Das et al. 2011)
ACT Clusters (Sehgal et al. 2011)

CCCP II (Vikhlinin et al. 2009)

BCG Weak lensing
(Tinker et al. 2011)

ACT+WMAP spectrum (this work)

+non-linear -
evolution
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The ACDM model reproduces well
the large scale (>Mpc) structure of the Universe
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Cold Dark Matter? h

(hypothetical) 107
/
cold dark matter: o
null thermal velocity | §
nly gravitationall 8 %
p yge} tationally 3 £l
Interacting » =
' 5 [
s =
8_ R 102} «  SDSS DR7 (Reid et al. 2010)
*  LyA (McDonald et al. 2006) X
—&— ACT CMB Lensing (Das et al. 2011) \ X
. . 8—  ACT Clusters (Sehgal et al. 2011) \ .
particle physics DM ol ° COCP (Vi ctal 2009 .
candidates: P - \
finite (sizable) thermal 10 10 10T e
velocity wave numberk [Mpc' ']
interacting in many ways

Small scale matter density fluctuations, especially their deviations from
the ACDM model, contain imprints of the nature of DM




Small scale crisis |

scales: small scale crisis

When N-body simulations in the ACDM model and
observations are compared, problems appear at (sub-)galactic

missing satellite problem

N-body (DM-only) simulations
in the ACDM model !

Milky Way-size halos host
O(10) times larger number of
subhalos than that of observed
dwarf spheroidal galaxies

N(>V_

cumulative number of subhalos
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Small scale crisis Il

cusp vs core problem

N-body (DM-only) simulations in ACDM model !
Universal DM profile independent of halo size: NFW profile

~ inner profile
po(r) oc 7

1073 |
N (0%

Observations infer core profile
In the inner region rather than
cuspy NFW profile
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NFW profil%
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pom(r) rlr s(14rlr )2
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Vv Ho | A M81dwB

S Ol normalized radius "¥o& ) )
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Small scale crisis |l

too big to fail problem

MW-like halos>

circular velocity of subhalos
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N-body (DM-only) simulations in ACDM model !
~10 subhalos with deepest potential wells in Milky Way-size halos do
not have observed counterparts (dwarf spheroidal galaxies)




Possible solution |

Above Discussions are based on
N-body (DM-only) simulations
in the ACDM model
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== Satellite Galoxies 1
wes Satellite Halos |
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Gravitational potentials are shallower| > |
at smaller scales ! ©
Baryonic heating and cooling §
processes may be important % o P ‘
10° 103 0 o
: [M,]
Baryonlc processes stellar mass of satellltze mass of subhalo

- heating from ionizing photons - ionizing photons emitted and spread
around reionization of the Universe heat and evaporate gases

- mass loss by supernova explosions - supernova explosions blow
gases from inner region -> DM redistribute along shallower potential
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Possible solution |l

Above Discussions are based on
N-body (DM-only) simulations in the ACDM model

alternative models < nature of DM

- Warmness - thermal velocities induce pressure of DM fluid and prevent
gravitational growth (Jeans analysis)

-(nteractions with relativistic particles)- DM fluid couples to relativistic
particles in a direct/indirect manner

- Self-interaction - induced heat transfer of DM fluid heats DM particles in
inner region and flatten inner profile




Physical meaning
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Fokker-Planck equation - diffusion equation:

Clfom] _ 0 D ( 0 fom N PDM i/ MDM —uifDM)
mMDM OPDM i OPDM i T

1

1 (Ap)?

_ = 2 " . .
D= oavinme = === random walk in the momentum space

The collision term vanishes in equilibrium - detailed balance

2
p — mpMm U
fom = fom :exp< (DMQmITDM ) MDTM> Clfom] =0

The derived reaction rate reproduces that of Thomson scattering

1 PPy g ’ dor _ 4@,
= — 27 feq(] x feq dt(—t) —v = —an,
) 6meT§j/(2W)3f,y( q:f,y)/_4p!2 () g0 = Soran.or




Important subtlety

Fokker-Planck approximation: expanding the collision term w.r.t. q/p

A systematic expansion of C'[f| w.r.t. q ( )
IS studied and found in the literature

1 | dspr 0 d#
™ — €Q | eq "
' (2-- )3 1:TP (1 ' 1:TP ) dt( t)&k 0

6mpm T STP | 4pTp
forward scattering

Suppose a simplified model, where SM is extended with
DM fermion (* ) and light Dirac fermions (v)
coupled to a mediator boson (¢)

A scalar mediator Ls D g, !"! +/QV#"#

@. I 'm, + O(Qq) the leading term is subdominant!!)

CANNOT archive a late kinetic decoupling Tqee = keV)
from 7Y in the literature subgalactic damping

N

—




20

Scalar and vector operators

The argument in the literature seems a consequence of
an inappropriate expansion of C'| f]

E\AD g8 "%+ g, 8" 1"SH,
/ \
(Dvuu ~ pt ~T" not-suppressed by a small fermion mass >

Estimate of the minimum halo mass from” in our formalism
Vector:

9/2 3/4 _ _
r N, « o m 3/4 m 3
M. )v = 6.8 x 108 M, [ — v Qv Ax ( X ) ( ¢ )
(Meut)v - ® <7“0> ( 6 10—* 0.035> 1 TeV 1 MeV

Scalar: o2 .
. Nl/ 0, -3/ 4 3
(Mcut)S =6.6 X 108 M® L - QXx ( Ty ) ( me )
70 6 10-°0.17 1TeV 1 MeV




Linear perturbation theory

Evolution equation in the Fourier space (synchronous gauge):
1K g g° h + 67 1 ~ ikiq; Orp

f1 —@paLep [fa] = fo— qi)?
am, + W Lee [f4) T9a2m T °  2K2 (kiai) 282m, To ° alyo 2 K2

1o T q°
— ] —— ~3
/\ i [%a (TXO ) i %aTXOI (QQQmXTXO ) f()

f.l +

[\
/

Fokker-Planck operator:

0 0
Lyp[f] = aq. qif + a*my To aqif
Expansion with the eigenfunctions:
1 e .
fl(k! q, 7-) = (ZWaZmXTo)3/2 e’ Z (l |)€(2€ + 1) Sn E(y) PE(RZQz)f nﬁ(k’ 7-)

n ,£=0

Sne(y) = y*/2LET2 (y)
¢n£m — e_ySnE(y)Yﬁm(q)

K LFP¢n lm — —(Qn + €)¢n | m /
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Boltzmann hierarchy

Boltzmann hierarchy of f..(k,!) (synchronous gauge):
fU, + (2n+ f)(ya+ R)fn —2nRf _q

1279 [ £+ 1 3 | l
—|— — n I n —— n I 1
th mi {QE—I— 1 [(n+€ 2) Jorg1t Mfn +1] 2€ 1(fn—|—1 R _1>}

1 : 1 : To T,
= ¢ ——A,h+ -B,,h — 2B, al — —1 a—
eo{ 5 + 3 [71 (Txo ) + Y0 Txo]}

1 2m QTP 2 T 0 . .
01 =Ank X — 4+ 0p—-2"A,(h+6
+ £y T Y005 T 275 T, (h + 6m)

with |
R_dh’l(aTol/2) , A, | 1_& n, Bn:nﬁ- 1_h "
- dr To

v/H > 1(coupled)! Ag=1,B1 =1, the others vanish

v/H < 1(decoupled)! A, =1, the others are tiny

Only low multipole £ =0,1,2 (& n = 0,1 when~y/H > 1)
components couple to the gravity

28



DM imperfect fluid
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Low multipole components are related with a4 ™
the primitive variables of DM imperfect fluid: DM sound speed:
mass density p, bulk velocity potential ¢, 2_Tw ,_1dinTy
pressure P, anisotropic inertia o O my 3 dlna /
= _ /
0= foo, =3k ———fo1,dP = Ep(foo —fu)=pd+m), ! = 5Ef02
2m 1 o My
d>q
- _ gm0 _ —4
pl+0)=-TH=a ;/ (27)3 My J
. | d>q
—_ 7 — —4 .
(ﬁ+ P)H - ZkZ’TO ! ;/ (27‘(‘)3 Zkzqu
1. _ b dPq @
| = ] = 4
P+1p 3TZ a S 2V 3m f
- P S ! Pq @® [ .0 1
(,0—|-P)O': — (kzk] — §523>T] —a 4;/ (27‘-)3 - [( p i)2_ g] f




Linear matter power spectra

Scalar vs Vector operators

\

(00 b | | Set parameterg such that
j \ Meut =64 % 10° Mg y
_ 107 .
(ap)
<
8 10™ F _
=
< 6 | )
5 10
Non-Interacting DM ———
10'8 - -Vector-DM —— -
: lar-DM o
40 |Perfect fluid [
10 , R | . | | | | L1 !
10 100

Wavenumber k [h/Mpc]

as well as the vector operator

The scalar operator CAN achieve a subgalactic damping
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Validity of perfect fluid description

- ] | The effects of
the higher order terms
are suppressed by
o k1o
: _— —_—
I3) - . . alH m
= . .
= I \\" \\.\‘\.
< 10° | '-. % (T . R
3 ‘ * J The perfect fluid description is
' Non-Interacting DM —— “\‘"\\,,'fll.‘;expected to be trustworthy at
108 | Perfect Fluid -------- S o TMPE ) B2
Imp. Flud, m =1TeV . i\ A €430 /Mpe x - — Gov
Imp. Fluid, m =1 GeV ---—---- N "0 c
-10 Co ] . . o A
10
10 100
Wavenumber k [h/Mpc]

Mismatching of the two approximations DOES NOT NECESSARILY
means that the imperfect fluid description is better,
but it means that we need to follow the full Boltzmann hierarchy
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Application to electrically charged DM

CHAMP (CHArged Massive Particle):
DM particle carries the electromagnetic charge
positive charge (Ycn < Yape ): X1 (X' “He)

, . quasi-stable: tch > 1010 yr
C (age of the Universe)
EeV A _:thermal relic
P . l_: Pioneer 11)
_; c S_#wl il
PeV " w0 e 7_—"%5—— _: more stringent mcn > 106 GeV
Z 1T from Catalyzed BBN
S o, (X' *He)+ D! °Li4 X'
10 TeV -—-J» —
< Above the Planck scale!! )
TeV  i1ev e
] - /4
10" e Nucleosynthesis —— He' (direct detection) /
anr e |Mch > 1022 GeV (LUX)




Caveats

Thelseverer terrestrial constraints)are NOT applicable |F

the Galactic magnetic field expels CHAMPs

from the the Galactic disk (Fermi acceleration)

& prevents CHAMPs from crossing the Galactic disk
(a small gyroradius)
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CHAMP decays to a neutral particle (DM at present) at some point

appropriate dynamical time scale. Survival of champ—-baryon fluctuations requires
that ¢, > rg at Ty, which, according to (4.2) obliges M > 10° PeV. This result is far

d!
E t—0 e
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I(1+1)C," T /(2m) [K?]

TT-correlation
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- CHAMPs and baryons compress
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oot | early Integrated Sachs-Wolfe (ISW)
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. P the gravitational potential
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T 00 1000 1500 2000 2500
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the re-coupling of CHAMP | £ = =} YRR
when compared to S| V. Y } \
' 3 3 AN
the TT-correlation ez | I
LL Tl
(modern) 10} |l
coincides with the analytic oo e
estimate of DGS (1990)! P dtipoler T




