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Motivation
Motivation
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universe, etc. = Relic abundance
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Qcpmh? = 0.1109 =4 0.0056.
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o Weakly interacting massive particles (WIMPs) are good
candidates for CDM, e.g. neutralino which is Majorana particle.

@ Dark matter particles can be asymmetric particles.

e Q,~ 0.046, Qpy ~ 5, — common mechanism — baryon
asymmetry and a postulated asymmetry in the Dark Matter
sector.
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@ In symmetric dark matter case, if the WIMP annihilation cross
section is of the weak size, WIMPs scenario predicts relic
abundance which naturally falls around the observed CDM
abundance.

@ In our work we generalize this to the case of asymmetric dark
matter in the standard cosmological scenario in first part. We
assume if there is dark matter asymmetry, it is created well
before dark matter annihilation reactions freeze-out. In the
second part, we extend this discussion to the kination model.
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Relic abundance of asymmetric dark matter
Part I: Relic abundance of asymmetric dark matter

o Considering a Dark Matter particle denoted by x, X # x.
The relic densities of x and X are determined by the Boltzmann

equations:
dn
d_tx +3Hn, = —(ov)(nyng — NyeqNzeq)
dni
E + 3Hn)—< = —<O'V>(nxn>—< — nx,eqnf(,eq) . (1)

The expansion rate is

7T? /g,
H=——/= 2
where Mp; = 2.4 x 108 GeV is the reduced Planck mass, and g,

is the effective number of the relativistic degrees of freedom.
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The equilibrium number densities n, ., and ng ., are then given by

3/2
n = g mX r e(*mxﬁux)/-r
X>eq X 27T )
m, T\ %2 I
n)_c’eq — gX 2)21- e( X ll‘LX)/—,—7 (3)

fty = — [y in equilibrium.
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Relic abundance of asymmetric dark matter Relic abundance of asymmetric dark matter

@ At high temperatures, x and ¥: in thermal equilibrium in the
early universe,

@ When T < my, nyeq and ngeq \ ex_ponentially, as long as
m,, > |y |. Eventually ' = ng(ov), I = n,(ov) < H.

@ Y and Y distributions: no longer in chemical equilibrium, and
their co-moving number densities — constants. Tg, Tr:
freeze-out temperatures.
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@ Introducing the dimensionless quantities Y, = n, /s, Y5 = ng/s,
and x = m, /T, where s = (272 /45)g. T is the entropy density
and assuming that the universe expands adiabatically during the
radiation dominated epoch, the Boltzmann equations become

dy. Aov)
= 220 (Y Ve = Yo Yeea) (4)
dY- Aov)
dXX TR (Yy Yz = Yyea Yxea) (5)
where
47
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@ Subtracting above equations each other

dy, dYg
X ZTTX 7
dx dx 0 (7)
This implies
YX - Y)Z = Cv (8)

C: a constant, i.e. the difference of the co-moving densities of
the particles and anti—particles is conserved.
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@ Then the Boltzmann equations become

dY, Mov)
dXX:— > (Y2 = CYy—P); (9)
dYs Mov)
dXX:— — (Y2 +CY;—P), (10)
where
P =Y, eqYreq = (0.145g, /g.)? x> e 2*. (11)

(ov) =a+6bx'+0O(x7?).
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Figure: a=5.0x10"°GeV 2 =59x10"26 cm3s~ !, b=0, m= 100 GeV
and C = 10711 or zero.
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Figure: m, =100 GeV, g, =2 and g, = 90.
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Analytic solution

Analytic solution

@ In terms of the quantity Ay = Y — Yj.eq, the Boltzmann

X,eqr
equation for ¥ becomes:

dAy( . _dY)_(,eq _ )\<O'V>
dx dx x?2

[Ag(Ag +2Y5eq) + CAg] . (12)

o At sufficiently high temperature Y5 — Y5.oq. Ay is small, and
dAg/dx, AZ — 0, then

Wieg __Mov) (201 Ysoq + CAL) . (13)

dx X2
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Analytic solution

@ When particle were in thermal equilibrium, Y, = Y, o4 and
Y>—< = Yg’eq, then

ngeq + CY;eq — P =0. (14)

There are two solutions, but only one of them yields a positive Y
equilibrium density:
C Cc?
Yieq=—7=+1/—+P. 15
X,eq 2 4 ( )
N 2x2P

X7 XNov) (C2+4P)°
This solution will be used to determine the freeze—out
temperature x¢ for Y.

A
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Analytic solution

o At sufficiently low temperature, i.e. for x > Xg, & Ygeq — 0 in
the Boltzmann equation (12),

dAy Mov
= @ eag) a

@ Integrating Eq.(17) from X to oo then yields

C
exp (C)\ Sz (ov) x*2dx> 1

Yi(x = o0) = (18)
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Analytic solution

Using
(ov) =a+6bx 1+ O(x?).
Yi(x — <
-\ X Oo = ?
X exp [C(47/v/90) m Mp1 /&: (a %' +3b %22)] — 1
C
YX(X — OO) = 3

1 — exp [~ C(47/v/90) m, Mp \/&: (axz* + 3bxz2)]
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Analytic solution

For convenience, we express the final abundance in terms of

QB myso Yy (x = 00)h?

, 19
X Perit ( )

so = 2.9 x 10® cm™3: present entropy density, peic = 3M3HE:
present critical density.

Qpah? = 2.76 x 108 m, [V, (x — 00) + Y5 (x — 00)] GeV ™. (20)
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Analytic solution

Fixing freeze-out temperature xr

@ |n standard definition we assume that freeze—out occurs when
the deviation Ay is of the same order as the equilibrium value of
Ys:

X

£Y>_<,C<1()_<F0) = A)Z()_(Fo)v (21)

€ = /2 — 1: a numerical constant of order unity.

@ Making some corrections to this result

XF = XF, —3 + -2 (22)

0
XFo XFo

_ _ ( 0.285AaC  1.350A bC>
1+ .
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Analytic solution
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Constraints on parameter space and indirect detection signals
Constraints on parameter space and indirect detection signals

0.10 < Qpyph® < 0.12 (23)

For asymmetric dark matter, the x and Y contributions have to be
added:
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Figure: m, =100 GeV, g, = 2 and-g. =90.
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Analytic solution Constraints on parameter space and indirect detection signals
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Figure: g, =90 and m, = 100 GeV.
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Analytic solution Constraints on parameter space and indirect detection signals
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Figure: g, =90 and m, = 100 GeV.
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Part Il: Relic abundance of asymmetric dark matter
in quintessence model with a kination phase

@ The Dark Matter relic density is changed by the modified
expansion rate of the universe.

@ One reason for that might be the additional contributions to the
total energy density from quintessence model, a modification of
general relativity and etc.

@ In quintessence model with kination phase, the kinetic energy of
a scalar field ps ~ ¢?/2 dominates over the potential energy

density V/(¢) and the radiation energy density p,.q.

@ The overall energy density decreases as pior ™~ ¢E2/2 ~ R7°.
T ~ R_l, thUS H2 [ad ptOt ~ T6
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The ratio of the expansion rate H during kination period and the
expansion rate of the standard case Hq:

H? Po
o1 2 (25)
Hsztd Pr
where p,/p,:
2
P T)
2= , 26
(7 (20

n = ps(To)/p-(To). To: some reference temperature.
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We can rewrite Eq.(25) as

H = A(T)Haa, (27)

A(T)=1/1+7 (%)2 (28)

In order not to spoil the successful prediction of BBN, A(T) must
return to 1 at the low temperature around 1 MeV.
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With the modified expansion rate, the Boltzmann Egs.(9), ( 10 )
become

dyy  XMov) ) _

™ __XZA(X) (Yy—CY—P); (29)
ds  Mov) .,

= _sz(x) (Y; +CY;—P).
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Figure: a=5.0x10"%GeV 2 =59x10"2° cm®s™!, b=0, m = 100 GeV,
X0 = 20.
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Figure: a=5.0x10"%GeV 2 =59x10"2° cm®s™!, b=0, m = 100 GeV,
X0 = 20.
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C
Y (x = o0) = , 31
3 ) 1 —exp [-1.32C m Mp| /8. I(xF)] (31)
where /(xg) is given by
< (o)
I(xg) = / dx
= X2 AX)
a Xo X3 6b X3
- < 20 14920 2Pl i
Vi \ Ve T ) g \ VT
Talk
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2.76 x 108 m, C
exp [1.32 C m, Mp, \/gl()'q:)} -1
2.76 x 108 m, C
1—exp [—1.32 C m, Mp, \/E/(XF)} '

Qpuh® = +
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3571=52%x1079 GeV~2 and

8.8x 1072 cm3 s71=7.6 x 1078 GeV~? are the upper limits for the cross
sections for mass 100 GeV from the Fermi-LAT collaboration[arXiv:1108.3546

[astro-ph.HE]].
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Summary and Conclusions

6. Summary and Conclusions

@ We discussed relic abundance of Asymmetric Dark Matter in the
standard cosmological scenario.

@ The final abundance is determined not only by the cross section
as in the symmetric Dark Matter case, but also by the
asymmetry.

@ We extend our discussion to the quintessence model with a
kination phase. We found in this case, the enhancement factor
affects the relic density of asymmetric dark matter, it increases
the particle and anti—particle relic density, the increase amount
depends on the enhancement factor.
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Summary and Conclusions

Thank you
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