Abundance of cold relics
in non-standard
cosmological scenarios

Mitsuru Kakizaki (Bonn Univ.)
April 26, 2007 @ Bielefeld Univ.

In collaboration with Manuel Drees and Hoernisa Iminniyaz

Refs:
e PRD73 (2006) 123502 [hep-ph/0603165]
e arXiv:0704.1590 [hep-ph]



74% Dark Energy

1. Motivation

e Observations of
e cosmic microwave background
e large-scale structure of the universe
e etc. [http://map.gsfc.nasa.gov]

4% Atoms

@) | Non-baryonic cold dark matter (CDM):0.8 < Qcpmh’ < 0.12 (95% CL)

e Neutral, stable (long-lived) weakly interacting massive particles
(WIMPs) X are good candidates for CDM

e Neutralino (LSP); 15t KK mode of the B boson (LKP); etc.

When WIMPs were in full thermal eq., the relic abundance naturally

falls around the observed CDM abundacne: {2\ standard h* ~ 0.1
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Investigation of early universe
using CDM abundance

. . . . . t. [3':10',;1>I0
7004 !'}mh = 114 GeV e'g' SUSY:
e The relic abundance of thermal WIMPs is S 5
determined by the Boltzmann equation: S wogi M FICE
n, + 3Hn, = —(-,geg,@)(ni — ni)eq) _

.WMAP

e The (effective) cross section 0« can be determined 100_
from collider and DM detection experiments

o
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We can test the standard CDM scenario and investigate [Fr(;nrﬁzl(;?,?;/)et al.,

the conditions of very early universe: 7, H, - - - PLB565 (2003) 176]
e Standard scenario: e Non-standard scenarios: [Scherrer et al.,
e X was in chemical eq. o Low reheat temperature ~ PRD(1985);
Q, h” is independent of 7, e Entropy production Salati,PLB(2003);

T2 e Fernengo et al.,
o [ — 0 /gg ( J+: Rel. dof) e Modified Hubble parameter PRD(2003); Chung et

 Mpy e Non-thermal production  al., PRD (1999); ...]
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Outline <mtw

e We provide an approximate analytic treatment that is
applicable to low-maximal-temperature scenarios

e Based on the assumption of CDM = thermal WIMP
e we derive the lower bound on the maximal temperature of RD epoch

e we constrain possible modifications of the Hubble parameter

Motivation

Standard calculation of WIMP relic abundance
Low-temperature scenario

Constrains on the very early universe from WIMP dark matter

o s bR

Summary
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2. Standard calculation of
the WIMP relic abundance

[Scherrer, Turner, PRD33(1986)] Co-moving number density

e Conventional assumptions for X :
e X = X, single production of X is forbidden
e Thermal equilibrium was maintained

e For adiabatic expansion the Boltzmann eq. is

dYy _ (ov)s (YZ-Y2_ ), Y _ x(eq) p— M w=m/T

dz He VX X,eq x(,eq) — s T

e During the RD epoch, X and decoupled when they were non-relativistic:
(ov) = a+6b/x+O(1/x%), nyeq= 9y (mXT/QW)3/2e—mX/T

i 2 a+3b/xp L rp ge\ ~1/2 :
|:\> El‘x.mmh:lm‘c{h ~ (0.1 x ( ) (22) ({}U) ~ gllr'II.‘I}M-'I-"

10—9 GeV~—2
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3. Low-temperature scenario

e '/ : The maixmal temperature of the RD epoch

The initial abundance is assumed to be negligible: Y, () = 0

e Zeroth order approximation:

T, < Tp EEE) X annihilation is negligible:
dYy 5 —3/2

_op 6b
o = 0.028 9 9 m, Mpre 2T (a + ?>

:> The solution is proportional to the cross section:

At late times,

- 9 —3/2 — 9 {]"Irj
Yolx > xg9) ~ 0.014 gy 9+ my Mpie™ "z [ a + —

L0

This solution should be smoothly connected to the standard result
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First order approximation

e Add a correction term describing annihilationto Yy: Y1 =Yg+ (6 < 0)

e As long as |d| < Yu , the evolution equation for § is

dd 60 Y0($)2
@:—1.3 \/g_*mXMPL (CL—|— ;rj) 2

:> The solution is proportional to o>
At late times,

§(x > 2o) = —2.5 x 1074 g2 g7 *n

e |9| soon dominates over Y; for not very small cross section

mmm) Y fails to track the exact solution
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Re-summed ansatz

e Itis noticed that Yy x 0 > 0, d x 0° < 0
For large cross section, Yy (z — o0) should be x 1/{cv)

e This observation suggests the re-summed ansats:

' ' ; ' 0 Yo
Y(e)=Yo+d=Ys [ 1+ — |l= :
]

e For |0| > Yy,

o
1.3 -\/.Q_*'ﬂl:u Mp[(a + 35/-1'3(;)

¢ In the case where X production is negligible

but the initial abundance is sizable, Y; . is exact
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Evolution of solutions

107*° ‘ ‘ 107"
Yy
1ot L 1071t L
Y
: Yl,r ................
9 Yy g e _ g
Lla=107" GeV % g5 wla=10"" GeV "
10 ‘ ’ ‘ 10 e ‘ ‘
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X-Xg X-Xq

Yy : Exact result, Y71 » : Re-summed ansatz, b =0, Y\ (xo =22)=10

e The re-summed ansatz Y1, describes the full temperature dependence
of the abundance when equilibrium is not reached

e For larger cross section the deviation becomes sizable for xr — xg ~ 1,
but the deviation becomes smaller for x > xg
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4. Constrains on the very
early universe from WIMP DM

e Out-of-equilibrium case: 0 @ mm) Op2: 1h = m,/xo L) QL2 P

Equilibrium case: o & =) Qh*&; Qh? Independent of [T}
e Thermal relic abundance in the RD universe: B 0.8 < Qcpmh” < 0.12
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Assumption that Q(_"L}}.-'l "‘3'2 — Q.\.thermal"‘f'j y
m=) Lower bound on the maximal temperature: 7 > m, /23
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i Modified expansion rate

e Various cosmological models predict a non-standard early expansion
mm) Predicted WIMP relic abundances are also changed

e When WIMPs were in full thermal equilibrium, in terms of
the modification parameter A(x) = Hq(x)/H (x) the relic abundance is

| 1
Q. h? = 0.1 ( fer) )
8 9 X |U_]“ (JF‘“{A

/ 1 T

If A(z) =1, TF = ZF st and we recover the standard formula
This formula is capable of predicting the final relic density correctly
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Constrains on modifications
of the Hubble parameter

ik

1
e In terms of - = ——=—,we need to know A(z) only for z < zp ~ 1/20 < O(1)
X

m=) This suggests a parameterization of A(z) in powers of (z — zrs):
/ 1 1
A(Z) == A(ZFJst) + (Z - ZF,st)A (ZF,st) + 5(2 - ZF,st)Ql4 (ZF,st) [Ollve et al., AP(1999),
subject to the BBN limit: 0.8 < k= A(x — 0) < 1.2 Lisi et al., PRD(1999);
Cyburt et al., AP(2005)]
e Once we know ¢, we can constraln A(z) :

Q.h®

400

2

Q, h* depends on all H (Tgpn < T' < Tr) =) Larger allowed region for H (Tr)
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5. Summary

e Using the CDM relic density we can examine very early universe around
T ~m, /20 ~ O(10) GeV (well before BBN Ty ~ O(1) MeV )

e The relic density of thermal WIMPs depends on the maximal
temperature 1y and on the Hubble parameter H (TN < T < TF)

e We derived approximate solutions for the number density

which accurately reproduce exact results when full thermal
equilibrium is not achieved

¢ By applymg QCDI\/Ih2 = QX}thermalhz7
we found the lower bound on the maximal temperature: 7y > m, /23

o The sensitivity of Q. (hermarh”® on H(Tr) is weak
because 2, (nermah” dependsonall H(7gpNn < T < TF)
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Backup slides
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Semi-analytic solution

1 1.01
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o Vi (xg, 2 — o) (x 1 »h*) has a maximum (left)
e New semi-analytic solution can be constructed: Q... 2> (right)

For £o > 0,max, use Y1, (o) ; for £o < Z0,max , use Y1 (o max)

The semi-analytic solution Q..ih* reproduces
the correct final relic density ()......h? to an accuracy of a few percent

April 26, 2006 Mitsuru Kakizaki 15



	Abundance of cold relics �in non-standard� cosmological scenarios
	1. Motivation　
	Investigation of early universe �  using CDM abundance
	Outline
	2. Standard calculation of�  the WIMP relic abundance 
	3. Low-temperature scenario
	First order approximation
	Re-summed ansatz
	Evolution of solutions
	4. Constrains on the very �  early universe from WIMP DM
	Modified expansion rate
	Constrains on modifications�  of the Hubble parameter
	5. Summary
	Backup slides
	Semi-analytic solution

