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The End of Inflation

- After inflation universe frozen

: V<¢>~M§,¢2Z

O
DEFROSTING:

- Reheating (ca. early 1980s)

incoherent, nonresonant, linear

decay of inflaton field

- Preheating (ca. mid 1990s)

coherent, resonant, nonlinear
particle production



PREHEATING/REHEATING
ISSUES:

What is the ""reheat' temperature?
Symmetry restoration?

Massive particle production?
baryogenesis/leptogenesis
dark matter

Light particle production?
gravitinos

Perturbations?
curvature
isocurvature



M¢=1013GeV
d(end) = (4n)"’2mPl

§ Frozen Universe:
must defrost!!!!!!
-1/2
(4m) o/m
e coherent ¢ oscillations with decreasing amplitude

(0=M¢; p¢~a'3

e 0 coupled to other fields
Py decays with width Fq)

e decay produces massless degrees of freedom ()
thermalize to temperature T

e when "all" energy extracted from ¢, 7=T,

gravitino limit: 7, < 10°GeV
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Typay >> Tp y (Scherrer & Turner; Chung, Kolb, Riotto)



Preheating

Inflaton ¢ coupled to another scalar field x: V = %g2¢2)(2 |
0
: 2
: N k 5 -
® Field eq.: Xk+3EXk+ —tm 0) =R+ ¢°¢° | xi =0
k - comoving momentum
¢(t) = ‘I’(t) sinmt - inflaton field

e Minkowski space: ;. + (k2 + ¢*9? sin2(mt)) Y =0

& - constant

e Mathieu™ eq.: Xz + (Ak -2 COSQ,Z) Yp =0

z = mi
B 92(1)2
T 2 From Mathieu equation
k‘2
Ay = — + 2¢
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From Kofman, Linde, Starobinsky
Phys.Rev. D56 (1997) 3258

. Minkowski space

12}

In np

5t Expanding universe
Inn k .

j——b/ [ note stochastic nature
. . . . . : _ ¢t




From Kofman, Linde, Starobinsky
) Phys.Rev. D56 (1997) 3258

Complexity: rescattering; back reactions

Conclusion: in a few dozen oscillation periods
of the inflaton field, a significant fraction of the
inflaton field energy can be transferred into soft

modes of another field y ( <E)26> ~ g mp;m).

i Note: 1t 1s inherently a cohérent process---many
inflaton quanta participate.

]



- Preheating -- Parameter Space

Zlatev, Huey, Steinhardt g 2X 2¢2
. | Efficlent Preheating
10 F px = ptohl

107 | '
g 102 Inefficient Preheating 3
o Px << Piotal
107 : 0
0 25 50 75 100
m,/m,

125

Greene, Kofman, Linde, Starobinski

stable resonance .




Symmetry restoration

" Tkachev:; Kofman et al.

® suppose a fraction 9 of p o in soft modes

of another field %.
@ assume ¥ interacts with a field ¢ which undergoes SSB

e lineup: Pe—g—>Y = h ‘ » O

inﬂatorif produces Twhich restores symmetry of T
mass: m 0 | | 38

(can get by with fewer fields)

e attemperature 7>>T ~ symmetry restored

p? |

A+ H2

T~ (recall Ty << T()

e soft background of y can restore symmetry

Tgrr>>T¢



Finite temperature symmetry restoration

V(c):— uc + L 2o
Mz(c)z—u +37&0

e radiative corrections (7T=0)

1
647r2

M*(0) In M*(0)

® at finite temperature/density

D, (k) = i(k* — p® +1ie) ™ + 20 f,0(k — 1?)

e radiative corrections (T#0)
X

0]

2%2/ dr z°1n [l—exp[ (z? +M2/T2)1/2]]

® utT>>T, MZ(G) = ¥u2'+ 3ING2 |+ AT 672

AT ~ A nf<E>




Finite temperature symmetry restoration

e now include V(o, y) = hZGZXZ

@ radiative corrections (T=0)

| ~

{ X

| L 4 4 2
] + h*c*Ino

6472

e radiative corrections (T#0)
- X ¥

toe

.ol T4 oo E
1 _/0 dz x*1n [1 — exp[— (2% + h202/T2)1/2]]

- e atT>> Te MZ(G) = —uz +3A6? + AT?6%

h2T? ~ 2 n/<_E>

+ h2T252




The fate of symmetry

® broken during inflation (7—0)

e restored during preheating (finite density effects)

2 2 2
h nx/<Ex>~ h px/<Ex>

px~8m2m}2)L and EXZ'-gmmPL

h2 I’lx/<EX> ~ h2 8 m mPL/g
if ex , 1 - 172
press as a temperature Tppp ~ (Om mPL/g)
could be as large as 10/6Gev

® broken after preheating

— thermalization of %
—decay of y

e inflation may not solve monopole problem



|

GUT Baryogenesis

® suppose a fraction 0 of Po in soft modes

of another field y.

e identify ) as a B-L violating GUT boson X.
My ~ 1014-15Gev (probably Higgs)

® X produced out of equilibrium
inherently non-thermal spectrum

e produce asymmetry through "drift and decay”
X—»bb X—=bb
X—bb X—>bb
® ncw twist here is produce particles
(much) more massive than inflaton

mey ~ 1013Gev



Baryogenesis issues

220’ x?
inflaton « || + GUT boson

@ can massive (mX > m) bosons be made? YES!

-analytic: Kolb. Linde. Riotto (PRL 96)
-numerical: Kolb. Riotto. Tkachev (PRD 97)

coherent process: N¢ —-_»)? X

<E,?> ~ g mp;m ~ g 1016Gev

1019Gev < | | »10/3Gev

GUT scale is the geometric mean of
inflaton mass and Planck mass

- g can’t be too small
- g can’t be too large (unless SUSY)

® B-L violation necessary in X decay
(points to SO(10)?)
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Baryo-conclusions

e Need large-tfield inflation model.

Preheating gives new life to GUT baryogenesis

Natural out of equilibrium state

(non-thermal origin of X)

Restrictions on coupling constants and masses

Numerical study of ‘toy’ models
- preheating dynamics
- reaction network

"Realistic” calculation still to be done



Isocurvature Hui. Kolb, Stewart:
° Thachev: Easther....
Fluctuations |

]

jumps when

0
| passes through origin

;t

0#0
avoid origin
(angular momentum)
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COLD THERMAL RELICS

/ LTE initial conditions
0
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Cold Thermal Relics

In some circumstances the annihilation cross section may be better
approximated by {(o4|v]) = opz~"(1 + bz~™), e.g., if both s-wave and P
wave annihilation processes are important. The modification to (5.45) is
straightforward to compute: Yo, = Yoo /[1+(n+ bz™/(m+n+1)|, and

Ty = 77 +In[1 + b{In(0.038(g/ g:/*)mpmay) } ).

As with a hot relic, the present number density and mass density of
relic ’s is easy to compute,

Nyo = 8gYeo = 2970Y,, cm™3
+ 1)z7t!
= 113 x 100—" 73 )77 cm ™3 (5.46)
(Ges/9s’ “Ymprm oy
+ 1)z GeV~!
Quh? = 1.07 x 10° (n )3:1,/2 (5.47)
(g.s/g. )mpztfo

It is very interesting to note that the relic density of ’s is inversely

Qh? < oy
og ~ weak scale
M x

undetermined




NONTHERMAL RELICS

FREEZE -
"6—‘ _5: OUT —
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radiation-dominated at freezeout: T

HQ(TF) _ p’Y(TF) _ Tﬁ'

Mg, M3,
{x _ px(Tr) Tr _ Mxnx(Tf) Tr
pr p.,(TF) TO Tfp T()

interaction rate << expansion rate

nx(Tr){ca|v|) _ Ox ToMpTy
H(TF) Q.,, My

(0alv]) <1

~ safe limits: (oa|v]) <J\/.f);2 Ox <1

(200 TeV)2 ( Tp

)<

Mx MX




Cold Thermal Relics

Zel’dovich; Lee & Weinberg; Wolfram; Steigman, ......

® Goweakscalefor§2~1
e limit to co(M): M < 200 TeV Griest & Kamionkowski

Inflation Relics

Chung, Kolb, Riotto; Kuzmin & Tkachev

o independent of ¢ 0
o M<10 - 10%Gev  (10%-- 10" Tev)

Re/Preheating Relics

Chung, Kolb, Riotto; Chung

® depends onc,
o M~ 10" - 10" Gev

(Pseudo)solitons

Kolb & Tkachev; Frieman, Gelmini, Gleiser, Kolb; Griest & Kolb; |
Frieman & Olinto; Kusenko, Kuzmin, Shaposhnikov, Tkachev, Tinaykov

e axion miniclusters (Hogan & Rees) M ~ 1 2 GeV

® Q-balls, B-balls, superballs (M >> My, )




Inflation relics:
Semiclassical quantum gravity

Changes in spacetime == particle creation

(Arnowit, Birrell, Bunch, Davies, Deser, Ford, Fulling, Grib, Grischuck,
Hartle, Hawking, Hu, Kofman, Linde, Mamaeyv, Misner, Mostepanenko,
Page, Parker, Starobinski, Unruh, Vilenkin, Wald, Zel’dovich, ...... )

¢ vacuum quantum fluctuations
o mode functions change with time
e particle creation

Hawking radiation
density perturbations from inflation

Expanding universe ss=j»- particle creation

==p dark matter
o We require o massive (probably supermassive)
a particle X { stable (at least long lived)
arbitrary interactions

e we assume |

initial inflationary era

transition to matter/radiation era
e we extract

1017 of energy into X



~ |Consider scalar field X of mass My |

3 .
X0 = [ g [ + gl )

scale facé annihilation & creation operators

Mode equation (1] = conformal time)|

0
hy(n) + |k + Ma? + (65/rﬁz'”/a] hi(n) = 0
hie(n) + wi ()l (m) = 0 _

Particle creation in
nonadiabatic region

particle creation Wy .
proportional to  wy



Conformal Time




No-particle state in past

a20)=0 A ~—a

h; (M) adulterated as (M) changes ‘_.

Bogoliubov transformation:
hie = axh + Behy”

_ 0 0
ar = OrpQ; — 5kakt

Particle creation

Ny = (0|a}ar|0) o | 8|

¢

!
q



Solve wave equation

hie(n) + wi(Mhi(n) = 0 B

wi(n) = k* + Myd*(n)

hy = 1/4/2w9 hy = —iy/wl/2
Bogoliubov coefficient

_ B+ R [l — wi

18s|* =

ka

| Number density proportional to

© dk , 2
L |Gk (00, —00)]



-

Ao

: Particle Creation

ds* = a*(n) [dn2 - da:"2]

finite result da" [ 1 d"’2(’7)] finite!

so long as dn® |a2(n) dn
2 -2
inflation a“(n) o< n fails at
—o00<n<0
a~ell! =M= t=infinity
(0<t<+x)
e | @) oo (MD) 5 (RD)
radiation ’ :
0<n< o0 fails at
4123 =1 0
(0<t < +00) -
.

so ... start in inflation and
end in matter/radiation

¢



Mode Equation:

2
M3

hi(77) + ( |

L; U(z) ;

H2
S E

Wave Equatlon

V(n)

ﬂﬂl'

8%
o ) 4 V(@)u(e) = Bv(a)
NV
oW Bhietiei
a(n) from V.(¢).= mg ¢*
5 -3 -3 2 -1 § T+ 3% %
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Wimpzilla Footprint:

| K TR, . Bmsmr
. AR R T
| & = e

: : i

Interaction strength:
charged (heavyweight CHAMPS),
hadronic, shadow, noninteracting?

Indirect detection:
neutrinos from the sun?

- Stability:
- stable, decay (cryptons) UHECR?

vou gl
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DARK MATTER

may be a

WIMP

thermal relic:
O ~ weak scale
M X undetermined

or may be a

nonthermal relic:

o) undetermined
MX - He

end inflation



To Be Explored

Fermions Kuzmin & Tkachev
Non-Conformal Kuzmin & Tkachev
Small-Field Models

Hybrid Models

Particle Models Ellis et al.

Other Possibilities for Production

Reheating Chung, Kolb, Riotto
Preheating  Chung

Bubble Collisions chung, Kolb, Riotto



WIMP
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