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Supernova Cosmology Project
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THERE EXISTS A NEW, YET UND)SCovERE
STABLE MASSIVE PARTICLE IN

THERNAL EQUILIBRIVUHM
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NICE CoINCIDENCE:;
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I TulS CoOINCIDENCE SUGGESTS THAT IF A NEW
VeT UNDISGWVERED ;| HASSIVE PARTICLE WITH

ELECTROWEAK INTERACTIONS EX|STS, THEN IT
SHoucD RAVE A RELIC DENSITY ~ 24 ..

FoRce BEWIND A VAST EFFoRT To
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WIMP—Nucleon Cross Section [cm?]
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INPLICATIONS

fy RULES OUT DR WITH
STRONGINTERACTIONS | 6y ~10 S eay

a QULES OUT GCHARGED Dn,GllhﬂP.s
PE RG}ULA,
GLASHOW,
| SARID, 89
N <1
CHAMP ™
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¢t FoRH SUPERHEAVY HYDROGEN wHOoSE

ABUNDANCE 1IN NATURAL WATER Shoul?

RE MUCH LARGER TMAN THE PRESENT
B0UND
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[ DARK MATTER |

may be a

WIMP &

~ thermal relic:
C ~ weak scale
M % undetermined

or may be a

nonthermal relic:
0] undetermined

end inflation




e Old Dark Matter:

%

— axions, m ~ 107° eV. &

— WIMP’s, m ~ 100 GeV.

e New Dark Matter:
_WIMPZILLA’s, m ~ 10" GeV.

e

HST picture of WIMPZILLA™

Wimpzilla"is a registered trademark of Rocky Kolb and Co



THE KEY PornT:

THE SUPERHEAVY DARK MATTER
1S PRODUCED AT SOME EARLY
EPoCH IN A NON-THERMAL STATE

VALID THROUGHOUT ALL THE
HISToRY OF THE UNIVERSE

DEPENDS ONLY ON
THE GENERATION

MECHANISM |




NONTHERMAL RELICS
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non-LTE initial conditions
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INFLATION'

Ho MO GENE ITY

= | SoTRo PY

= FLATNESS [ENTROPY]

PROBLEM 2

me STRUCTURE FORMATION, :

INFLATION PRoDJCES FLU CTUATITI\\

DENSITY WHICH LATER ON

= MoNo PoLE

OF
LEAD To GALAXY FORMATION
Review BY THis IS AN UNEXPECTED
D.LYTH &
AR BY-PRobvUcT |
o BE

o
FUBLISHED IN PHYS, REFES.  hep-ph /9207454
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Gravitational production of dark
matter at the end of inflation

a1avA" B Y

e generic
(gravity is pretty generic)

* independent of interaction strength

(strongly interacting to noninteracting)

e M about 1012 GeV

(could be less---perhaps much less---but not much more )






Consider scalar field X of mass M Y

- i i

Mode equation (1 = conformal time)

0
bin) + K2+ MEa® + (66 AT o] hufr) =0
() + wi (n)hi(n) = 0 |

Particle creation in
nonadiabatic region

particle creation w_]lc
proportional to W



Boundary Conditions

Inflation — a;; . — Matter/Rad.

Initial conditions early in inflation

a; - 1 -+ Hv(l,i(mj — ?7)

Q
pd

—00 <N <7

Transition to matter/radiation era
2
a _(n ae _ (1
a; (77@) a; (m)

matter radiation
N, <n<oo



No-particle state in past

h) - a) a;]0) = 0

h;(n) evolves as w; (1) changes

Bogoliubov transformation:

hy = aghy + By
ap = &kag — 51&?

Particle creation

Nj. = (0]a}ar|0) o | 8|’




]

Solve wave equation

hie(n) + wi(n)hi(n) = 0
wi(n) = k* + M3a*(n)

B = 1/4/2w9 hy = —iy/wd/2
- Bogoliubov coefficient
2 |

Number density proportional to

< dk , )
) Q—ﬁk Iﬁk(oov_oo)l



Solve wave equation

hie (1) + wig(n) e (m) = 0
wi(n) = k* + Mya®(n)

hy = 1/4/2w9 hy = —iy/w?/2

- Bogoliubov coefficient

_ Rl 4 R ] — wi

|B]* =

2(,0;3

Number density proportional to

< dk , )
) 2_7T§k lﬁk‘(oov-_oo)l



Mode Equation: I

1" (= 7.2 M%( ~2 ~
hi (1) + (’f -2 @ ) hi (1) =0
L M2 _
—x: hi(n) = Y(a) ; o B ——géz — =V(r)

Wave Equation:

) |y (o)) = Bo(a)
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Action at transition out of inflation mm; ~ 1)

Particles produced with momentum &k ~ aH

10-8!




INFLATIONARY COSMOLOGY
There is no singula;,rity and Hubble constant is limited, H < my,

in inflationary cosmology. Production of particles with my > H ~
10" GeV has to be suppressed.

10-10

10—11
| 10-12
10-13
10*14
10—15
10-16
10-17 £=1/6
10-18 L L L PR SRS |

0.1 1
m,/m

——
- LS

Py/ PN,

~

— o | —

Ratio of the energy density in X -particles to the total energy density
at late times in a model with the massive inflaton, V' (¢) = m2¢? /2.
We defined m;3 = m/10'® GeV. The dotted line is the Friedmann
cosmology asymptotic.

To find the present day Qxh? multiply this Fig. by

1.8 x 10'7 (T, /710° GeV) m?,



ISSUES:

behavior of a(m) (smooth or not)?
transition to matter-dominated or radiation-dominated?

thermalization?

0, h® (T,,/10° GeV)! (H,/10-8 M,,)-®

no._r . : . e
- ——— radiation
- matter
Hoo - — e T= —.——\Nﬂ
thermalization
region
102} “
..\.\.;.ﬁ ................ /,‘.d
10 e / /
.......... -/ ,
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o o
| Conclusions | '

Gravitational production of dark
matter at the end of inflation

, generic
(gravity is pretty generic)

» independent of interaction strength

- (strongly interacting to noninteracting)

o M about 1012 GeV

(could be less---perhaps much less---but not much more )

Implications and search strategy

P Ty ' ' e 1 Ty 1 r 11 "I B 1D
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Wimpzilla Footprint:
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Interaction strength: charged,

hadronic, noninteracting?

ERGQROUND, il
'g::e <ToRS Mx 210 GeV

Stability: stable, or decay (cryptons)
—> UHE cosmic rays?

Indirect detection?



GREISEN-ZATSEPIN-KUZ’MIN CUTOFF

UHECR protons or neutrons propagating in microwave background
loose energy in photopion production, e.g., py — pn®. The mean

free path is ~ 5 Mpc. Detection of 3 x 10% eV proton would require
source within ~ 50 Mpc.

However, events above the cutoff were observed (1) by Yakutsk,
‘Haverah Park, Fly’s Eye and AGASA collaborations.

AGASA data set, February 1990 — October 1997,

adapted from M. Takeda et al., Phys. Rev. Lett. 81, 1163-1166 (1998):
26

T T T T T T T T T T T T T T

25

24 |

Log(dJ/dE E3[eV¥ (m2sr s)))

L ]
og bl o 0 o 1 S
18.5 19 19.5 20 20.5

Log(E[eV])

The dashed curve represents the spectrum expected for extragalactic
sources distributed uniformly in the Universe.

No candidate sources are found in the directions of six 102 eV events.
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SURFACE LUMINOSITY OF
THE DISK
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THE SUPERHEAVY DARK MATTER
MUST BE ‘STABUE.:

A

N=1 Susy Su(4)® su(2), @ Su(2)g FRom
WG AULY CoUPLED HETEROTTIC SUPERSTRING ’

* PiISCRETE GAVGE S?HHETRIES, YANAGIDA <t Q.l.
| hep-ph [qg0qu2¢

GAUGE NEDIATIoN & SusY, T.uad etal.
\wr—r\/‘lfoiulu

L
Yery pToNS FRof "STRING and H-THESRY,

3.eus at al./ bep-ph /9903333,
hep-ph /13054¢

OR NEARLY
S TABLE ...



radiation-dominated at freezeout: 1
2 2 md g2
H* = py(Tr)/Mp; = T/ Mp,
(x B MX”X(TF) 1TF

Qb py(Tr) T

interaction rate << expansion rate

(TF)(UAlvD QX TOMPITF
H(Tr)  Q, My

(oalv]|) € 1

safe limits: (o4lv|) < My Qyx <1

(200 Te\/)2 ( Ty

) <1

Mx Mx




The End of Inflation

- After inflation universe frozen

V(0)~Mo’

po+3Hpy =0

- Reheatmg (ca. early 1980s)

%ﬂonreso i, li

decay of inflaton fel '

ps +3Hps +Typs =0
-Pr+4Hpy —Lyps =0

- Preheatmg (ca. mid 1990s)

‘resonons, nonlinear
partzcle productzon
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Production of massive particles in reheating

Chung, Kolb & Riotto "98

¢ = mflaton I'y = a,M,

!

- : : 5
X = wimpzilla (o|v]|) = ——
prila(olol) = 7%
| | 7 not
Qi = (QOOOTRH) XM T !
My
M,=10'3GeV a,=2x10-13 M,=3x10'2GeV a,=10-2
wm T 1 Il-nq T 1111
N 1 (a/a)lp,(a)/p,(8)]
E I
ol | % (erbitrary units)

Q,h® = 0.3
10-4 a‘o, /
Tpy=10%GeV (arbitrary units) /
1078 =151 102105 “10¢ 1 0% 10%
a/a,
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SPECTRUM

10-2

10-3 m, = 0.2
104

10_5 mx - 1 .
10-8

X3 n(k)

107
1078 g

10-° & my, = 2
my = 0.2 7

=10 le=ram il ! . !
10 10-1110-1° 10-° 10-® 10-7 10-® 105 104 10~ 10-2 10!

k

Spectrum of created particles in a model with massive inflaton for
several choices of the mass of scalar X-particle with the minimal cou-
pling (solid lines) and the conformal coupling (dotted line). Masses
and momenta are given in units of the inflaton mass.

Magnitude of the density fluctuations induced in the process of X
particle creation can correspond to the observable on the horizon
scale, and be responsible for fluctuations in CMBR if my/m ~ 2



NEW PHYSICS 7!
Solutions to the puzzle were considered with the aid of:

LN
e Particle which is immune to CMBR but produces normal air
shower.

e Topological Defects:
— Strings.
— Superconducting strings.
— Networks of monopoles connected by strings.
— Magnetic monopoles.

e Heavy quasistable relic particles.

Particle has to be  HEAVY, my > 10'2 GeV.

28

2?-
26|

250

longy i 22%2), =3 91 = e
®

21
18

logio(E/eV)

The fluxes shown were obtained for my = 10'® GeV and
(Qx/QCDM)(to/7x) = 5 x 10~ V. Berezinsky, astro-ph/9801046.



