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-Inflation
-Baryogenesis
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WMAP

Early Universe i1s a good laboratory
of the high energy physics/BSM
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Beyond the standard model?

4 )

-supersymmetry(SUSY)

~-hierarchy problem

-dark matter candidate
-gauged U(1)s-L
-neutrino mass

-Grand Unified Thoeries (GUTSs)

- J

When are these symmetries, it ever,
broken in the cosmic history?
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In this talk...

| will concentrate on the spontaneous breaking of
GUTs and other intermediate symmetries based on
the supersymmetric theories.

SU(5) — SU(3)e x SU(2)r, x U(1)y
SO(10) — SU(4). x SU(2)gr x SU(2)r
— SU(3)e x SU2)r xU(1)y
SO(10) — SU(4). x SU(2)gr x SU(2)g
— SU3)e xSU12), xU(1)rxU(1)p_r,
— SU(3)e x SU(2) x U()y
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When a symmetry is broken, topological defects such as

(magnetic) monopoles, cosmic strings, domain walls may be formed.
Kibble mechanism (Kibble 76)
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When a symmetry is broken, topological defects such as

(magnetic) monopoles, cosmic strings, domain walls may be formed.
Kibble mechanism (Kibble *76)

V,

Higgs field in the vacuum manifold
distributes randomly at the scale larger
than the correlation scale.

There must be a point where Higgs field
cannot fall down to the vacuum, |®| =0,
from the topological reason.

(At that point, the energy density
remains high. )

Such field configuration is topologically
stable and hence we call it "topological
defects”.
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There are several types of topological defects.

(magnetic) monopoles:
\\,/ ~  Point-like topological defect.
% ,.'(:-\ They are formed when the vacuum manifold is §2 or mo(G/H) # 0 |
- 7"< Inevitable in the GUT breaking into Gsm because it contains U(1)y-.

Cosmic strings:
String-like topological defect.
They are formed when the vacuum manifold is S' or m(G/H) # 0.
Produced at the breaking of U(1)s_; and other U(1) symmetries.

Domain walls:
Sheet-like topological defect.
They are formed when the vacuum manifold is disconnect.
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What kind of topological defects are formed?

e.g.) R. Jeannerot+ ('03)
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eIl e Gsm (Z2)
1 (1,2
\ L) G (Z2)

1. monopoles
2. cosmic strings




—ffects of topological defects in cosmology

Magnetic monopoles:
Their formation would be a disaster since they may overclose the Universe.
If some dilution mechanism takes place, they may be detected by future
experiments. (One of the main motivations of inflation)

Cosmic strings:
They enter so-called “scaling regime” (Explain later!) and do not overclose
the Universe. It may contribute to the Cosmic Microwave Background
Radiation (CMB) and Gravitational Wave Background (GWB).

Domain walls:
They may overclose the Universe and their formation is a disaster.
Dilution mechanism is required, if ever.
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How topological defects are formed?
Thermal phase transition

Consider the Higgs potential including thermal correction
(Remember Mathias’ workshop seminarl)

{Veﬂc(gb,T) ~ (h2T2 — %m2> % + )@4}

V g Phase transition takes place at 1T'~ 1. = m/\/§h.
¥ <{=<dl% _ 3
Correlation length: & ~ T4
It the temperature of the Universe once high
N
A enough, this may be a disaster.
\ gb However, we can avoid this problem with

> Inflation & low reheating temperature.

m/2vV A

cf:Tr < 10°72GeV is required to avoid gravitino problem.
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Hubble induced mass driven phase transition
cf.)Shafi+('84), Vishniac+('87),Kofman+('87),Yokoyama('88,'89), Freese('906)

There is another possibly INEVITABLE phase transition
In supersymmetric (supergravity) F-term inflation.

For definiteness, let us consider the following superpotential:
W = kS(®® — M?) + Wing
This system has a global minimum at ®® = M2, S =0.

The effective potential during inflation reads,

{V(q), ¢) = 3H*(|2|° + |P*) + r*|®® — M*|*4 D-term J
)

Hubble induced mass
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The origin of Hubble induced mass :

i) %
V= D WEKYD;W* — —|W\2] > 3H? M2 exp (L)

M¢,

It the Hubble parameter during inflation is larger than the bare
Higgs mass, H;.r > kM , the symmetry Is restored during inflation.
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General condition

H s < kM : Symmetry is broken before inflation.
No significant effects on cosmology.

Hine > kM : Symmetry is broken after inflation.
Phase transition associated with monopole
or domain wall production Is ruled out.

cf) Phase transition associated with cosmic string can be
constrained by CMB and GWB (Explain later!)

Hinr ~ kM : Symmetry braking can take place during inflation.
It Is possible that topological defects are sufficiently
diluted to be free from current constraints but still
observable by planned experiments especially in inflation
models in which the Hubble parameter changes rather
considerably such as chaotic inflation.
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H; ¢ is related to the tensor perturbation of primordial fluctuation:

a 2 )
D 8 H _ Pr
T - —_— —_— 7" — —
M2 \ 27 Pg
G H=k
N =k/a Y
CMB Polarizatio
10,000 o Y . bl r~0.1 <« Hi~ 101°GeV
. Power Law :
Chaotic p=1
j 4:p 12
[ oeomel : r ~ 0.001 < Hins ~ 102GeV
— LiteBIRD ;. E-mode
1.000 F— Planck ' f
fFD'QQ?‘]U“C‘_SEC_h&maa,g?_ e = =_1:0_\’~_ —f _ _
planc The scale is a little small
0108 ¢ e ' compared to usual GUT
==2= iy,
— N _Bamh scale ~ 10'°GeV, but other
gl y !
0.010 | N __r=0,00 : intermediate symmetry
EJ‘% Fo eground -~~~ : ] _
- __il; e — N that predicts monopole
- pues production can be severely
10 100 1000 .
. (LiteBIRD WG proposal)  constrained.
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More precise treatment

-Concrete inflation model: (F-term) Chaotic inflation
(Linde ('83), Kawasaki, Yamaguchi & Yanagida ('00)
-Topological defect: (magnetic) monopole (& cosmic string)

Let us investigate how to pass the current constraint and
prospects of future observation.




Monopoles

KK, K.Nakayama & J. Yokoyama
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Status of monopole

A7 M
gaG

Mass: M,, =

Distribution and velocity: monopoles are accelerated by
{galac’cic gravitational field: vy, ~ 10 %¢

galactic magnetic field: vm ~ 10 3¢(My, /1017 GeV) /2
(B ~ 3 X 10_6Gauss)

M,, > 10'"GeV : gravitational field is dominant; clumped to the galaxy
number density is enhanced by a factor of cen ~ 10°

M, < 10'"GeV: magnetic field is dominant; uniform distribution

NmUm

Flux on earth: F =
A




%

Current constraints

. M. n
.Do not overclose the Universe: 2™ ok

S dF ey
S S

- (Extended) Parker bound; Do not dissipate galactic magnetic

field (at present and the beginning of the galaxy formation):

M
E516 m — 2 e
___________________________ NORIKURA | =10 h<in 1% 2] <1017G6V cm 8Sr S
5 10 9 ; . . .
g i .Several constraints from direct detection:
£ )
.g % e.g.) MACRO experiment (catalyzed decay);
; g R S0~ O Cim, 2SI s
é SLIM E
s 2
E OHYA ]
o et e ]
. MACRO Extended Parker bound is
MACROHSLIM \ severest around:
10-16 9II II11II II13II II15II II17II II19II II21II .II.23.II. .I 25
10 10 10 10 10 , 10 10 10 10
M (GeV/c))

Giacomelli+(’11)

10'°GeV < My, < 1017GeV
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lceCube may constrain or detect monopoles up to

e i e e e

—
v 10-8 Dark Matter Limit ([3 =10°)
S JEELIENX Super- Kamlokan e Q-ball
7)) LN mmmmeeas Mica monopole Ilmlténon catalyzing ?
- - NG mmmnni Macro ( monopoles balls, strangelets)
'(D 10 | lceCube22 1-year sensitivity (Q-balls,
10 ' F catalyzm% monopoles, stran elets)
N | Full IceCube 3-year sensitivity (Q-balls,
'E — catalyzing monopoles strangelets)
12 | —
o 107%¢F
e’ I—
5 —
S 107
m __ rAHAREARARSBRARADLTASMSAMAAANAASNRARANANR
10-16 l— B I o I o R
10'18 _— --------------
0-20 Illl ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| ] IIIIIII| L 11

1014 1015 1016 1017 1018 1019 1020 1021 1022 1023 1024
Mass (GeV/c?)

lceCube collaboration (’06)
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Monopole production during chaotic inflation
4 1 )
K:§@W@MWHXP+WP+WR
2 2
L W:mXCI)+/<;S(TrZ —M), )
Inflation is driven by the imaginary part of ®, ¢ = V2Im®.
4 R
Vine () = %m2902 ~ 3H?M?2 (m ~ 10"GeV from CMB observation)
1 2 2 m2t
N(p) = m (9" = 2Mg) H(t) = Hy — —
\ G 3 Y

Potential for the mass eigenstate of Higgs field

.

4 )
SH2 Phase transition takes
Vo +—— 2 _oM?
ZJ (20;0 ) place around
me()? = 3H?(p) — k2 M? H(p) ~ kM
- J
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In order to estimate the present abundance of monopoles,
we must clarify when the number of monopoles is determined.

L angevin equation for the long-wave mode of the Higgs field

AN C3HA(N) T OHWN) A2
/ X .

. V4 ) 3
classical force stochastic force

[da(w,N) Vi) , f(@N) <f(ij1)f(ij2)>H4(N1)6(N1N2)J

We conjectured that the number of monopoles are
determined when classical force becomes stronger than
stochastic force using the evaluation of (o*(z,N))

é )
» Hy = H(t;) ~ % (c—\/2_c)1/2, C = /<;2M2/m2
. J
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Power spectrum of the Higgs field at H = Hr determines monopole abundance.

7o it 2 (555 o | (- Fe-3) 2]

101 T 1 T VT T T 7T T~ T T I F T 1111
- -

decays at scales larger than k£ < k.

monopole distributes at the scale:
ko< k< i

100

D

PAI ) (Hy k)

[nm (1) _3lo8(Hra(t) /kc)]
(ke/a(t)) ™ — Hi

10-1
109 10! 102 103 104

(k/Hg)™
Nagasawa & Yokoyama('92)
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Even after monopole formation, inflation continues,

ST feth -
AN AR B R
N S e V2e—1)

Monopoles are diluted accordingly.

Taking into account the cosmic expansion after inflation,
the present monopole abundance is evaluated as

Om  Mpng - M 0.5 0+ m N (te)
- ~3.2 X 1 — Th.
{ s S 3.2 x 10 (1015G6V> (gg s (1013Ge\/) m3 f




Constraints

M/10*°GeV




TR/GGV

106 -

103

.
Constraints

Tr = 10°GeV

M =101 GeV




Cosmic strings

KK, Y. Miyamoto & J.Yokoyama (Preliminary)
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Status of String

string tension: it == wM*
parameterized by only this parameter

Distribution: scaling distribution

Strings in a Hubble volume intersect each other and generate
loops. Loops shrinks emitting gravitational waves. As a result,
there are always a few long strings and several loops, which we
call “scaling distribution”.
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Current constraints

(Do not) contribute to the CMB fluctuation:

6000F —— String contribution
- - - Inflation best—fit
5000f — Inflation+strings
Afterglow Light o :
¥ Pattgm Dark Ages Development of >§L4000 {  WMAP (binned)
380,000 yrs. Galaxies, Planets, etc. = q] BOOMERANG
B
o\
~ 3000
(©)
* 2000} _
1000f[ T P .
— —
200f .
= 0 L. @ _ g :\_._,j
about 400 million yrs. : _ 7 —
Big Bang Expansion : —200 -l \ .

HET | M . | 2 2 2 [ 2 2 al 2 [ 2 [ C
13.7 billion years 10 100 500 1000 1500

| N. Bevis ('08)

WMAP+SPT: Gu < 1.7 x 107"
& M < 2x107°GeV  pyorkin (11)

high | & B-mode in future observation are promising for detection.
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Current constraints

String loops generates gravitational waves consistently

{¥y=50, a=0.1, N=8.111}

Loops in radiation era:

Qawh? = const

Loops In matter era:
Qawh? o f1/°

Pulsar timing array
constraint:

o =5
log f[/HZ] Gu < 4.0 x 10
o M < 4 x 101GeV

R. van Haasteren ('11)

from loops formed from loops formed
In matter dominated era In radiation dominated era

M.R.DePies ('08)
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http://arxiv.org/find/astro-ph/1/au:+Haasteren_R/0/1/0/all/0/1
http://arxiv.org/find/astro-ph/1/au:+Haasteren_R/0/1/0/all/0/1
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Pulsar timing array constraint is much severer than that of CMB.

Is searching for their signatures in CMB hopeless?

Our scenario can change the situation!

If loop formation starts recently due to the appropriate dilution
during inflation, cosmic strings with G ~ 1.0 30w
can be detected in CMB while GWs are damped.

If Planck detect tensor perturbation,
parameter region where

k>~ 0(0.1), M ~10""15GeV

would be interesting!
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Summary

- Topological defects are good tool of exploring the early Universe
and high energy physics.

-Hubble induced mass during F-term inflation can trigger the phase
transition after/during inflation.

-We can constrain the symmetry breaking scale via CMB B-mode
detection.

-Monopoles can be diluted enough but still observable future
experiments such as IceCube.

-Cosmic Strings can be detected by CMB high | scale or B-mode
observation.

-Interesting scale is around kM ~ 10°GeV.
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