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Introduction: Gravitational waves and new physics

6l
Stochastic gravitational wave signals are B 8j1’°/ AdvILIGO
predicted by physics beyond the Standard Model: c::f NS

= _qglL

® topological defects (cosmic string, domain wall) é” Z
@ first order phase transition é” "\ _upecico
® preheating - 14
® quantum fluctuations during inflation L |
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Introduction: Gravitational waves and new physics
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Stochastic gravitational wave signals are _ 8\/
predicted by physics beyond the Standard Model: S s BT
® topological defects (cosmic string, domain wall) i
@ first order phase transition N

® preheatin H
P J Supersymmetric theories are well-motivated,

® quantum fluctualbecause it addresses the hierarchy problem ;5 |

and also achieves gauge coupling unification. | Log[f/Hz]

We have shown that

cosmic strings generally form after the end of inflation
In supersymmetric theories.

These cosmic strings emit observable gravitational wave signals
and can be used as a probe of supersymmetric scale!

A~4
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Flat directions in supersymmetric theories

Affleck, Dine, 85
Dine, Randall, Thomas, 96

Supersymmetric theories usually predict many
complex scalar fields (called flat directions)
whose potentials are absent except for soft terms.

V(g) =m3|¢|°

The dynamics of such flat directions is nontrivial
during and after inflation
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Inflation and Hubble—induced terms

N
Inflation is driven by a finite vacuum energy density, 0\4
which affect the potentials of flat directions I
through supergravity effects: i
Vi), . . V() 2r—9
CH M*2 |¢| HMEn_Q ‘¢| (M* = MPI)
2n—2 2
21 112 21 412 2 || Mp,
V(g) = milof” + e 0P +ant* U lenl ~ (57)
P *

M. Yamada



Inflation and Hubble—induced terms

After inflation ends, the energy density of the Universe I

is dominated by that of inflaton oscillation, which again Q
induces the following potentiaIS' i
2
2n—2
CH M2 an 2 |¢| (M, < Mp)

2| 412 2| 112 2 ¢ Mpy )
V() = m3 6P + cu? o + anH* Sy el ~ (G2)
Pl

In general, Cf (during inflation) 7é C z7 (after inflation) during

inflation |

When cyg > 0 during inflation and cyg < 0 after inflation,
global cosmic strings form after inflation

after
inflation
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Inflation and Hubble—induced terms

W ()

During inflaton oscillation era, the Hubble parameter
decreases with time as Q

pr(t) -3 I

H2 (t) = X a >I

3M3E,

Cosmic strings disappear at the time of H (t) ~ \/77|7’L|
CH

‘¢|2n—2

M 2
V() =i of + cuTPofaall” s e~ (3)
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Properties of cosmic strings

Kamada and M.Y., 14

V(p) =m2 6> + caH?|9|° + apH?

cg >0 = cyg <0

® the number of cosmic strings in the Hubble volume = O(1)(scaling law)
® energy density per unit length pt ~ ((b>2 ~ Mf

@ width of a typical cosmic string ~ 1/vV"" oc H™!
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3+1 dim simulation of cosmic string formation

[—

conformal time
T =RSE Hi'1

Horizon length
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3+1 dim simulation of cosmic string formation

conformal time
T = 44 H;!

Horizon length
width of cosmic strings oc H~*
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3+1 dim simulation of cosmic string formation

conformal time
T = 64 Hi'1

Horizon length
width of cosmic strings oc H ~*
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3+1 dim simulation of cosmic string formation

conformal time
T=7/0 Hi'1

Horizon length
width of cosmic strings oc H ~*
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3+1 dim simulation of cosmic string formation

conformal time
T =100 Hi'1

Horizon length
width of cosmic strings oc H ~*
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GW spectrum

Kamada and M.Y., 14
® the number of cosmic strings in the Hubble volume = O(1) (scaling law)

® width of a typical cosmic string ~ H !

— cosmic strings emit GWs
with a peak wavenumber k.1 ~ aH (t)

® The energy density of GWs can be estimated by the quadrupole approximation.

Quadrupole moment for an object with mass M: ) ~ H?M ~ H 3
GW energy emitted by the object: AE,,, ~ H~' x (Luminosity) ~ H‘1M512Q2

H3AE (¢) \*
T — LA B 4%
™ A0, H? Mg, <MP1>

- (1) = 1 dpgw (7)

Ptot (T) d 10g k’
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GW spectrum

Kamada and M.Y., 14

® energy density of GWs can be calculated from the following formula:

/
7 a ., 2 it TT

1
o = s st )

1 dpgw(7)
Ptot (’7') d log k

Qgw (T)

@ Because of the loss of causality at the large scale,
wavenumber dependence at a scale larger than the Hubble scale
is determined independently of the detail of T} Dufaux, cLaltl

Kawasaki, Saikawa, 11

ng x k for modes entering the horizon during MD
ng x k> for modes entering the horizon during RD

B GW spectrum bends at k ~ aH (try)

M. Yamada



GW spectrum

Kamada and M.Y., 14

) i

V(g) =m3 |¢” + cuH? |¢|” + arH? T
Pl

me

Vlenl

® cosmic strings disappear at the time of H(t) ~
Thus, GW spectrum is “fixed” at this time

‘> peak wavenumber is redshifted
Qgw < a~ " during MD

kpeak
S end A a(tdeCaY)

:m¢

)~ ()
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GW spectrum

Kamada and M.Y., 14

present energy density:

A N 2 [ 9s(to) )4/3 (9*(tRH)> ( Hyn |\
Qgwh”(to) ~ Qrh <gs(tRH) g«(to) Hdecay)&wiecaﬂ g

—2/3 / T 43\ 1O I8 Bl oy £
:2><10—7( M ) ( Ri ) (M ) -
Pl

103GeV 109GeV

present peak frequency:
f a5 ( gs(tO) )1/3 (ﬂ) ( HRH )2/3 kpeak
& s (tRH) TRH Hdecay 27Ta(tdecay>

1/3 T /3 7 pr \ /3
:7><102Hz( me ) i
103 GeV 109 GeV Mp1

present bend frequency:

? - ( gs(to) )1/3 ( To > Fbend
jend gs(trm) Tru ) 2ma(trm)

~ 30 H Thus
- “\ 109 Gev We can probe M, Tru, M,
17 through GW detection experiments!
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GW spectrum
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Log[ﬂgwhz(tO)]
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GW spectrum

Kamada and M.Y., 14
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Summary

Kamada and M.Y., 14

® We have investigated the dynamics of a flat direction, which usually exists in
supersymmetric theories,
and have shown that cosmic strings generally form after inflation.

® These cosmic strings disappear at the time of H () ~ e

CH

@ We can obtain
the soft mass of the flat direction 77114 ,
the reheating temperature of the Universe TRy ,
and the cut-off scale M,
through detection of GWs emitted from cosmic strings.
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