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Introduction

® Primordial GWs :important prediction of inflationary theory

® TJensor perturbations
ds® = a®(7)[—d7r* + (8;; + hyj)dz'dx’]
contain two kinds of information :
h(t7 k) = hprim(k)T(t7 k)

hprim(k) :in.itial condition (primordial power spectrum)
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Standard Model

® 6 quarks, 6 leptons, gauge bosons
(photons, gluons, weak bosons),
Higgs boson leptons
g8 'g

® A “benchmark’ model to describe @ gluon

the properties of the primordial e U y
plasma by

Higgs boson

® Two phase transitions:

® QCD phase transition
(T ~ 150 MeV)

Hadrons < Quark-gluon plasma weak bosons

https://en.wikipedia.org/wiki/Standard_Model

® FElectroweak phase transition
(T ~ 160 GeV)

Particles acquire mass due to the Higgs mechanism
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® Change of relativistic d.o.f. affects the spectrum of inflationary GWVs.

® |deal gas was assumed.

e [@] :Zg*p,i(T) (%)4, Gon ()= [ﬁ} :Zg*s,i(T) (%)3

30 ) 45 )
b oS 2 mz/T2)1/2 5 libke ARl m2/T2)1/2 : m?
* zT T : d ) x8,1 T) = IR - s : d
Gup,i(T) 9W4/mi/T e Ui g e s) 97T4/mi/T | U AT U

® This assumption does not always hold true.
There exist corrections due to particle interactions, which have to be

quantitatively taken into account.
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Equation of state of the universe and GWV spectrum

After the GW mode enters the horizon (t,.), it evolves as Pgw () X a(t)™*
while the background energy density p(t) evolves according to

the equation of state w = p/p .
Seto and Yokoyama, . Phys. Soc. Jap. 72, 3082 (2003) [gr-qc/0305096]

g (6,15) '/"’ '
Ot folias ST o dld im0 e s
g( ) p(t) dlnk eXp i (UJ ) na g (h )

hc -

Qow (the, k) ~ Pr(k) : primordial tensor power spectrum
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Calculation of the equation of state (“trace anomaly™)

Ay = P =30d) o d {p(T)} p(T) = lim Lz

T4 dar | T#

V —o0

= 10
7 = / DADYDYDPexp | — / / d*“'zL | :partition function
0)

® Perturbative calculations

3 : 6 Kajantie, Laine, Rummukainen and Schroder, PRD67,
® Perturbative QCD: up to O(¢”) 05008 (2003) [hep-ph/0211321]
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Effective relativistic d.o.f. in the SM

Watanabe and Komatsu (2006)
Standard Model (2017)

Preliminary

There is some deviation from the ideal gas result at high
temperatures, which can affect the spectrum of
primordial gravitational waves.
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Behavior at higher temperatures

Preliminary [ Preliminary

9.p = 106.75

® Trace anomaly is dominated by the contribution from
QCD sector.

® Convergence to the ideal gas result is fairly slow even
at very high temperatures.
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Gravitational wave spectrum

Preliminary

matter-radiation equality

e*e annihilation

V free-streaming
>

M ”l L |Mn .
10-"® 10" 10" 1072 10°"° 10® 10° 10

QCD phase transition

Basic features are similar to the previous results:

Various events in the early universe are imprinted on the spectrum of GWs.

k H & @ X C 1/2 *S,1NC _1/3 TC
e = et _ 965y (ohe ) T (e ) :
omap | 21 ao 106.75/  \106.75 108 GeV
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Effect of the QCD phase transition

0.1

Preliminary

Watanabe and Komatsu (20006)
Standard Model (2017)

102 2x10° 5x10° 10° 2x10°® 5x 108
f [HZ]

Oscillatory features appear when g.,(1") and g.s(1") suddenly change.
Watanabe and Komatsu, PRD73, 123515 (2006) [astro-ph/0604176]

Such features are hardly observed in the updated results.
(QCD phase transition is expected to be a mild crossover.)

Difficult to observe: Q,,h* > 1077 EPTA (present)
ngh2 > 10"1'* SKA (future)

at, f =~ O(1077-107°) Hz
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Spectrum at higher frequencies

Thc [GeV]

nr =0
108 10° 107 10 =

5.98 x 10~ 6
= 1.5 x 10" GeV

5.96 x 1077

electroweak (ideal gas) + QCD (pert.)
Standard Model (2017)
ult. DECIGO 5yr (self+inst.+WD)

5.94 x 1077
3

5.92 x 1077

Preliminary

® Amplitude is about 1% larger than the result with constant G«p, Gxs.
® Non-trivial frequency dependence due to the running QCD gauge coupling.

® The effect becomes non-negligible in the ultimate sensitivity of DECIGO.
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Conclusion

® We reconstructed the effective degrees of freedom

(or equation of state) of radiations by taking account of
particle interactions in the Standard Model.

® Deviations from ideal gas at high temperatures affect
the spectrum of GWs at high frequencies.
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Trace anomaly of strongly interacting particles

HRG (PDG 2016)

N¢ = 2+1 lattice, Budapest-Wuppertal (2013)
Nr = 2+1 lattice, HotQCD (2014)

N¢ = 2+1+1 lattice, Budapest—-Wuppertal (2016)
N¢ = 4 pert. O(g?)

N¢ = 4 pert. O(g°)

N¢ = 4 pert. O(g*)

Ns = 4 pert. O(g°)

N¢ = 4 pert. O(g°) g, = -3000

Preliminary

® HRG results agree with lattice results at 7' < 180 MeV.

® Lattice results in 4-flavor QCD are available up to 7' < 1 GeV,
which can be matched to perturbative results.

® Poor convergence of perturbative calculations.



Estimation of effective degrees of freedom

Once we have A(T'), we integrate it to obtain the pressure:

p(T) Gadia -~ dT!
T4 T(;l To L

AT

Value of po/Ty is specified at some low temperature.

Energy den5|ty and entropy denS|ty are glven by
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Effective relativistic d.o.f. for the entropy density

Preliminary

Watanabe and Komatsu (2006)
Standard Model (2017)

g*p(T) I Gus(T)
1.2

Preliminary

1.1r

1.0

Watanabe and Komatsu (2006)

0.9r Standard Model (2017)

0.8r

0.7+




Numerical calculation

Watanabe and Komatsu, PRD73, 123515 (2006) [astro-ph/0604176]
Kuroyanagi, Chiba and Sugiyama, PRD79, 103501 (2009) [0804.3249]

® |inear order Einstein equations for transverse-traceless part of

metric perturbations
2

a?(t)
with initial conditions 43 (0,k) = hx prim (k) and 2 (0,k) = 0

A = +, X :two polarization states

ha(t, k) + 3Hhy(t, k) 4

ha(t, k) = 167GIL, (¢, k)

® Anisotropic stress from free-streaming neutrinos
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