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» Rich in phenomena of phase transitions (PTs
s » BUT, they have not been completely understood yet
Ke (e.g. QCD phase transition)
1 » The cosmological observation could be a probe of these

plasma’s properties
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What is the plasma’s properties in Particle Phys.?

The effective degrees of freedom (DoF)

- The number of kinds of
relativisitic particles
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The more intuitive plasma’s properties

Equation of State parameter & sound speed

w = p/p ¢ = Op/0p

w(T) = 49-s(1) 1 100 10! 10! 1073 10-°
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The point of EoSp & sound speed during PTs

Decrease of the number of
relativistic particles in PTs
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Cosmological probes of plasma’s properties in PTs

Gravitational wave (GW)
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https://smirshekari.files.wordpress.com/2014/04/gw_sensitivity_almost_all_detectors.png
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Another reason why we chose GW

Scalar perturbation

in corresponding scale with PTs Silk damping
Tensor perturbation
in corresponding scale with PTs :
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>
PTs Time
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One of the GWs as a cosmological probe for PTs

Linear Stochastic GW

Primordial tensor perturbation
coming from Inflation
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One of the GWs as a cosmological probe for PTs

Linear Stochastic GW
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One of the GWs as a cosmological probe for PTs

Point (1- Linear Stochastic GW
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One of the GWs as a cosmological probe for PTs

Point (@) - Linear Stochastic GW
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One of the cosmological probes for PT (This work)

The other type of GW during PTs

Scalar perturbatlon

Induced GW
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Scalar perturbation as a source of induced GW

- In a nutshell, it’s like density perturbation
- It depends on not only EoSp but also
sound speed because of Jeans scale

O (n) + 3H(L+ 2D (n) + [2k? + 3H2 (2 — w)] Pk (n) = 0
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The flow of calculation of induced GW

hic(n) = 48k (P) (0= 1+ 2ms+12)

7] : conformal time H : Hubble paramter

GW mode func.

1— 3w
2

Source func.

H) Greln,7) = 65 — )

D Pknx [ didk ( [ i Gk<n,ﬁ>s<@kl<ﬁ>,@k2<ﬁ>>)2

|k1—k2|<k<ki+ks
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Spectrum of induced GW
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Point (D - Spectrum of induced GW

Qaw(k,n0) = > (Hio) Pr(k,m0)
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Point (2) - Spectrum of induced GW
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Summary & Take-home message

* It is rich in phenomena of phase transitions in the
Universe

 BUT, they have not been completely understood
yet (e.g. QCD phase transition)

* We calculated the GW spectrum induced from
scalar perturbations. (induced GW)

Through the observation of GWs such as by SKA,
we could obtain the EoSp and the sound speed

during corresponding PTs with the frequency.
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BACK-UP SLIDES
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One of the cosmological probes for PT (This work)

Induced GW during PTs

h ( ) _4Sk (n)k w.) (D——+2’Hdci7+k2)
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Thermodynamics during PT

Plasma’s properties

The effective degrees of freedom The Equation of State parameter (EoSp)
& sound speed
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Thermodynamics during PT

Physical value of Background

v Assume the entropy conservation’s law

= () 7

v' Friedmann equation

d
22 _ 87;Ga2,0 d_z = —3(1 +w)Hp

@:_ 90 \2 [ Gus g—%T—l%TJF@*
dT 8m3G geso/) O Y 31 +w)T?
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Thermodynamics during PT

Physical value of Background

The relation between Temp. vs. Conformal time 1.10
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Calculation for the induced GW

hi(n) = 45k (7771{ w.) <D——+2Hdci7+k2)

ﬁ /dﬁGk(%ﬁ) a()Sk (7, ks w, ¢5)

hk(n) =
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Calculation for the induced GW

hic(n) = 48 (0, kiw J@) (o= 1 +2m 1)

o [ 0T

Source term
Methods of Green func. ,
induced from scalar pert.




Calculation for the induced GW

Source term induced from scalar pert.
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The definition of the value related GW

hi(n) = ﬁ/ ,. a(n 1, k; w)

(e () (n)) = <2w>35<3> -+ K) x 22y (k1)

1 k
Q(}Vvlf??O :ﬂ(f}-{_@> Phkno
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Definition of Parameters

7.‘.2 A 100
p(T) = 25179:(T) &
27_‘_2 40
S(T) = 4_5T39*S(T) 22_ : _
(T) . Jxs,0 %TO s 10° 107 10° Th:;ieV] 100 10 10° :
‘ ; gxs(T) T |

‘Lg 10-15

Spectrum (relative) suppression
because of relaxation of pgap decrease

f [Hz]

31/19



One of the cosmological probes for PT

Linear Stochastic GW
hk(n) — 0 (Dzj—;—I—QH(n;w)%—l—kz)
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Calulation for BG

dp dp 72 [dg
@ 3(1+w)Hp )mmp = 30 (dT + 4g )
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Calculation for Induced GW

h ( ) (n,k W .) <D_—+2Hdcf7+k2)

L / AiGr (1. 77) [a(@)S (7, k;w, 2)]
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Calculation for the induced GW

Methods of Green func.

Ohi(n) = 48k (0, k; w, ¢2) Gx(n,7) = a(n)hx

‘ G (n,7) + <k2 ! _23“}%2) Gx(n,7) = d(n —7)

kF=1x10% 7=1x10""
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Initial condition of Green func.

1 — 3w
2

) + (k _ H) Creln. 1) = 5 — i)

Initial condition
For (g1, g1’) -> (1.0, 0.0)
For (g2, g2’) -> (0.0, k)

Gi(n,7) = 91(n)g2(1) — 91(7)g




Expression for the induced tensor
perturbation

hk(n) = a(ﬁ)/ 7. a(n k (7, k; w,

64 (K — (2 — 13 +13)%/(4k2))?
Pr(k,n —/ dlog kydlog koI? (k, ki, ke, 7
( ) 810’2( ) |k1—ka|<k<ki+kz ( ) ki kok®

Pe(k1)Pe (ko)

2 2 2
2 achc 2 GJxs,0 ? Gx.c 2 - 1 k
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Previous work

1801.06138v2 [astro-ph.CO] 21 Sep 2018

Primordial black holes with an accurate QCD equation of state

Christian T. Byrnes,''* Mark Hindmarsh," %! Sam Young,':* and Michael R. 8. Hawkins®'

! Department of Physics and Astronomy, University of Susser, Brighton BN1 9QH, UK
?Department of Physics and Helsinki Institute of Physies,
PL 64, FI-00014 University of Helsinki, Finland
} Institute for Astronomy, University of Edinburgh,
Royal Observatory, Blackford Hill, Edinburgh EH9 3HJ, UK
(Dated: September 24, 2018)

Making use of definitive new lattice computations of the Standard Model thermodynamics during
the quantum chromodynamic (QCD) phase transition, we calculate the enhancement in the mass
distribution of primordial black holes (PBHs) due to the softening of the equation of state. We find
that the enhancement peaks at approximately 0.7M;,, with the formation rate increasing by at least
two orders of magnitude due to the softening of the equation of state at this time, with a range of
approximately 0.3M; < M < 1.4M_ at full width half-maximum. PBH formation is increased by a
smaller amount for PBHs with masses spanning a large range, 107 * M < Mppy < 10° Mg, which
includes the masses of the BHs that LIGO detected. The most significant source of uncertainty in
the number of PBHs formed is now due to unknowns in the formation process, rather than from
the phase transition. A near scale-invariant density power spectrum tuned to generate a population
with mass and merger rate consistent with that detected by LIGO should also produce a much larger
energy density of PBHs with solar mass. The existence of BHs below the Chandresekhar mass limit
would be a smoking gun for a primordial origin and they could arguably constitute a significant
fraction of the cold dark matter density. They also pose a challenge to inflationary model building
which seek to produce the LIGO BHs without overproducing lighter PBHs.
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FIG. 3: The mass distribution f of PBHs forming during the phase transition is shown for a scale-invariant
density power spectrum, with different ways of treating the equation of state parameter during the black
hole formation process. The different lines correspond to using the equation of state at horizon entry,
turn-around and a time-averaged value. The straight dashed black line represents the mass function f of
PBHs if there is no phase transition (taking the critical density perturbation 8. = 0.453). The variance of
the density contrast at horizon crossing is taken to be g% = 0.004 for the left plot and o = 0.003 for the
right. Using the time-averaged value of 4., for 0® = 0.004, the peak occurs at 0.69 M, and the range at
half-maximum is 0.30M; < M < 1.4M,, whilst for ¢ = 0.003, the peak (which becomes sharper for
smaller values of ¢2) occurs at 0.65M;, and the range at half-maximum is 0.32M;, < M < 1.2M,.
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Ph(k,n) o / dlog k1 dlog k2 (/ dn Gk (1, NF(Pk, (1), Pk, (77))>2

(k1 —k2|<k<ki+k2
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