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GWs from the thermal plasma
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GWs from the thermal plasma
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GWs from the thermal plasma
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GWs from the thermal plasma
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GWs from the thermal plasma
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GWs from the thermal plasma
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[ Cosmic Gravitational Microwave Background (CGMB)
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Distribution functions

- _ Number of ¢-states with momentum k in d®k interval

Vd3k/(2r)3 ’
- _ Number of gravitons with momentum k in d®k interval
o Vd3k/(2r)3 ’
P P1
Evolution equations P'm b,
fo(tk) = Gyt k) — Ly(t. k),
.fh(ta k) = -_ Lh(t7 k)7 k'y k=k;

K K;

G - . > S [ aR IM x £ Falom) k) )

all processes r
with at least one
final state graviton

X (14 fo(p1)) - (1 +To(pi)) (14 Fa(K)) - (1 + Fulky)) -
39



Lowest order processes

hoo o R + R

Freeze-in scenario:
fp< 1and |ng —f] < 1

Single graviton production
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Lowest order processes
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Lowest order processes

ho0 o SR + R
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Quantum Gravity effects

An example:

Interference

[Ghiglieri, JSE, Speranza, in progress]
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thgW(fg) ~

. 2rf,
With Yimax = Ttodfy

mp nB(ymaX) +-+...

1/3
s (Tmax) _ g gxs(Tmax) \ 173
(g*s(Tt:::y)> =ik (1010 Hz) ( S )

[Ghiglieri, JSE, Speranza 22]
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Tmax
i () ~ o) | IR +
P

2rf, 1/3 f 1/3
i = S 9xs(Tmax) = g 9xs(Tmax)
With Yonax = Ttoday (g*S(Ttoday)> =014 < ) ( 2 )

Dark radiation bound

[Ghiglieri, JSE, Speranza 22]
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The CGMB spectrum in the Standard Model

[Ghiglieri, Jackson, Laine, Zhu 20]

(only single graviton production processes included)
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The CGMB spectrum in the SM and beyond
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[Ghiglieri, Jackson, Laine, Zhu 20], [Ringwald, JSE, Tamarit 20]
In BSM theories:

SM [ MSSM
foeak ( Tmax) ~ 9+s(Tmax) | 106.75 | 228
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Backup



CGMB for complex scalar model

0

2x2/=gR, k=V32rG, G=1/m}

Len
Expansion around flat space-time:
L=CLpg+Ly = -0 (0ue)tone—U+ %a“h”a*‘hw
e (0,0) 0,6+ K (7%#;8&}7‘:,8‘3/7‘; — h% 8, h", 8" hS, + hia,,h%a“h”a)
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Details on the Matrix elements

P = Aor i t
|M -- (for process ¢'¢ — ¢fph)

[
- _ pzuqzu " pzu qzu) ’
q
[

——2 (P14G3y + P1,G3,) — —2 (P24 Qav + P2vay) S
q3 q4

3y -y v,

1 kuny + kun K.k
-:E(PMQPVB+PMﬂPVa PMVPa,B) Puv = nuw — r Vk.ny H_(klfnu)z
ZIMIZ:A%’T ( ®F -2 (pp)® - (P ep)® (e (P p2)? _2)
x ms \pj-kpy-k pi-kpe-k pj-kpi-k py-kpiok o pp-okpa-k kpa - k
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(6 f 1 T i k [k
B = 5 T° (F) ¥ (7)o (7)

for (i,j) = (2,2) and (i, /) = (0,4)

10?4

k/T

[Ghiglieri, JSE, Speranza] 13/9



GW spectrum

Reminder:

- Number of gravitons with momentum k in a®k interval
V d3k/(2r)3 ’

S oun 3
In expanding universe:

d3k
@t Ml = | 3,
84/3(1‘) (2) ’

We can integrate this by using s + 3Hs =
Use to convert to temperature mtegral.

ar _ [4m ()1g*s( T
ot 25 9 g (T my

14/9



Inflationary bound on T,,ax

3
ping = BH2 M} ~ S rAsM}

From CMB observations:
pini < (1.6 x 106 GeV)*

And with
2
T 4
Pinf = 30 g*p(Tmax)Tmax

106.75 }1

Toax < 6.6 x 10'° GeV {
9p( Tinax)
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Stochastic GWs: dark radiation constraints

2
with p= %
™

_1dpgw
& pdinf’

Pgw  df -
7 = /0 Tng ~ ng(fpeak)

Pgw Aprad 7
oW o p2Zfrad g2
0 0 = 0 P 0**rg

4

4
3
17 > ANgg = 5.6 x 10 AN

_6 [ AN
Mg Qg (foeax) < 1.68 x 107° (03)

g+s(To) = 3.90, g+s(T) = 10.75, Ty = 2.72K, H?Q, = 2.47 x 1075
16/9



Graviton pair production dominates

if:
/\21/)(2’2) (ymax) < 1 (ﬁ)z 1/)(0,4) (Ymax)
3\ mp

(result also applies for more general models)

Equilibrium condition:

0.01

1 0.001 0,0'05 0,0‘10 0.(';50 0.1'00
H< f¢

Tl

with H ~ I and f, ~ A2T

0.500
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[Ringwald, JSE, Tamarit 20]
SMASH: 8 x 10° GeV< Thax < 2 x 10°GeV
vMSM: 3 x 103 GeV< Thax < 1 x 10'* GeV
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Detection prospects



GW photon mixing

(: : 1 Lo, UV ! ’

]
£/~ 79""9" FuFaps

Linearized Gravity

9uv = Nuw + h;,tl/

Then Lagrangian contains terms of the
form:

1
LD —Zﬁ”a h’? F;U/Faﬁ

cf. axions £ D — 1 gay aFpu FHv
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Resonance frequencies in GHz regime
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Sensitivity to stochastic GW background

VE DTy .
0 Ssiglw) =
MM wng( : (wn)?

2
Q [WZ—R)Z i (wwn/ Q) Il BS Veav Sh(w)

4\1\/\1\,\‘ .
5 @ Thermal noise ,
M, Shoise(w) = T

(w2 —wp)2+(wwn/Q)?
PN @ Non-coherent signal appears as an
; l/\/"\/\A
4\1\’"\,\'

additional noise source in the detector
v
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Sensitivity to stochastic GW background

‘/\"’\/\A
4\1\/\,\1\' 5 5 @ SNR = Ssnziie - 2);(7:-?| |2 Bg VcaVSh(wg)

., 0 Qew(w) = 3,_,23/1( w)

5 ANA:,N\:\:WV MV
T

o fow =107 (82) ()" () (1) () (55)

o Cosmologically produced GW backgrounds Qgw < 108

o Without tricks the detection prospects are not great for stochastic
GW backgrounds.
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GW production in primordial plasma

1 dngMB
o7 = Qcomn(f
O dinf camp ()
1440+/10 I wolT (T 113
Qcoms(f) = ——— Qy [Q*s(ﬁn)]I/ST/ "ar gc—()”ﬁ T,2x |2 S(,) i
272 Mp 75 Tewco [Gxs(T)]4/3 [g*p(T)}/ gus(fin) To
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GW production in primordial plasma

QCGMB(fpeak) ~ 2.7 X 10_8 (

f

g*s( Tmax)
106.75

—11/6
) . x (model dep. factor)
foeak ( Tmax) ~ 79.8 GHz- x (model dep. factor)

SM

vMSM

SMASH

MSSM

g*s(Tmax) ~

106.75

109.75

124

228

characteristic amplitude:

ho(f) =1.26 x 107 ™® [

Hz
T] x \/HRQEL(F).
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