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Big Bang Cosmology

« Describes how the universe expanded from an initial state of extremely high density and high temperature

Years after the Big Bang
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« Offers a comprehensive explanation for a broad range of observed phenomena, including the abundance of
light elements, the cosmic microwave background (CMB) radiation, and the Hubble expansion
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Big Bang Cosmology
Arguments for a non-thermal era before the hot era

« Standard big bang cosmology suffers from puzzles, notably

* Horizon puzzle: Why is the observed CMB so uniform?
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Big Bang Cosmology

Arguments for a non-thermal era before the hot era

« Standard big bang cosmology suffers from puzzles, notably

. . . Omega(Q)
* Horizon puzzle: Why is the observed CMB so uniform? 5 .
* Flatness puzzle: Why is the present cosmic energy density §>/ o /
so close to the critical energy density required for a flat uni-
verse?
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Big Bang Cosmology

« Standard big bang cosmology suffers from puzzles, notably

» Horizon puzzle: Why is the observed CMB so uniform?

* Flatness puzzle: Why is the present cosmic energy density
so close to the critical energy density required for a flat uni-
verse?

* How are the superhorizon-scale density fluctuations,
needed as seeds for structure formation, generated?
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Big Bang Cosmology

« Standard big bang cosmology suffers from puzzles, notably

» Horizon puzzle: Why is the observed CMB so uniform?

* Flatness puzzle: Why is the present cosmic energy density
so close to the critical energy density required for a flat uni-
verse?

« How are the superhorizon-scale density fluctuations, needed
as seeds for structure formation, generated?

« These puzzles are solved in cosmological scenarios which
describe how the hot big bang cosmology emerged
dynamically

» Most popular: Inflationary cosmologies

« Alternative: Bouncing cosmologies

Inflation

The infant universe expands rapidly, smoothing out
any lumps in its large-scale structure.

3 Inflate Expand

Big Bang: Rapid In time, small density
The universe inflation fluctuations create
begins as  smooths out the structure we

a point. any bumps. see today.

TIME | | |

Cyclic Universe

The universe has no beginning and no end. Periodic
contractions smooth out its structure.

‘ Contract § . Expand

The
contraction The In time,
A clumpy  smooths universe small
universe out any expands fluctuations
contracts. bumps. again. grow.

TIME | | | |
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Gravitational Waves as a Big Bang/Bounce Thermometer

The temperature the plasma attained at the beginning of the hot era, dubbed 7T,,,.«, may give a way to discriminate
between different pre hot big bang scenarios
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Gravitational Waves as a Big Bang/Bounce Thermometer

Detection of gravitational waves (GWs) generated by the thermal plasma allows a measurement of 71,
[Ghiglieri,Laine ’15; Ghiglieri,Jackson,Laine,Zhu '20; AR,Schitte-Engel, Tamarit ‘20]
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GW Background from Primordial Thermal Plasma

Generation of GWs from fluctuations in a thermal plasma

* In athermal plasma, GWs are inevitably produced [Weinberg, ,Gravitation and Cosmology*, 1972]
« Evolution and production of the energy density in GWs produced by thermal fluctuations described by

3k k
[875 + 4H(t)] PCGMB (t) =4 GN T4 / (27T)3 n <T7 T) [Ghiglieri,Laine ’15]

Dilutes like radiation Sourced by thermal fluctuations

Cosmic Gravitational Microwave Background (CGMB)
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GW Background from Primordial Thermal Plasma

* In athermal plasma, GWs are inevitably produced [Weinberg, ,Gravitation and Cosmology*, 1972]
« Evolution and production of the energy density in GWs produced by thermal fluctuations described by

3k k
[875 + 4H(t)] PCGMB (t> =4 CTYN T4 / (27T)3 n (T7 T) [Ghiglieri,Laine '15]

« Atlarge wavelengths, corresponding to small wave numbers, k£ < T', they are sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

k shear T o
77 (T, T) ~ nT—3(> , for k< T . [Hawking, ‘76]
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GW Background from Primordial Thermal Plasma

* In athermal plasma, GWs are inevitably produced [Weinberg, ,Gravitation and Cosmology*, 1972]

« Evolution and production of the energy density in GWs produced by thermal fluctuations described by

3k k
[8,5 + 4H(t)] PCGMB (t> =4 GN T4 / (27T)3 n (T7 T) [Ghiglieri,Laine '15]

« Atlarge wavelengths, corresponding to small wave numbers, k£ < T', they are sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:
X k nshear(T> o
T — |~ — = . [Hawking, 76]
n(,T) 73 , for kT

» Shear viscosity inversely proportional to a scattering cross section and therefore large for a plasma in which there are
some weakly interacting particles.

* In the Standard Model (SM), for temperatures well above the electroweak crossover, T > T..... ~ 160 GeV, and in
leading-log (LL) approximation:
15.51 73
g1(T)* In(5/m1,sm(T))

h
ﬁiﬁ%ﬁ\/{ (T) = [Arnold,Moore, Yaffe "00] m? (1) 11 )

Debye thermal mass of hypercharge gauge boson

m%,SM(T) =
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GW Background from Primordial Thermal Plasma

Generation of GWs from fluctuations in a thermal plasma

« At small wavelengths, corresponding to large wave numbers, k£ > T, they are sourced by particle collisions.
Corresponding source term suppressed by gauge couplings and Boltzmann factor:

L (T’ %) ~ g(T)? exp (=k/T), for k> T .
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GW Background from Primordial Thermal Plasma

« At small wavelengths, corresponding to large wave numbers, k£ > T, they are sourced by particle collisions.
Corresponding source term suppressed by gauge couplings and Boltzmann factor:

n (T7 %) ~ g(T)2 exp (—k/T), for k> T .

* In SM and leading-log apprOX|mat|on for T > Toyeo:

5 k/T
mrsm(T, k/T) = Z 1t s (T) log m? SM(T)> ek/T — 1’ for k 2 ms.sm(T) [Ghiglieri,Laine "15]
ksl , P 11 2 52 11 2
RN WM X M R MM WX mism(T) = Egl(T) » sl = Fm(T) ’
N, e eSS Debye thermal masses of SM gauge bosons
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GW Background from Primordial Thermal Plasma

« At small wavelengths, corresponding to large wave numbers, k£ > T, they are sourced by particle collisions.
Corresponding source term suppressed by gauge couplings and Boltzmann factor:

k
n (T7 T) ~ g(T)2 exp (—k/T), for k> T .
* In SM and leading-log apprOX|mat|on for T > Toweo:

5 k/T
T,k/T) E N,,n )1 , for k 2 T
L, sm ( /T) mn su(T) log m%,SM (T)) ek/T — 1 RS mS’SM( ) [Ghiglieri,Laine *15]

R 11 . 11
ko 3T mf SM(T) = —gl(T)2, mg SM(T) = —92(T)2a

’\/\/\/\,\W "’V\/\,\W\N“ W W s 6 ) 6
W\ANé::v: ﬁ /gi éww 3 sm(T) =293(T)*

v~ 3T Debye thermal masses of SM gauge bosons

» Recently the complete leading order approximation has been obtained for the SM [Ghiglieri,Jackson,Laine,Zhu '20] and then
extended to generic weakly interacting BSM extension (gauge fields, fermions, scalars)[AR,Schitte-Engel, Tamarit ‘20]

. E - 1 . . .
n <T7 T = k) = 77HTL + Zgn ( Tn Ad 77gg k —I’ ZTn 17739 k "l’ ZTn & nfg(k)>
+ - Z s (T s s (K),

zaﬁ
) 1 k2 k
ﬁHTL(T7 ]{3) N,m (T) log (1 + 4— ) -

~ 167 m2(T) | ek — 1
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GW Background from Primordial Thermal Plasma

Source term in case of SM
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[AR,Schutte-Engel, Tamarit ‘20]
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GW Background from Primordial Thermal Plasma

(0)
« Solving evolution equation ( Qcaus(f) = ﬁdﬁcﬁﬁ Mp=1/\/37Gy )-
()~ LUOVIO o gs S /TmaxdT gue(T) o (7.2m [g*s(T)r/3 f
CGMB - *8 p—y ) p—
2w Mp T8 Jtoeo [gues(DNY [gup(T)]? g=s(fin) | T

* Production rate depends on temperature only logarithmically, and effective degrees of freedom at tempe-
ratures far away from phase transitions almost constant and equal; correspondingly

—5/6 3 1/3
h? Qoams(f) ~ 2.06 x 107° [Tma"] [g*s(TmaX>] [ / ] ﬁ(Tmax,zL.z?, [9*8<Tmax)] [ / D

Mp 106.75 80 GHz 106.75 80 GHz

» Scales approximately linearly with maximum temperature: Big Bang Thermometer!

- Peaks at microwave frequencies: Se‘;ﬁMB ~ 80 GHz [106.75/ g5 (Timax)] "/ ®

Cosmic Gravitational Microwave Background (CGMB)!

« A measurement of Qcanp(FECeMBY) and fSicems would allow to determine Toax and gss(Tmax)
peak peak
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GW Background from Primordial Thermal Plasma
CGMB spectrum for SM

10—6 [ T |||||1T| T |||||1T| T IlIInTl T IIII"Tl T ||||I'IT| T III]“TI T IIIIrlTI T ]III"TI T ||||ITII T ||||I'I'I] T ||||I'I'II T ||||I'I'II T ||||I'I'II |T| "] 1]

C LISA CE ]

E 0" ‘\' ¢’J — N‘Y) :

b= DECIGO, " 57 T :

—16 e ] P a® o’ ]

10 : - . ’I :

: . N :

» ultimate DECIGO > O .

C A0 eq .

10—26 - 06 C) \1 3

- Vo Ge .

c : :

1 -36 - .
R

10746 :

10756

vl vl vved vl vvd vl vd vl v vl v vl vl vl e 1]
1073107210110 10" 102 10° 10% 10° 10% 107 108 1091001011102

J [HZ] [AR,Schiitte-Engel, Tamarit ‘20]

DESY. | Gravitational Waves as a Big Bang Thermometer | Andreas Ringwald, Virtual Particle and Astroparticle Physics Colloquium Hamburg, 8 Dec 2020 Page 17



GW Background from Primordial Thermal Plasma

In the case that Tmax > MPZ [Wheeler *58; Zeldovich "65; Winterberg '68; Matzner 68; Weinberg "69; ...]

* In this case, GWs are expected to thermalize; that is their cosmic fractional energy densitiy, per unit of loga-

rithmic frequency, is expected to attain a thermal blackbody form:
(0)

d 2 4
O cons(f) = (10) PEq. CGMB _ 1627r 2 27Tf/fT
Py dln f SMzHS e e —1
CL(Tdec> g*s(ﬁn> Y3 9*8<MP) e
T Tgec = | ————~ Ty ~0907TK |——=
&7 a(Ty) ¢ [ s (Mp) 0 106.75

« Peaks also in microwave range, similar to CMB:

QEq. caMB g*S<MP) s 2 QEq.caMB -7
f ¢ ~ 74GHz | ———~ , h QEq.CGMB(f ¢ ) = 2.23 x 10 106.75

peak 106.75 peak

DESY. | Gravitational Waves as a Big Bang Thermometer | Andreas Ringwald, Virtual Particle and Astroparticle Physics Colloquium Hamburg, 8 Dec 2020 Page 18



GW Background from Primordial Thermal Plasma
CGMB spectrum for SM
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GW Background from Primordial Thermal Plasma

« Inflationary era preceding hot big bang era solves shortcomings of hot big bang cosmology (flatness and
horizon problem) and explains origin of density fluctuations needed as seeds of structure formation

History of the Universe
Gravitational Waves .
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GW Background from Primordial Thermal Plasma

« In slow-roll inflationary cosmology, the energy density at the end of inflation can be inferred from the ratio of
the amplitudes of tensor and scalar fluctuations, 7, and the amplitude of scalar perturbations, As, generated
during inflation: 3
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GW Background from Primordial Thermal Plasma

« In slow-roll inflationary cosmology, the energy density at the end of inflation can be inferred from the ratio of
the amplitudes of tensor and scalar fluctuations, 7, and the amplitude of scalar perturbations, As, generated
during inflation: 3

« The measurement of Ag and the upper limit on r by the CMB observatories Planck and BICEP2/Keck Array
provide an upper bound on the energy scale of inflation:

Pint < (1.6 < 1016 GGV)4 (95% CL) [Akrami et al., 1807.06211]
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GW Background from Primordial Thermal Plasma

« In slow-roll inflationary cosmology, the energy density at the end of inflation can be inferred from the ratio of
the amplitudes of tensor and scalar fluctuations, 7, and the amplitude of scalar perturbations, Ag, generated
during inflation: 3

« The measurement of Ag and the upper limit on r by the CMB observatories Planck and BICEP2/Keck Array
provide an upper bound on the energy scale of inflation:

Pint < (1.6 < 1016 GeV)4 (95% CL) [Akrami et al., 1807.06211]

« This may be turned into an upper bound on the maximum temperature of the post-inflationary hot big bang
era by assuming instantaneous and thus maximally efficient reheating:

1/4

(1.6 x 1016 GeV) -
= 6.6 Xx 107 GeV

2 .
%5‘9*p<j?g§§)

. —1/4
g*P(ztgg%) /
106.75

rint [
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GW Background from Primordial Thermal Plasma

« In slow-roll inflationary cosmology, the energy density at the end of inflation can be inferred from the ratio of
the amplitudes of tensor and scalar fluctuations, 7, and the amplitude of scalar perturbations, Ag, generated
during inflation: 3

« The measurement of Ag and the upper limit on r by the CMB observatories Planck and BICEP2/Keck Array
provide an upper bound on the energy scale of inflation:

Pint < (1.6 < 1016 GeV)4 (95% CL) [Akrami et al., 1807.06211]

« This may be turned into an upper bound on the maximum temperature of the post-inflationary hot big bang
era by assuming instantaneous and thus maximally efficient reheating:

1/4 - —1/4
| 1.6 x 106 GeV)" (v
Trlr?afx < ( . : € ) — 6.6 X 1015 GeV [g P( max)]
30 9=p(Tiiax) 106.75

« Any measurement of Ti,.x above this value would be ground-breaking, since it would rule out standard slow-
roll inflation as a viable pre hot big bang scenario and perhaps point towards a bouncing scenario!
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GW Background from Primordial Thermal Plasma

Minimal BSM extensions featuring Higgs(-portal) inflation

The nuMSM extends the SM by

3 right-handed SM singlet neutrinos [V, S M

[Asaka,Blanchet,Shaposhnikov 05, Asaka,Shaposhnikov "05]

ﬁl

*
EEE @

thereby solving four big problems in particle physics
and cosmology in one go:

1. Neutrino masses and mixing
2. Dark matter
3. Baryon asymmetry
4. Inflation
It predicts: [Bezrukov,Gorbunov.Shaposhnikov "09] )
A\ 1/4
3.4 x 10" GeV < TWMSM <9 3 % 10! GeV (%)

Guos (TVMEMY ~ 109,75
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GW Background from Primordial Thermal Plasma

Minimal BSM extensions featuring Higgs(-portal) inflation

SMASH extends the SM by
« 3 right-handed SM singlet neutrinos N - . . .
o) = 5 (vg + p(a)) €4/

* 1 SM singlet complex scalar o \/5

1 vector-like extra quark ()

thereby solving five big problems in particle physics
and cosmology in one smash:

1. Neutrino masses and mixing u
2. Dark matter m
3. Baryon asymmetry E
4. Inflation
5. Strong CP problem
It predicts:
8 x 10° GeV S T <2 % 10'° GeV [Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414: 1610.01639]

Guos (TSMASHY ~ 194 5
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GW Background from Primordial Thermal Plasma
Primordial GW spectra for nuMSM and SMASH
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Observational Constraints on the CGMB

« CGMB acts as an additional dark radiation field in the universe

« BBN and the process of photon decoupling of the CMB yield a very precise measurement of the energy
density, when the universe had a temperature of Tzpy ~ 0.1 MeVand Toyp ~ 0.3 eV, respectively

« Constraint on presence of "extra’ radiation is usually expressed in terms of an extra effective number of

neutrinos species:
[ df pOL
h? / — Qcamp(f) = h* ZEEMB <56 x 107° ANg

(0)
0 / Pe

e Current best bounds:

(0)
p2 PCGMB 1 9 5 106 , for adiabatic initial conditions

,020) [Pagano,Salvati,Melchiorri, 16]
(0)

« K2 pc%\fB <29x%x1077  (95% CL), for homogeneous initial conditions [Clarke,Copeland,Moss "20]
Pc
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Observational Constraints on the CGMB

« Confronting the CGMB predictions with the dark radiation constraints gives the following bounds on the
maximum temperature:
SM vMSM SMASH MSSM

Tmax [GeV] < || (1.2-5.1) x 10* || (1.3-5.4) x 10'? || (1.4-6.0(1)) x 10'? || (2.3-9.4) x 10*°

- Limits larger than the reduced Planck scale, Mp = 1/v 871G ~ 2.435 x 10'® GeV
* On the other hand, the Equilibrium CGMB predictions, applicable for T},.x > Mp,

(0) —4/3
32 PEq.CGMB h27T2T6l [ Gxs(fin) 4/3 30 %107 Gxs(Mp) /
) . —_

o0 4BHEMPE | gus(Mp 106.75

just saturates the dark radiation bound obtained assuming homogeneous initial conditions, if 9«s(Mp) ~ 106.75

» Future prospects of dark radiation constraints:
SM vMSM SMASH MSSM

TANe=0.001 IGeV] < || 2.3 x 1017 || 2.4 x 1017 || 2.7 x 1017 || 4.39 x 107

max
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Observational Constraints on the CGMB
CMB Rayleigh-Jeans tail constraint

* In the presence of magnetic fields, GWs are converted into

electromagnetic waves (EMWSs) and vice versa. This is called
the (inverse) Gertsenshtein effect

[Gertsenshtein "62,Boccaletti,.. "70,Zeldovich,.. "73,Delogi,.. ' 77,Raffelt,.. "87]

. L
GW all AAAAA~
AAAAAS W
AVAVAVAVAY =
X n(;)
Yy

[AR,Schutte-Engel, Tamarit ‘20]

Y
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In the presence of magnetic fields, GWs are converted into
electromagnetic waves (EMWSs) and vice versa. This is called
the (inverse) Gertsenshtein effect

[Gertsenshtein "62,Boccaletti,.. "70,Zeldovich,.. "73,Delogi,.. ' 77,Raffelt,.. "87]

This conversion distorts the CMB, which can act therefore as a
detector for MHz to GHz GWs [Domcke,Garcia-Cely "20]

Measurements of the radio telescope EDGES and ARCADE 2
have been turned into bounds on the characteristic dimension-
less amplitude of stochastic GWs,

he(f) = 1.26 x 10727 [G?Z] VR Qaw (f)

Bounds strongly depend on the uncertain strength of cosmic
magnetic fields

Observational Constraints on the CGMB

characteristic strain h,
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Laboratory Searches for the CGMB

Current and projected bounds on the amplitude of GWs
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Laboratory Searches for the CGMB

* |nverse Gertsenshtein effect: [Gertsenshtein '62,Boccaletti,.. *70,Zeldovich,.. *73,Delogi,.. ‘77, Raffelt,.. "87]

- L -
GW B | AAAAAS
AAAAAS W
AVAVAVAVAY =
X n(;)
Y

[AR,Schutte-Engel, Tamarit 20]

» Average power of the generated EMW, per logarithmic frequency interval, at the terminal position of the magnetic field:
APitiw 2 2720 p) 2 12 23 fo [he(D) [BIP[E]7 [ A
— 2W ~ A=42 1 — — — —
=y =™ [Th)B°L O Wimenz | (12| |T| |m| |m2
» Average number of generated photons, per unit logarithmic frequency interval,
AN® f he ()12 B2 [L12 T AT [At
~ — fR2(f)B*L* AAt =159 | —%X—— - —| |=
/ df 2 fhe(f) 40 GHz | |10—2! T m m? S
» Figure of merit is BLA'Y? : similar to axion experiments (Light-Shining-through-Wall (LSW); Helioscope; Haloscope)
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Laboratory Searches for the CGMB

Magnetic GW-EMW conversion in vacuum

« Exploiting magnet field regions from available or planned axion experiments:

ALPS lic

Mirror (not visible)

Booster: 80 adjustable dielectric disks (@1.25 m)

9 T dipole magnet

Cryostat (4 K)

B[T] | L [m] [ d[m] | newes || BLAY? | f. [Hz] || [pSCMBJEET [ [pOGMBISTD
ALPS Ilc 5.3 211 | 0.05 1 49.6 Tm? | 4.6 x 1012 — —
BabyIAXO | 2.5 10 0.7 2 21.9Tm? | 1.1 x10% || 441 x 10722 | 3.52 x 10~2°
MADMAX | 4.83 6 1.25 1 32.1Tm? | 1.9x 10% | 3.01 x 10722 | 2.40 x 10~2°
IAXO 2.5 20 0.7 8 87.7Tm? | 2.2 x 10 || 1.10 x 1072% | 8.79 x 10—<°

«  To probe h.(40 GHz) ~ 10732, corresponding to 7T}, ~ M p, would need to increase BLA'/? by more

than six orders of magnitude!
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Laboratory Searches for the CGMB

« Li effect: GW 7
[Li,Tang,Shi ’03;Li,Yang '04;Li,Baker et al. "08;...]
(0) (1)
(0) nZ + nZ
X
Az %y
[AR,Schutte-Engel, Tamarit 20]
e . Jﬁﬂm
» Generated transverse photon flux is first order in h,. : Ny,

(1)
dn, 1 x Z
df ‘fO_ (fO)B( )EO ¢<1) < 3 Y ,5)

ZR wo ’wo ZR

/2+y/2
_/eXP (—IH_—/Q>
where ¢! (@,x',y',z',é) ~ 20z [12 VAN
ZR ZR 14 2] /

1 Z/—]_(xIQ +y/2) _q Z/ ) z/—1($/2 +y/2) 1
{m COS < [1 n Z/_z] — tan / + 5) m Sin ( [1 I Z/_z] — tan / + 5) }

» Depending on overall sign, that is on relative phase difference, flux points either in positive or negative x direction

f

« Place place at x = Fx Rt reflectors, which could reflect and focus a portion of this flux to receivers and detectors pla-

ced at positions T = X pet Which are further away from the GB and therefore expected to suffer less from noise
DESY. | Gravitational Waves as a Big Bang Thermometer | Andreas Ringwald, Virtual Particle and Astroparticle Physics Colloquium Hamburg, 8 Dec 2020 Page 35



Laboratory Searches for the CGMB

Magnetic GW-EMW conversion in a VHF EM Gaussian beam

« Lieffect: GW 3
/\M/vv
[Li,Tang,Shi '03;Li,Yang '04;Li,Baker et al. "08;...]
(0) (1)
(0) n, + n,
X
. : " Az [Ay
[AR,Schutte-Engel, Tamarit ‘20]
e : Jﬁj (1)
» Sensitivity estimate: Ny
2 [ ALy 170 0.20F
7 - Afo
[hCGMB] GB ~ 4 02 % 10—29 77—1 S/N At fo % Loglo]:él)
c sens ~ 2 | 104 s 10—6 0151 -5.27
) | B -5.61

1/2 4 -1 - —1 -1 TS 010 -5.

« 1| b / Ly By L AyAz 1 (er) g M0 a2

10—3 Hz 5% 10°V/m 10T S5m 0.01 m?2 10-5 0.05l —6.63

- : -6.97

o ol s -7.31
where  F((z) = 1 wozr /ch /dy’ / dz' O (@7:3/,3/72/,5) 00 01 02 03 o4 BT
v 4 AyAz T\ 2R 2 [m]
0 0 L

+  To probe h.(40 GHz) ~ 107, correspoﬁRding to Tax ~ Mp, seems possible in long term!
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Laboratory Searches for the CGMB

Projected sensitivities

10_19 - 1

10-24 | |

< 10729} '

- Eq. CGMB |

SM ANer=1072 |

10734 | SMi. b. -

L MSM |

| SMASH |

10—39 - | | R N\
1010 101

f [Hz] [AR,Schiltte-Engel, Tamarit ‘20]
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Summary

« A measurement of the maximum temperature of the hot big bang era may give a way to discriminate bet-ween
different pre hot big bang scenarios

« Any measurement of Tyax above 6.6 x 10*° GeV [g>,<p(Tmam)/106.75]_1/4 would rule out slow-roll inflation and perhaps
point towards a bouncing scenario

CGMB
lcaMB h;

+ A measurement of Qcams(fooe™®) or hRSMB(fe ) allows to determing Tiax and ges(Tiax)
. Current dark radiation constraints implies Tmax S 10" GeV | Improvement prospects: two orders of magnitude.

* Investigated magnetic GW-EMW conversion in a 40 GHz Gaussian beam, delivered by a MW-scale gyrotron,
as a search technique for stochastic GWs at frequencies around fggak ~ 40 GHz [g.p(Timax)/106.75/] /3. The
direct detection of the CGMB at a level corresponding to Tmax ~ Mp seems possible, although challenging.
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Outlook

« Currently, a community is forming which seriously considers the search for high-frequency gravitational
waves: CERN-TH-2020-185

HIP-2020-28/TH “Center for Fundamental Physics, Center for Interdisciplinary Exploration and Research in Astrophysics
DESY 20-195 (CIERA), Department of Physics and Astronomy, Northwestern University, Evanston, Illinois 60208,
USA,
®Instituto Nacional de Pesquisas Espaciais (INPE), 12227-010 Sao Jose dos Campos, Sao Paulo, Brazil,
¢GSI Helmholtzzentrum fiir Schwerionenforschung, 64291 Darmstadt, Germany,
4 [stituto Nazionale di Fisica Nucleare, Sezione di Pisa, Largo B. Pontecorvo 3, 56127 Pisa,
¢Service de Physique Théorique, Université Libre de Bruxzelles, CP225,
boulevard du Triomphe, 1050 Brussels, Belgium,
I School of Physics and Astronomy, University of Birmingham, Edgbaston, Birmingham, UK,
9 Theoretical Physics Department, CERN, 1211 Geneva 23, Switzerland,
" Institute of Physics, Laboratory for Particle Physics and Cosmology, EPFL, CH-1015, Lausanne,
Switzerland,
 Deutsches Electronen Synchrotron (DESY), 22607 Hamburg, Germany
J Instituto de Fisica Corpuscular (IFIC), University of Valencia-CSIC, E-46980, Valencia, Spain,

Challenges and Opportunities of Gravitational Wave
Searches at MHz to GHz Frequencies

g N. Aggarwal®*, O.D. Aguiar®, A. Bauswein®, G. Cella?, S. Clesse®, A.M. Cruise/, V. Domcke?+*, * Center for Fundamental Physics, Depmg‘ment of I;llllusgg‘:"d Astronomy, Northwestern University,
=} D.G. Figueroa’, A. Geraci®, M. Goryachev!, H. Grote™, M. Hindmarsh™°, F. Muia?***, N. Mukund?, vanston, IL, ’

(Q\ D. Otta‘vi‘,r.s. M. Pelosot*. F. Qlle‘,é(lop.«. A. Ricciardonet™. J. Steinlechner”®**. S. Steinlechner®*-*. LARC Centre of Excellence for‘Enginee?"ai‘ Quaﬂtum Systems, Department of Ph;z/sz"csA University of

E S. Sun¥*, M.E. Tobar!, F. Torrenti®, C. Unal?, G. White? W‘)st'irgafd‘z;;rgl:jypj:lf;wé”%5;22;:‘1(:1': g’:;j‘)g AAWA CZ;’;};T A;;{tmlm.

Z " Department of Physics and Helsinki Institute of Physics, PL 64, FI-00014 University of Helsinki, Finland
<t ?Department of Physics and Astronomy, University of Sussex, Brighton BN1 9QH, UK

N Abstract PDAMTP, Centre for Mathematical Sciences, Wilbeforce Road, Cambridge, CB3 0WA, UK,

— 9 Maz-Planck-Institut fir Gravitationsphysik (Albert-Einstein-Institut) and Institut fir Gravitationsphysik,
8_' The first direct measurement of gravitational waves by the LIGO and Virgo collaborations has Leibniz Universitat Hannover, Callinstrafie 38, 30167 Hannover, Germany,

A OP?lle(l up new avenues to explore our Universe. This \x_'hite paper outlines th_e challenges_ and " Department of Physics, School of Physical Sciences and The Institute of Photonics and Advanced Sensing
Eb gains expected in gravitational wave searches at frequencies above the LIGO/Virgo band, with a (IPAS), The University of Adelaide, Adelaide, South Australia, Australia

rXiv:2011.12414v1 |

d

particular focus on the MHz and GHz range. The absence of known astrophysical sources in this
frequency range provides a unique opportunity to discover physics beyond the Standard Model
operating both in the early and late Universe, and we highlight some of the most promising
gravitational sources. We review s al detector concepts which have been proposed to take
up this challenge, and compare their expected sensitivity with the signal strength predicted in
various models. This report is the summary of the workshop Challenges and opportunities of
high-frequency gravitational wave detection held at ICTP Trieste, Italy in October 2019.

S Australian Research Council Centre of Excellence for Gravitational Wave Discovery (OzGrav)
t Dipartimento di Fisica e Astronomia ‘Galileo Galilei’ Universita di Padova, 35131 Padova, Italy,
“INFN, Sezione di Padova, 35131 Padova, Italy,
Y Maastricht University, P.O. Box 616, 6200 MD Maastricht, The Netherlands,
" Nikhef, Science Park 105, 1098 XG Amsterdam, The Netherlands,
TSUPA, School of Physics and Astronomy, University of Glasgow, Glasgow, G12 8QQ, Scotland,

Y Department of Physics and INFN, Sapienza University of Rome, Rome I-00185, Italy,
*School of Physics, Beijing Institute of Technology, Haidian District, Beijing 100081, People’s Republic of
China,

@ Department of Physics, University of Basel, Klingelbergstr. 82, CH-4056 Basel, Switzerland,
SCEICO, Institute of Physics of the Czech Academy of Sciences, Na Slovance 1999/2, 182 21 Prague,
Czechia,

YKavli IPMU (WPI), UTIAS, The University of Tokyo, Kashiwa, Chiba 277-8583, Japan.

Detecting the CGMB sets an ambitious, but rewarding goal for this enterprise.
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GW Background from Primordial Thermal Plasma
CGMB spectrum for SM
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5.0x1010

[AR,Schuitte-Engel, Tamarit ‘20]
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Mp

3 1/3
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GW Background from Primordial Thermal Plasma

Effective number of degrees of freedom in SMASH

SMASH. r = 0.00G8 SMASH. » = 0.0
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Observational Constraints on the CGMB

CGMB CGMB

Tmax [GeV] || f206m® [GHz] | fle, [GHz] | B*Qoams(F205M®) | ASGMB(fle -

SM > Mp 74.45 30.26 2.27x1077 1.17x10~32

2.3x10%7 80.09 40.48 4.47%x1079 1.42x10~33

6.6x101° 80.23 40.69 1.34x10~10 2.45%x 10734

> Mp 73.75 29.98 2.19%x10°7 1.16x 1032

vMSM 2.4x10%7 79.34 40.10 4.43%x1079 1.43%x10733

6.6x101° 79.48 40.32 1.27x1010 2.41x10~34
(3.4-11)x10%3 79.73-79.67 40.69-40.60 | (7.02-22.34)x10713 | (1.78-3.19)x 10735

> Mp 70.99 28.85 1.88x107 1.11x1032

SMASH 2.7x10%7 76.72 38.98 4.40x1079 1.47x10733

(r=0.0037) 6.4x101° 76.83 39.18 1.09x 1010 2.30x 1034
(8-20)x10° 77.56-77.44 40.35-40.22 (1.64-4.02)x 10716 | (2.79-4.37)x 10737

> Mp 71.06 28.88 1.89x 107 1.11x10—32

SMASH 2.7x10%7 76.81 39.04 4.45%109 1.48x10733

(r=0.05) 6.4x1015 76.91 39.24 1.10x10710 2.31x10~34
(8-20)x10° T7.57-77.49 40.39-40.28 (1.65-4.06)x 10716 | (2.79-4.39)x 10737

> Mp 57.50 23.37 8.09%x10~8 9.02x10733

MSSM 4.4x10%7 64.75 36.29 4.60x109 1.72x10733

5.5x10%% 64.87 36.48 5.76x 1010 1.92%x 1034

DESY. | Gravitational Waves as a Big Bang Thermometer | Andreas Ringwald, Virtual Particle and Astroparticle Physics Colloquium Hamburg, 8 Dec 2020

Page 42



Observational Constraints on the CGMB
CMB Rayleigh-Jeans tail constraint
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