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Introduction

« Big Bang cosmology describes how the universe expanded from an initial state of extremely high density into
the cosmos we currently inhabit

Years after the Big Bang
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« It comprehensively explains a broad range of observed phenomena, including the abundance of light ele-
ments, the Cosmic Microwave Background (CMB) radiation, and the large-scale structure
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Introduction

Cosmic history prior to Big Bang Nucleosynthesis (BBN)?
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Introduction

Cosmic history prior to BBN may be probed directly by Gravitational Waves (GWSs)
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Introduction

* An eventual measurement of the complete spect-
rum of stochastic GWs may inform us in particular
about three cosmological events supposed to oc-
cur, according to the Standard Model of Cosmolo-
gy, in the very early universe:
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* An eventual measurement of the complete spect-
rum of stochastic GWs may inform us in particular
about three cosmological events supposed to oc-
cur, according to the Standard Model of Cosmolo-
gy, in the very early universe:
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tion-dominated era
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The beginning of the hot thermal radiation-dominated
era after reheating

« This is exemplified with a well-motivated and pre-
dictive extension of the Standard Model (SM),

providing a complete model
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 for particle physics - up to the Planck scale
» for cosmology - back to inflation

« Has been dubbed SM*A*S*H model

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]
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Standard Model*Axion*Seesaw*Higgs-Portal Inflation

Minimal model of particle physics and cosmology  [Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

SMASH extends the SM

S M
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Standard Model*Axion*Seesaw*Higgs-Portal Inflation

Minimal model of particle physics and cosmology  [Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

SMASH extends the SM by
3 right-handed SM singlet neutrinos [V,
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2. Dark matter (Axion)
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Standard Model*Axion*Seesaw*Higgs-Portal Inflation

Minimal model of particle physics and cosmology  [Ballesteros, Redondo, AR, Tamarit, arXiv:1608.0534d4; 1610.01639]

SMASH extends the SM by
3 right-handed SM singlet neutrinos [V,

* a SM singlet complex scalar field o

« a vector-like extra quark @

all charged under a new global U(1)pq symmetry, that is
spontaneously broken by vev (|o|) = v, /v2 ~ 10! GeV

It solves five puzzles in particle physics and cosmology
in one smash:

Strong CP problem (Peccei Quinn (PQ) mechanism)
Dark matter (Axion)

Neutrino masses and mixing (Typ | seesaw mech.)

=

Baryon asymmetry (Thermal leptogenesis)
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Standard Model*Axion*Seesaw*Higgs-Portal Inflation

Minimal model of particle physics and cosmology  [Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

SMASH extends the SM by

3 right-handed SM singlet neutrinos [V,
* a SM singlet complex scalar field o
« a vector-like extra quark @

all charged under a new global U(1)pq symmetry, that is ‘
spontaneously broken by vev (|o|) = v, /v2 ~ 10! GeV m E

It solves five puzzles in particle physics and cosmology . . .
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Strong CP problem (Peccei Quinn (PQ) mechanism)
Dark matter (Axion)

Neutrino masses and mixing (Typ | seesaw mech.)

Baryon asymmetry (Thermal leptogenesis)

a > w0 Dbh =

Inflation (Higgs-portal inflation)
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Inflation in SMASH

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate
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[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate

» Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,
2

M
SD_/d4x@ [T +ép H'H + ¢ 00| Ry Mp = M? + £gv? + &,02
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Inflation in SMASH

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate

» Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

M2
SD_/d%@ [T +ép H'H + ¢ 00| Ry Mp = M? + £gv? + &,02

« Non-minimal couplings stretch scalar potential in Einstein frame; make it
convex and asymptotically flat at large field values

~ 1 A 2 >\g' 2 A o
V(h,p) = (i p) [ f (h2—v2) +Z (,02—1)3) + I; (h2—v2) (,02—1)3,)
h2 — 0?) + €, (p? — v2
@201,y = 1 4 $10° =)+ 6P )
P

[Spokoiny 84; Futamase,Maeda 89; Salopek et al. 89; Fakir,Unruh 90; Bezrukov,Shaposhnikov 08; Fairbairn et al.. 14]
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Inflation in SMASH

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate

» Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

M2
SD_/d%@ [T +ép H'H + ¢ 00| Ry Mp = M? + £gv? + &,02

« Non-minimal couplings stretch scalar potential in Einstein frame; make it
convex and asymptotically flat at large field values

~ 1 A 2 >\o' 2 A o
V(h,p) = (i p) [ f (h2—vz) +Z (,02—1)3) + g (h2—v2) (,02—1)2)
h2 — 0?) + €, (p? — v2
@201,y = 1 4 $10° =)+ 6P )
P

* Requirel > &, > £y > 0, to avoid problems with perturbative unitarity
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Inflation in SMASH

[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate

» Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,

M2
SD_/déw__g [T +ép H'H + ¢ 00| Ry Mp = M? + £gv? + &,02

« Non-minimal couplings stretch scalar potential in Einstein frame; make it
convex and asymptotically flat at large field values

~ 1 A 2 >\g' 2 A o
V(h,p) = (i p) [ f (h2—f02) +Z (,02—1)3) + I; (h2—v2) (,02—1)3)
h2 — 0?) + €, (p? — v2
@201,y = 1 4 $10° =)+ 6P )
P

* Requirel = &, > &g > 0, to avoid problems with perturbative unitarity

* For negative portal coupling, Ay, < 0, the scalar potential in Einstein
frame has a valley = attractor for inflation along the line h/¢ = / —Auo/Au

¢ = V2Reo
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[Ballesteros, Redondo, AR, Tamarit, arXiv:1608.05414; 1610.01639]

Mixture of the modulus p = v/2 | o | of the Peccei-Quinn (PQ) field with
the modulus of the Higgs field is a perfect inflaton candidate

» Exploit unavoidable non-minimal coupling of Higgs and PQ field to gravity,
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« Non-minimal couplings stretch scalar potential in Einstein frame; make it
convex and asymptotically flat at large field values

~ 1 A 2 >\g' 2 A o
V(h,p) = (i p) [ f (h2—f02) +Z (,02—1)3) + I; (h2—v2) (,02—1)3)
h2 — 0?) + €, (p? — v2
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* Requirel = &, > &g > 0, to avoid problems with perturbative unitarity

* For negative portal coupling, Ay, < 0, the scalar potential in Einstein
frame has a valley = attractor for inflation along the line h/¢ = / —Auo/Au

« Effectively single field inflation with potential (in Einstein frame) é = V2 Rec

ooy g o00*\ T ;5 2, Q2 dy/dg ~ (b0 + 6.2 ¢* /M)

V00 = Pheo(o! (1462090 L Aoz, (1o 52 o= (0P + 662 62 /M3)
P o/ H b=1+ | gs/Au]|
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Inflation in SMASH
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Inflation in SMASH

Density waves and GWs
—2

~ - 2
Vi(x) = %Aaqﬁ(x)4 1+ 60%

Quantum fluctuations during slow-roll inflation
along this potential produce

e power spectra of density waves (scalar
metric perturbations) and GWs (tensor
metric perturbations)

A2y (k) = Agpa(h) (k k)"0
« consistent with CMB temperature

[PLANCK Collaboration, arXiv:1807.06205]
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Inflation in SMASH
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[PLANCK Collaboration, arXiv:1807.06205]
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Inflation in SMASH
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Inflation in SMASH

Density waves and GWs

V(x) = iﬂaqﬁ(x)“ (1 +&, % >_

Quantum fluctuations during slow-roll inflation
along this potential produce

e power spectra of density waves (scalar
metric perturbations) and GWs (tensor
metric perturbations)

A2 (k) = Agpe(k) (k)" m i

« consistent with CMB temperature and
polarization data for

7Tx1072 <€, ~4x 100/ A, <1

- tensor to scalar ratio,r (k) = A7 (k)/A%(k)

which is bounded from below at a level
which is observable at next generation
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[AR, Tamarit, arXiv:2203.00621] 714

CMB polarization experiments [BICEP Array, CMB-S4, LiteBIRD, Simons Obervatory]
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Inflation in SMASH

Density waves and GWs

~

1< 4 ﬁb(X)Q -
— S \o 1 o
Vi(x) 4A¢u)( +€_M%
Quantum fluctuations during slow-roll inflation
along this potential produce

e power spectra of density waves (scalar
metric perturbations) and GWs (tensor
metric perturbations)

A2 (k) = Agpe(k) (k)" m i

« consistent with CMB temperature and
polarization data for

7Tx 1073 < ¢, ~4 x 10?

~

Ao S1

Y

- tensor to scalar ratio,r (k) = A7 (k)/A%(k)

which is bounded from below at a level
which is observable at next generation
CMB polarization experiments
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0.100
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[AR,Tamarit, arXiv:2203.00621]

[ 68/95 % c.l., Planck 2018+BICEP/KECK 2021 1
- £,-0 ]
™~ ]
s Sa N 1073 ]
\ 10—2 ;
E ] "

- oo ‘|I 10 1

89 190 ]
0.955 0.960 0.965 0.970 0.975 0.980

Ux

[CMB data on r probe GW background from
quantum fluctuations during inflation (iGWB)
at a pivot scale around 0.002 Mpc™, corres-
ponding to a frequency around 101" Hz]
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GWs from Quantum Fluctuations During Inflation

Predicted spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]
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GWs from Quantum Fluctuations During Inflation

Predicted spectrum 1 dpicws(f) [AR, Saikawa, Tamarit, arXiv:2009.02050]
Qiaws(f) = = To(f
Pcrit dlnf
 Power spectrum of GWs generated during inflation expressed in terms of the present frequency:
2(F) = EH_2 ~ ~12 (A)2
AL (f) = =Ny A N ~ 3.4 x 10 TETem,

T T T T T T T T

L Hinl'

: H(‘ll(l

1072 107" 10> 10t 102 100 10?
3
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GWs from Quantum Fluctuations During Inflation

1 dpicws(f [AR, Saikawa, Tamarit, arXiv:2009.02050]
Qicws(f) = — ) N (f)
Pcrit dIn f

« Power spectrum of GWs generated during inflation expressed in terms of the present frequency:

2 H2 Hioe 2
A2(f)= = — ~ 3.4 x 10712 (—“)
t T2 M2 |, (@t /a0 ) Hans 1013 GeV

 Transfer function accounts for evolution of GWs after modes re-enter the horizon after inflation
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GWs from Quantum Fluctuations During Inflation

1 dpicws(f)
Pcrit dIn f

[AR, Saikawa, Tamarit, arXiv:2009.02050]

Qicws(f) = = To(f) AZ(f)

« Power spectrum of GWs generated during inflation expressed in terms of the present frequency:

2 H2 Hioe 2
A2(f)= = — ~ 3.4 x 10712 ( — )
t T2 M2 |, (@t /a0 ) Hans 1013 GeV

 Transfer function accounts for evolution of GWs after their modes re-enter the horizon after inflation

Wl

« Spectrum of primordial GWs from inflation almost flat up to dips and steps at frequencies corre-
sponding to temperatures at which EOS changes considerably,
17 [900(The()) ] ® 1 His
B2 Qs ~ 1.1 x 10-17 | $eetTh oo (The
GWB X [g*s(Thc(f)) 9xp(The(f))] 1015 GaV

« The(f): Temperature at which mode corresponding to frequency re-entered horizon after reheating:

1/2
ThC(f) - 108 GeV 12fHZ [i*:((j%;?cc((']{)))] [g*s(Thc(f)]_l/G
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GWs from Quantum Fluctuations During Inflation

Cosmic history imprinted in primordial GW spectrum [AR, Saikawa, Tamarit, arXiv:2009.02050]
Thc [GGV]
107" 1078 1075 102 10 10* 107
107 TN TP T Ty Ty T T ATy Ty T T T Ty T Ty Ty Ty Ty Ty T Ty T Ty Ty e
photon last scattering PQ phase transition ]

neutrino decoupling
electroweak crossover

1 0_14 uim

matter-radiation equality

QCD crossover

axion decoupling

e*e” annihilation

10_15 amy

Qg2

1016

-
-

il

10717
1017 10714 10" 1078 1075 1072 10

J [Hz]
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GWs from Quantum Fluctuations During Inflation

Can be probed directly by future space-born interferometer [AR, Saikawa, Tamarit, arXiv:2009.02050]
Thc [GGV]
1 1072 1 102 104 10% 108
10 =) AL AL L LLLL N AL ALLL SR LLLL SR AL B LLLLL N AL B AALL RA ALY NS FEALLL
— LIPTA/ i 3
- ! 1 nl -
| ) [] 1n!
E 1 ] ] 'y =
= 1 1 ’I 1 ‘ e
- [ [ 'n
[ 1 ‘ ] | ,' ¥ ‘\ /]
10—13 : / ,' { 1o A1
? 1/ / b\ ”/I \\..’ lr?
— W ',' SKA N white dwarf o ce 1
L : ’l \ II -
— 1 1 1 =
= ) -
— [ II — Benchmark point | 1 | 2 | 3 | 4
10-15 : /! -
¥ ;3 7(0.002 Mpc ™) 0.048 0.0096 0.0068 0.0037
[a\] / —]
i J | n5(0.002 Mpe™!) | 0.9642 0.9663 0.9665 0.9666
o0 !
c # g é./Mp 22 18 16 8.4
1
10-17 = /, g £,(64) 0.0096 0.079 0.14 1.0
- / - Xo(64) 9.1x10713 | 9.0x10712 | 2.0x 1071 | 5.3 x 10710
= f ) H -
= === SMASH (benchmark point 1) ultimate \\\ /! = Ao (Mp) 44%x10712 | 1.4x10710 | 5.0x 101 | 4.4 x 1070
— i DECIGO ! -
010 SMASH (benchmark point 2) \\ / _ Nito (M) 15 %106 | —6.0x10-5 | —6.5x 10-5 | —2.9 x 10-5
= SMASH (benchmark point 3) N ! 3
— SMASH (benchmark point 4) R ) - A (Mp) 0.63 0-26 12 0-21
E \\ / —
= ~_/ E y(Mp) 0.00056 0.0014 0.00086 0.0027
O A1 T T 1T 1 T 1 1 AV 1/ MM WANITT Yii(Mp) 0.0011 0.0025 0.0016 0.0045
107° 107 107° 1073 101 10

f [Hz]
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GWs from Quantum Fluctuations During Inflation

Ultimate DECIGO sensitive to step in primordial spectrum due to PQ phase transition

24/6A5Vs

~ ~ )\i/él Vo
\/8()\0 + )\Ho-) + Zz }/ﬁ + 6y2

C

The [GeV] Axion 100% DM: 10" GeV < v, < 2.2 x 10" GeV
10° 106 107 108 10° [Hiramatsu et al. 11,12,13; Kawasaki,Saikawa,Segikuchi 15; AR,Saikawa "16;

1 .45 ° 10_17 I TTT1 || | | T I TRl || | TTTT1 || T T T TTT1T || I T I| TTTI || T T K|aer,M00re ‘17, GOthettO,Hal’dy,VI”adOI’O ‘18, BUSChmann et al 19, HlndmarSh 19,

B B Gorghetto,Hardy,Villadoro '20; Buschmann et al. 21]
: [TO.OOQZO-OOQGJ : I T IIIII| I I I IIIII| I I I IIIII| I I T TTTT
1.40 - 1077 f.. . - i .
L — e ol B 120~ ]
N ~l"1-}-. Standard Model EOS ] L i
135 : 10_17 __ ™ —_ - —
o B ] L i
-17[ e 1 2 1151 _
2 1.30- 107"~ T+ 1 = r i
c B .~~.... | $o-| | B
: ~~~.~. ] % - |
.10-17 1= N Bl S N = -
1.25- 10717 ~ : ol b
- ultimate - . - |
B DECIGO - \ i 1
1.20- 1077 . R .
N i 105!| -
1.15'10_17 I EEEETT I L] Ll L1 L1l L1 L1 i Lol L il [ N [ ||||||_

1072 1072 1071 1 10 102 105 108 107 108 10°
f [Hz] T [GeV]

[AR, Saikawa, Tamarit, arXiv:2009.02050]
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GWs from Quantum Fluctuations During Inflation
The bigger picture

_I_IIII T IIIIIIII T Illlllll I IIIIIIII 1 IIIIIIIl 1 IIIIIIII T IIIIIIII 1 IIIIIIII T IIIIIIII 1 IIIIIIII I IIIIIIII 1 IIIIIIII 1 IIIIIIII T L
10 11 L ]
10 14 | i
I | Benchmark for r(k.) = 0.036 :
% | inflation ] bs = 21.4Mp
S 10° 17 L . go'(¢*) =0.014
RS I ) : Mo (¢s) = 1.25 x 10712
i 1 - Hena = 1.8 x 1075 Mp
10" 20 + : - Nposs = 64.3
: : : Benchmark for r(k.) = 0.0037 :
- ! « = 8.4M
10" 23+ [ T ¢ i
I i ] §o(s) = 1.0
llllI 1 llllllll 1 lllllllI 1 lll[llll 1 llllllll 1 llllllll 1 llllllll 1 llllllll 1 lllllllI 1 llllllll 1 Illlllll 1 llllllll 1 llllllll L1 XU(¢*) — 5.3 >< 10_10
101 10° 10° 107 10° 1011 Mo =24 % 10-5Mp
Npost - 640

f |Hz]
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GWs from Quantum Fluctuations During Inflation
The bigger picture

Lllll T |||||||I T |||||||| I |||||||I T |||||||| T T TTIT T |||||||I T |||||||I T |||||||I T T TTIIr T |||||||I T |||||||I I |||||||I T |_
10 11 L ]
10 14 | N
I . . o o~ Npost ] - Benchmark for (k) = 0.036 :
. . iIGWB __ en
% | inflation knee = (-1 x 10" Hz [5 1012 GeV] [ g ] by = 21.4Mp
S 10° 17 L . go'(¢*) =0.014
= ! - 2 N ] Ao ($2) = 1.25 x 10712
B Qigws ~ 1.1 x 1071 (%) 1 - Hena = 1.8 x 1070
- 20 1013 GeV . end — - P
1074+ : - Npost = 64.3
: : : Benchmark for r(k.) = 0.0037 :
10° 23 | : i ¢« = 8.4Mp
I i | §o(¢x) = 1.0
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GWs from Stochastic Scalar Fluctuations during Reheating

Reheating after inflation
* Inflation ends when ¢ ~ O(Mp)

[Ballesteros,Redondo, AR, Tamarit, 1610.01639]
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GWs from Stochastic Scalar Fluctuations during Reheating

Reheating after inflation
* Inflation ends when ¢ ~ O(Mp)

« Preheating A Inflation
5
Q
dc’ -~ O
©
c
9
(o]
o

Value oI>
reheating end inflaton
the universe inflation field

[Garcia-Bellido 99]
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GWs from Stochastic Scalar Fluctuations during Reheating

Inflation ends when ¢ ~ O(Mp) 10 e .. - T T ]
Preheating oal
» Violent decay of inflaton and copious production I
of fluctuations of bosonic fields coupled to it -
06
« Exponentially rapid growth of small inhomo- > -
geneities emerging from vacuum fluctuations \: I
« Growth stopped by violent backreaction and 0471 o
rescattering of waves HJ m MW
v ammnummm'n'mu.wu
Il MWMWWWWW it l’! 'l"'l"H'l
00 0 100 200 400

[Ballesteros, Redondo, AR, Tamarit, arXiv:1610.01639]
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GWs from Stochastic Scalar Fluctuations during Reheating

Reheating after inflation
* Inflation ends when ¢ ~ O(Mp)

* Preheating

» Violent decay of inflaton and copious production
of fluctuations of bosonic fields coupled to it

« Exponentially rapid growth of small inhomo-
geneities emerging from vacuum fluctuations

» Growth stopped by violent backreaction and
rescattering of waves

+ Inflaton fragmentation: nonlinear formation
and collision of bubble-like large value field
regions

« Collisions of bubbles generate gravitational
waves

[Khlebnikov,Tkachev 97; Easther, Lim 06; Easther, Giblin, Lim 06, Felder,Kofman 07; Dufaux et al. 07;
Garcia-Bellido, Figueroa 07; Garcia-Bellido, Figueroa, Sastre 08; Easther, Giblin, Lim 08; Dufaux et al. 09]

[Frolov, https://arxiv.org/abs/0809.4904]
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GWs from Stochastic Scalar Fluctuations during Reheating

« Determine GW spectrum at end of preheating by solving linearized GW equation in momentum space in a
FRW background using Green's function methods: [Dufaux et al. 07]

k3 2
Sk(Tﬁn) — W/dQZ{ }
P m,n

« 7 denotes conformal time (with current value 7o and satisfying dr/dt = 1/q), V is the 3D spatial volume, T, (7', k) are
the Fourier transforms of the spatial components of the transverse-traceless projection of the stress-energy tensor,

2
+

Tfin
/ dr'cos(km")a(TTEY (77, k)

in

Tfin
/ dr’ sin(k")a(r")TET (7', k)

in

T K) = (Pl P ) 5 Pon (K500 ) 35 [ B e )7k~ )

~

« k denotes the unit vector in the direction of the 3-momentum k , While P,,,,, (k) = dpn — k..k, are transverse projectors, and the sum
over j runs over all real scalar fields
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GWs from Stochastic Scalar Fluctuations during Reheating

« Determine GW spectrum at end of preheating by solving linearized GW equation in momentum space in a
FRW background using Green's function methods: [Dufaux et al. 07]

k3 2
P m,n

« 7 denotes conformal time (with current value 7o and satisfying dr/dt = 1/q), V is the 3D spatial volume, T, (7', k) are
the Fourier transforms of the spatial components of the transverse-traceless projection of the stress-energy tensor,

2
+

Tfin
/ dr’ sin(k")a(r")TET (7', k)

in

Tfin
/ dr'cos(km")a(TTEY (77, k)

in

T K) = (Pl P ) 5 Pon (K500 ) 35 [ B e )7k~ )

~

« k denotes the unit vector in the direction of the 3-momentum k , While P,,,,, (k) = dpn — k..k, are transverse projectors, and the sum
over j runs over all real scalar fields

»  Current spectrum of stochastic GW background from preheating is then

W Qpaws(f) = h*Qad [%] - [Z((:;))] 1—3@”&(5;3&7;()%) k=27 fag

e h?Q.q = 4.2 x 107° is the current energy fraction of radiation, while 2(7) is the total energy density, T. is the moment
at which the time-averaged stress-energy tensor reaches a well defined equation of state » =wp; 7rh denotes the
time at which the light particles produced by the inflaton's fragmentation dominate the energy density.
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GWs from Stochastic Scalar Fluctuations during Reheating

Lattice simulations

. Simulated 3 real scalars, 1 = V2Reo (t,x), ¢2 = v2Imo (t, x), h(t,x), with h decaying into a relativistic bath
of SM particles with energy density psm(?), in an expanding FRW universe:

. a. 1., 1%
n —%n T T o n ’ :1727
) +3a¢ a2V¢ +—3¢n n
.4 1o, AV .

_h - - I’ —
ht3=h— —Vh+ o+ Tih =0,

. a :
psMm + 45PSM —Tph? =0,

<N\ 2
3M} (a) =psm +V + % (cz'b? + ¢ + h2> ;! ((v¢1)2 + (Vo) + (Vh)2) |

a 2a2
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GWs from Stochastic Scalar Fluctuations during Reheating

« Simulated 3 real scalars, ¢1 = \/§Rea(t,x), $2 = V2Imo (t,%), h(t, x), withh decaying into a relativistic bath
of SM particles with energy density psm(?), in an expanding FRW universe:

.o C’I/. 1 —)2 aV
n —¥n T T o n 9 :1727
0 +3agb aQV o) +—3¢n n
a4 1o, OV .

bl A AT, h =
bt 3-h— V2t =+ Thh =0,

. a -
psm + 45PSM —Tph* =0,

SN 2
3M7 (g) =psm+V + % (fb% +¢5 + h2> + # ((V¢1)2 + (Vo) + (Vh)2) :

« Used modified version of “CLUSTEREASY” [Felder, Tkachev 08] . Changes account for Higgs decay, SM radia-
tion and impact on scale factor evolution, modified initial conditions for super-horizon modes
) . ] [Ballesteros,AR, Tamarit,Welling, arXiv:2104.13847; AR, Tamarit, arXiv: 2203.00621]
« Used lattices with 2563 points
« Used 8 powerful CPU cores running for ~7 days,

« Computed up to tau = 2000 (rescaled conformal time in program units)
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GWs from Stochastic Scalar Fluctuations during Reheating

Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Power spectra of Re o (left) and Im o (right) for BP1, as a function of today's frequency for subsequent values of the conformal
time. The red line corresponds to the final time of the simulation.

1022
1018
N
= g
R o
o 12 i
Y = 1014
D @)
= g
= I 1010
= i
] N@
| 108
7 7 8 8 9 ' —
f [He] f [Hz]
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GWs from Stochastic Scalar Fluctuations during Reheating

Power spectra obtained by lattice simulations [AR, Carlos Tamarit, arXiv: 2203.00621]

Present energy density of GWs for BP1, with the source integrated up to different times. The red line corresponds to the
final time of the simulation.
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GWs from Stochastic Scalar Fluctuations during Reheating

The bigger picture

10° 11
107 14
% I
'Q =
10 20

10" 23
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[AR, Carlos Tamarit, arXiv: 2203.00621]

Benchmark for (k) = 0.036 :

p. = 21.4Mp
€x(px) = 0.014
Ao(ps) = 1.25 x 10712

Benchmark for r(k.) = 0.0037 :

Px = 8.4Mp

§o(ps) = 1.0
Ao(ps) = 5.3 x 1071C
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GWs from Stochastic Scalar Fluctuations during Reheating

The bigger picture [AR, Carlos Tamarit, arXiv: 2203.00621]
AL I L I L I L ALLL I I IR ILLRLLL BELELLLLL B IR B
reheatin GWB _ 13 o /5 [Pena ] [ Voot
11l p 8 PRAE = 3.5 x 10" Hz i/ A, [Mp] [ — ] ,
U4
/, h2Q - ]_7 X 10_704 %end 2 €_4Npost
y /’ PGWE = T 2 5x 1012GeV | | ¢ 465
10 ‘ /l .
= | inflation F4
O /
C} 10° 17 L ‘I i
S y
< / Y
V4
I y .
-20 | i i
10 / :
L V4 1
U
L ,l 1
1
10° 23 L l, . |
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GWs from Stochastic Scalar Fluctuations during Reheating

The bigger picture

h*Qaw

1011 _
10”14 _
10° 17 _
10" 20 —

10" 23

preheating

pGWB _

[AR, Carlos Tamarit, arXiv: 2203.00621]

_N,
13 ~ I3 Dend e “Tpost
oy, [2] 2]

2
h*QpawB ~

inflation

f [Hz]
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.X10_7a[ Heond rle—wpost]

5 x 1012 GeV e—465

Benchmark for (k) = 0.036 :

¢y = 21.4Mp
£,(hy) = 0.014
Ao () = 1.25 x 10712

k= 0.05
Gend = 2.2 Mp
Nypost = 64.3
a=1x10""°

Hena = 1.8 x 107Mp
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GWs from Stochastic Scalar Fluctuations during Reheating

The bigger picture

h*Qaw

1011 _
10”14 _
10° 17 _
10" 20 —

10" 23

preheating

pGWB _

[AR, Carlos Tamarit, arXiv: 2203.00621]
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.X10_7a[ Heond rle—wpost]

5 x 1012 GeV e—465

Benchmark for r(k.) = 0.0037 :

¢, = 8.4Mp
o (d4) = 1.0
Ao () = 5.3 x 10710
i =0.08
$ena = 0.76 M p
Npost = 64.0
a=3x10"%

Heng = 2.4 x 107 Mp

Page 57



GWs from Thermal Fluctuations after Reheating

Reheating temperature in SM*A*S*H predicted [AR, Carlos Tamarit, arXiv: 2203.00621]

Evolution of the mean energy densities of the scalars (blue) and radiation bath (orange) for BP1, giving 7ch = 835/(V/ Ao @endGend)
captured within the simulation.

0.1F _— . ;
e e
Tin = (30 prad (Trh)/(WQQ*p(Trh))1/4
<t
/g 1074+ ]
< = 9.7 x 10** GeV
<
=< 1077} |
<
10710, i Y L ]
1 10 100 1000

\/Z ¢end T
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GWs from Thermal Fluctuations after Reheating

Cosmic Gravitational Microwave Background (CGMB)

T 7 oy] /6 3 7oy
2 - —12 rh g*s( rh) f ~ g*S( I‘h) i
W Qoaup(f) ~ 4.0 < 10 [Mp] [ 106.75 ] [GHz] ' (Tfh’% [ 3.9
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GWs from Thermal Fluctuations after Reheating

_ Tr g*s(Trh> _5/6 f ’ A~ g*S(TI’h> 1/3 f
h2 Q) ~ 4.0 x 10712 | b S N A P A 00 B
camp(f) ~ 4.0 10 [Mp] [ 106.75 ] GHz| "\ "™ |3 T

« At large wavelengths, corresponding to small wave numbers, k£ < T, CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

X k nshear(T)
n(T,—) :T, for k <T
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GWs from Thermal Fluctuations after Reheating

_ Tr g*s(Trh> _5/6 f ’ A~ g*S(TI’h> 1/3 f
h2 Q) ~ 4.0 x 10712 | b S N A P A 00 B
camp(f) ~ 4.0 10 [Mp] [ 106.75 ] GHz| "\ "™ |3 T

« At large wavelengths, corresponding to small wave numbers, k£ < T, CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

k shearT
ﬁ(T,—):n—(), for k <T

T T3
« At small wavelengths, corresponding to large wave numbers, k£ > T, CGMB sourced by particle collisions.
p:—?:T ----------------
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GWs from Thermal Fluctuations after Reheating

h? Qcamp(f) = 4.0 x 10712 [Trh] [g*s(Trh>] o [ / ]377 (Trh o lg*s(Trh>] V3 of >

Mp || 106.75 GHz 3.9 Ty

« At large wavelengths, corresponding to small wave numbers, k£ < T, CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:

X k 77shear(Tv)
T}(T,—) ZT, fOI‘ k<<T

« At small wavelengths, corresponding to large wave numbers, k£ > T, CGMB sourced by particle collisions.

» Corresponding source term suppressed by gauge couplings and Boltzmann factor:

k
L (T’ T) ~ g(T)? exp (—k/T), for k> T .
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GWs from Thermal Fluctuations after Reheating

h? Qcamp(f) = 4.0 x 10712 [Trh] [g*s(Trh>] o [ / ]377 (Trh o lg*s(Trh>] V3 of )

Mp || 106.75 GHz 3.9 Ty

« At large wavelengths, corresponding to small wave numbers, k£ < T, CGMB sourced by macroscopic hy-
drodynamic fluctuations, described by the shear viscosity of the plasma:
k shear T
ﬁ(T,—) ~ ) TB( ) for k< T
« At small wavelengths, corresponding to large wave numbers, k£ > T, CGMB sourced by particle collisions.

» Corresponding source term suppressed by gauge couplings and Boltzmann factor:

L (T’ %> ~ g(T)? exp (—k/T), for k> T .

« Known to complete leading order for generic weakly interacting BSM extension (gauge fields, fermions, scalars)
[Ghiglieri,Laine ’15; Ghiglieri,Jackson,Laine,Zhu '20; AR,Schitte-Engel, Tamarit ‘20]

[Castells-Tiestos, Casalderrey-Solana "22]

* For N=4 SUSY YM known also for strong coupling
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GWs from Thermal Fluctuations after Reheating

CGMB for SM*A*S*H [AR, Carlos Tamarit, arXiv:2203.00621]
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GWs from Thermal Fluctuations after Reheating

CGMB for SM*A*S*H [AR, Carlos Tamarit, arXiv:2203.00621]
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Observational Prospects to Measure Complete Spectrum

Current bounds on characteristic amplitude of stochastic GWs [AR, Carlos Tamarit, arXiv:2203.00621]
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Observational Prospects to Measure Complete Spectrum

Prospected sensitivity on characteristic amplitude of stochastic GWs [AR, Carlos Tamarit, arXiv:2203.00621]
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CERN-TH-2020-185

Summary ey

» Presented state-of-the-art predictions for the

Complete spectrum of primordial stochastical Challenges and Opportunities of Gravitational Wave
GWs in a well-motivated and highly predictive Searches at MHz to GHz Frequencies

minimal model of particle physics

N. Aggarwal®*, O.D. Aguiar®, A. Bauswein®, G. Cella?, S. Clesse®, A.M. Cruise/, V. Domcke? "
D.G. Figueroa?, A. Geraci®, M. Goryachev!, H. Grote™, M. Hindmarsh™°, F. Muia?**, N. Mukund?,
D. Ottaway™*, M. Peloso®*, F. Quevedo?*, A. Ricciardone®*, J. Steinlechner”-*-*:* S. Steinlechner”*:*,
S. Sun¥*, M.E. Tobar!, F. Torrenti®, C. Unal®, G. White?

« (Can be seen as a conservative benchmark for
the expected GWs from the early universe

* Provides strong motivation for future space-born
GW interferometers such as Ultimate DECIGO
and for the development of new GW detectors
sensitive at MHz to GHz frequencies

Abstract

The first direct measurement of gravitational waves by the LIGO and Virgo collaborations has
opened up new avenues to explore our Universe. This white paper outlines the challenges and
gains expected in gravitational wave searches at frequencies above the LIGO/Virgo band, with a
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 several 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.

« Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

arX1v:2011.12414v1 [gr-qc] 24 Nov 2020
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Summary

Presented state-of-the-art predictions for the
complete spectrum of primordial stochastical
GWs in a well-motivated and highly predictive
minimal model of particle physics

Can be seen as a conservative benchmark for
the expected GWs from the early universe

Provides strong motivation for future space-born
GW interferometers such as Ultimate DECIGO
and for the development of new GW detectors
sensitive at MHz to GHz frequencies

Currently, a community is forming which se-
riously considers the search for ultra-high fre-
quency GWs

Ultra-High-Frequency GWs: A Theory and Technology Roadmap

Oct 12 — 15, 2021
CERN

Europe/Zurich timezone

Overview
Timetable
Registration

Participant List

2 THworkshops.secretaria
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This workshop is part of the Ultra-High-Frequency Gravitational Waves initiative (see the website of
our initiative) and comes after a first meeting held at ICTP in Trieste in 2019 (see the website of the
first workshop) that led to a review paper on the subject.

The aim of this meeting is to foster the technology development that is necessary to get to ultra-high-
frequency gravitational wave detection. In particular, we will discuss

o the science case for UHF-GW searches

e new detector concepts

o feasibility studies and construction of prototypes for proposed detector concepts

e coordinating an international effort to support collaborations working on UHF-GW detectors

The workshop will combine theoretical developments regarding GW sources in different parts of the
ultra-high-frequency band with experimental concepts aiming at probing them.

Each day we will have a discussion session with the aim of setting up working groups around one or
more detector concepts and/or theoretical aspects of sources, which will be encouraged to continue
their work after the end of the workshop, hopefully contributing to the technology development that is
needed to make concrete progress in the field.

If you would like to contribute a talk, please contact the organizers.

Starts Oct 12, 2021, 12:00 PM CERN
Ends Oct 15, 2021, 8:00 PM Zoom only

Nancy Aggarwal
Valerie Domcke
pencesco e https://indico.cern.ch/event/1074510/
Andreas Ringwald

Jessica Steinlechner

Sebastian Steinlechner
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Summary

Ultra-High-Frequency GWs: A Theory and Technology Roadmap

» Presented state-of-the-art predictions for the

Oct 12 — 15, 2021

complete spectrum of primordial stochastical CERN “
GWs in a well-motivated and highly predictive
.. . . S This workshop is part of the Ultra-High-Frequency Gravitational Waves initiative (see the website of
m | n | m al m Od el Of pa rtl CI e p hyS | CS Timetable our initiative) and comes after a first meeting held at ICTP in Trieste in 2019 (see the website of the
first workshop) that led to a review paper on the subject.
. Regl_St_ratlon ) The aim of this_mgeting is to foster _the techno!ogy developmgnt that is necessary to get to ultra-high-
° Can be seen as a conse Watlve benCh mark for Participant List frequency gravitational wave detection. In particular, we will discuss
o the science case for UHF-GW searches
1 o new detector concepts
th e eXpeCted GWS frO m th e ea rly U n |Ve rse 2 THworkshops.secretaria o feasibility studies and construction of prototypes for proposed detector concepts
e coordinating an international effort to support collaborations working on UHF-GW detectors
. . . The workshop will combine theoretical developments regarding GW sources in different parts of the
b P rOV| d eS Stro n g m Otlvatlo n fo r fu tu re S pace- bo rn ultra-high-frequency band with experimental concepts aiming at probing them.
H H Each day we will have a discussion session with the aim of setting up working groups around one or
GW I nte rfe ro m ete rS S u Ch aS U |t| m ate D E C I G O more detector concepts and/or theoretical aspects of sources, which will be encouraged to continue
their work after the end of the workshop, hopefully contributing to the technology development that is
and for the development of new GW detectors needed to make concrete progress n th field

If you would like to contribute a talk, please contact the organizers.

sensitive at MHz to GHz frequencies

« Currently, a community is forming which se-
Ends Oct 15, 2021, 8:00 PM Zoom only
riously considers the search for ultra-high fre-
quency GWs https://indico.cern.ch/event/1074510/

Andreas Ringwald
Jessica Steinlechner

* Revealing the cosmic history sets an ambi-
tious, but rewarding goal for this enterprise
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Backup: Resonant Cavity Detector

« Based on conversion of GWs to EMWs in magnetic field background through inverse Gertsensthein effect
| | | | PHYSICAL REVIEW D 104, 023524 (2021)
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Detecting planetary-mass primordial black holes with resonant
electromagnetic gravitational-wave detectors

1.3 42§

Nicolas Herman®, ' André Fiizfa ,l'Z'T Léonard Lehoucq®, * and Sébastien Clesse
1Departmenz‘ of Mathematics and Namur Institute for Complex Systems (naXys),
University of Namur, Rue Grafé 2, B-5000, Namur, Belgium
2Cosnmlogy, Universe and Relativity at Louvain, Institute of Mathematics and Physics,
Louvain University, 2 Chemin du Cyclotron, B-1348 Louvain-la-Neuve, Belgium
3Department of theoretical physics at the ENS Paris-Saclay, University of Paris-Saclay,
avenue des Sciences, 91190, Gif-sur-Yvette, France
*Service de Physique Théorique, Université Libre de Bruxelles (ULB),
Boulevard du Triomphe, CP225, B-1050 Brussels, Belgium

Electromagnetic Antennas for the Resonant Detection
of the Stochastic Gravitational Wave Background

t and André Fﬁzfal’i

Nicolas Herman,l’j Léonard Lehoucq, 2

! Department of Mathematics and Namur Institute for Complex Systems (naXys),
University of Namur, Rue Grafé 2, B-5000, Namur, Belgium
2 Department of theoretical physics at the ENS Paris-Saclay,
University of Paris-Saclay, avenue des Sciences, 91190, Gif-sur-Ywvette, France
(Dated: March 30, 2022)

Stochastic gravitational wave background from the early Universe has a cut-off frequency close
to 100 MHz, due to the horizon of the inflationary phase. To detect gravitational waves at such
frequencies, resonant electromagnetic cavities are very suitable. In this work, we study the frequency
sensitivity of such detectors, and show how we could use them to probe this cut-off frequency and
also the energy density per frequency of this stochastic background. This paper paves the way for
further experimental studies to probe the most ancient relic of the Universe.

[https://arxiv.org/abs/2203.15668]
Page 74



