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A Window to the Very Early Universe?

Pulsar Timing Arrays
↝ Evidence for Stochastic GW Background
NANOGrav, ApJL 951 (2023)
EPTA, InPTA, A&A 678 (2023)
Parkes PTA, ApJL 951 (2023)
CPTA, RAA 23 (2023)

Lower frequency than LIGO/Virgo events
↝ Mergers of supermassive black holes?
More interesting: particle physics origin

First-Order Phase Transition (FOPT)
Cosmic strings and domain walls
Primordial plasma
Inflation

↝ GW backgrounds with different spectra

D. Champion/MPI for Radio Astronomy

Photons

Neutrinos

GW
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GW from First-Order Phase Transitions

Production processes
Sound waves in plasma around bubbles
Magnetohydrodynamic plasma turbulence
Bubble collisions
(Enhancement of scalar-induced GW)

First–order phase transition
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Credits: I. Stomberg

I. Stomberg

Peak frequency ∝ transition energy scale
f v Experiment

nHz 100 MeV PTA
mHz 100 GeV LISA

102 Hz 107 GeV LVK

Caprini et al., JCAP 03 (2020)
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Cosmic Strings and Domain Walls

PTA MSCS GW spectrum Origin of MSCS Summary 4/14
Cosmic Strings

❑ Spontaneous symmetry breaking G → H with non-trivial
homotopy group π1(G/H), e.g. U(1) → 1

Out[ ]=

❑ Cosmic string tension: µ ∼ 2πv2
cs

Abrikosov (1957); Nielsen, Olesen (1973); Kibble (1976)

Kevin Hinze [University of Basel] GWBSM4 June 24, 2025

Hinze, talk at GW Probes of Physics BSM 4, Warsaw, 2025

Spontaneous symmetry breaking G → H
Non-trivial homotopy group π2−D(G/H)

↝ Topological defects: monopoles, cosmic strings, domain walls

Cosmic strings form loops ↝ GW radiation
Monopole nucleation ↝ string decay into GW

↝ Explanation for PTA signal?
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GW from the Primordial Plasma

Collisions, hydrodynamic fluctuations in hot plasma ↝ GW
Ghiglieri & Laine, JCAP 07 (2015)

No new physics required
Peak at frequency ∼ GHz

Amplitude can be enhanced by new physics
Example: Gauss-Bonnet Cosmology

Biswas et al., JCAP 09 (2024)
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Higgs Inflation
Bezrukov & Shaposhnikov, PLB 659 (2008)

LJ =
√−gJ[

M2
P

2
RJ + ξϕ†ϕRJ + gµνJ (Dµϕ)†(Dνϕ) −VJ(ϕ) + . . . ]

J: Jordan frame
R: Ricci scalar
VJ : Standard Model scalar potential
ξ: non-minimal coupling to gravity

Consistent with all symmetries
Required for renormalization in curved spacetime
Not necessarily small
Unitarity violation?
Burgess et al., JHEP 09 (2009), 07 (2010); Barbon & Espinosa, PRD 79 (2009);
Hertzberg, JHEP 11 (2010); Giudice & Lee, PLB 694 (2011); . . .
Steingasser et al., arXiv:2505.20386

Def.: conformal factor Ω2(ϕ) ≡ 1 + 2ξ ϕ
†ϕ

M2
P
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Higgs Inflation

Unitary gauge: ϕ = ( 0
(φ + v)/

√
2
)

Weyl transformation to Einstein frame: gJ → gE ≡ Ω2(φ)gJ

Canonical normalization: χ =
φ

∫
0

dφ
√

3
2
(Ω2

,φ)
2

Ω4 + 1
Ω2

LE =
√−gE [

M2
P

2
RE +

1
2

gµνE (∂µχ)(∂νχ) −VE(χ) + . . . ]

Minimal coupling to gravity but modified potential
Potential flat for large field values ↝ slow-roll
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Higgs Inflation in a Dark Sector

JK, Park2, Son, Velasco Sevilla, JCAP 04 (2025)

LJ =
√−gJ [

M2
P

2
Ω2(ϕ)RJ + gµνJ (Dµϕ)†(Dνϕ) −

1
4

gµρJ gνσJ XµνXρσ −VJ(ϕ)]

VJ(ϕ) = −µ2ϕ†ϕ + λ (ϕ†ϕ)2 = λ(ϕ†ϕ − v2

2
)

2

+ const.

U(1)X gauge symmetry with gauge coupling g
SM singlet scalar ϕ with U(1)X charge

Spontaneously breaks U(1)X ↝ FOPT ↝ GW
Non-minimal coupling to gravity ↝ Higgs-inflation-like inflation

Optional: fermions with mass from Yukawa coupling
Weak coupling to SM ↝ reheating

Lψ =
√−gJ

nψ

∑
i=1
[ψLi i /DψLi + ψRi i /DψRi −

y
2
(ψLi ϕψL

c
i + ψRi ϕψR

c
i + h.c.)]
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Gravitational Waves from Phase Transition

Scalar potential with 1-loop and finite-temperature corrections
↝ Potential barrier around T ∼ v
↝ FOPT possible

GW spectrum determined by
Nucleation temperature Tn

α↭ strength of PT
β ↭ duration
Bubble wall velocity vw

Calculated with help from CosmoTransitions
Wainwright, Comput. Phys. Commun. 183 (2012)
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Effective Scalar Potential at Finite Temperature

“Traditional” 4D approach

V(hc ,T ) = Vtree(hc) +V1-loop(hc) +Vth(hc ,T )

Vtree(hc) = −
µ2

2
h2

c +
λ

4
h4

c

V1-loop(hc) = ∑
i=h,χ,g,f

ni

64π2 m4
i (hc) [ln

∣m2
i (hc)∣

v2 −Ci]

Vth(hc ,T ) = ∑
i=h,χ,g

ni

2π2 T 4 ReJb(
m2

i (hc)

T 2 ) +
nf

2π2 T 4 Jf(
m2

f (hc)

T 2 )

m2
h(hc) = −µ2 + 3λh2

c

m2
χ(hc) = −µ2 + λh2

c

m2
g(hc) = g2h2

c

m2
f (hc) =

y2

2
h2

c
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Gravitational Wave Spectrum I

No fermions, g = 0.95, λ = 10−3

Bubble wall velocity vw = 1,vdet,0.1
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Gravitational Wave Spectrum II

1 fermion pair, vw = vdet, v = 1012 GeV, λ = 10−3

(g,y) ≃ (0.76,0.97), (0.54,0.70), (0.35,0.47)
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Parameter Space with 1 Fermion Pair
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Inflationary Observables

CMB measurements (pre-ACT)
Scalar power spectrum amplitude As = (2.098 ± 0.023) × 10−9

Scalar spectral index ns = 0.9649 ± 0.0042
Tensor-to-scalar power ratio r < 0.036 (95% CL)

Planck, A&A 641 (2020); BICEP/Keck, PRL 127 (2021)

Model results (60 e-foldings)
ns ≃ 0.965
r ≃ 0.003
As ≃ 5.1 λ(MP)

ξ2 ↝ ξ ≃ 5 × 104
√
λ(MP)
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Inflationary Observables

Model results (60 e-foldings)
ns ≃ 0.965
r ≃ 0.003
As ≃ 5.1 λ(MP)

ξ2 ↝ ξ ≃ 5 × 104
√
λ(MP)

g(MP) λ(MP) y(MP) nψ ξ

BP1 0.98 0.37 - 0 3 × 104

BP2 0.99 0.57 - 0 4 × 104

BP3 1.00 0.92 - 0 5 × 104

BP4 1.02 2.22 - 0 7 × 104

BP5 0.79 ≃ 0 1.10 1 O(1)
BP6 0.55 ≃ 0 0.74 1 O(1)
BP7 0.35 ≃ 0 0.48 1 O(1)

With fermions: renormalization group running allows ξ ∼ 1
Analogous to Critical Higgs Inflation
Hamada et al., PRL 112 (2014), PRD 91 (2015)
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Grand Unification

Standard Model gauge group

GSM = SU(3)c ⊗SU(2)L ⊗U(1)Y ⊂ G = SU(5),SO(10), . . .

Spontaneous symmetry breaking G
⟨ϕ⟩→ GSM

↝ Many possibilities
↝ Rich phenomenology of topological defects, phase transitions
↝ Probe by GW
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Topological Defects from SO(10) Breaking (Selection)
are

SO(10)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 4C 2L 2R −→ Eq. (4.10)
1,2−→ 4C 2L 2R ZC

2 −→ Eq. (4.11)
1,2−→ 4C 2L 1R ZC

2 −→ · · ·
1−→ 4C 2L 1R −→ · · ·

1,2−→ 3C 2L 2R 1B−L ZC
2 −→ · · ·

1−→ 3C 2L 2R 1B−L −→ · · ·
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
1 (1,2)−→ GSM (Z2)

(4.12)

The SSB patterns listed above and the type of defect indicated above the arrows,
contain all the information one needs to address the question of whether cosmic strings
(topological or embedded) are expected to exist in models which are compatible with both
particle physics and cosmology. The acceptable models must be consistent with proton
lifetime measurements, solve the GUT monopole problem with inflation, and explain the
baryon asymmetry of the universe. Inflation takes place when the rank of the group is
lowered and non-thermal leptogenesis (i.e. B-L breaks at the end of inflation) is efficient.
For GUTs based on gauge groups which have rank less or equal to five such as SO(10)
or SU(6), in each SSB pattern, there is one single choice for the phase transition where
hybrid inflation can take place. In SO(10), non-thermal leptogenesis always takes place
at the end of inflation. On the other hand, for GUTs based on gauge groups which have
rank greater than five, there may be more than one choice for the phase transition which
leads to inflation. In these GUTs where inflation can take place at different stages in the
SSB patterns, B-L is not necessarily broken at the end of inflation. Models satisfying all
constraints must lead to efficient leptogenesis; B-L must be broken at the end of inflation.

Since in standard hybrid inflation SSB takes place at the end of inflation, in the
schemes which are consistent with cosmology from a defect point of view, inflation can
only take place during a given phase transition, with no monopoles or domain walls at
this or at a subsequent phase transition.

For SO(10), we find that there are 68 SSB patterns which do not lead to formation
of unwanted defects after inflation and all these models lead to the formation of cosmic
strings (topological cosmic strings or embedded ones) at the end of inflation. More pre-
cisely, we find that there are 34 SSB patterns with cosmic strings (topological defects) and
unbroken matter parity, i.e. GSM×Z2. There are 21 SSB patterns leading to cosmic string
formation, but with broken R-parity. Finally, there are 13 SSB schemes with embedded
strings. In SO(10), when embedded strings are formed, R-parity is always broken. In
all these models, B-L is broken at the end of inflation and leptogenesis is efficient. As
discussed earlier, the proton lifetime measurements require unbroken R-parity. There are
therefore only 34 SSB patterns which satisfy all the constraints and they all lead to the
formation of topological cosmic strings at the end of inflation.

15

of domain walls, then these would become cosmologically catastrophic; this situation is
forbidden. Another Z2 appears when SO(10) is breaking via GPS [60]; indeed, it is not
SO(10) but its universal covering group Spin(10) which is really broken to [(Spin(6) ×
Spin(4))/Z2](×ZC

2 ) (We remind to the reader that SU(4) × SU(2) × SU(2) ∼ Spin(6) ×
Spin(4).) The quotient Z2 results from the non-trivial intersection of Spin(6) and Spin(4)
and implies the formation of monopoles.

The SSB patterns of GPS and GPS with D-parity down to GSM (Z2) are respectively
given by

4C 2L 2R

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 3C 2L 2R 1B−L

{
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′ (2)−→ GSM (Z2)

1−→ 4C 2L 1R

{
1−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′ (2)−→ GSM (Z2)

1−→ 3C 2L 1R 1B−L
2 (2)−→ GSM (Z2)

1 (1,2)−→ GSM (Z2)
(4.10)

and

4C 2L 2R ZC
2

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

1−→ 3C 2L 2R 1B−L ZC
2

⎧
⎪⎪⎨
⎪⎪⎩

3−→ 3C 2L 2R 1B−L −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
2′,3 (2,3)−→ GSM (Z2)

1−→ 4C 2L 1R ZC
2

⎧
⎪⎪⎨
⎪⎪⎩

3−→ 4C 2L 1R −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
3 (2,3)−→ GSM (Z2)

3−→ 4C 2L 2R −→ Eq. (4.10)
1−→ 4C 2L 1R −→ · · ·

1,3−→ 3C 2L 2R 1B−L −→ · · ·
1,3−→ 3C 2L 1R 1B−L

2 (2)−→ GSM (Z2)
1,3 (1,2,3)−→ GSM (Z2).

(4.11)

The SSB schemes of SO(10) via the left-right groups with associated defect formation
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Jeannerot et al., PRD 68 (2003); figure by Liliana Velasco Sevilla
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A Promising SO(10) Scenario

Bertolini et al., PRD 81 (2010), 85 (2012); Malinský et al., PRD 95 (2017), 105 (2022), 108 (2023)
Jeong, JK, Scopel, Velasco-Sevilla, arXiv:2506.07182

Gauge bosons: adjoint representation 45 of SO(10)
Fermions: 3 generations in 16
Scalars:

45 ↝ break SO(10) at MGUT ∼ 1016 GeV
126 ↝ break SU(2)R ×U(1)B−L at MR ∼ 109 GeV
10 ↝ electroweak symmetry breaking

2-step symmetry breaking

SO(10) ⟨45⟩∼MGUTÐÐÐÐÐÐ→ SU(3)c ×SU(2)L ×SU(2)R ×U(1)B−L

⟨126⟩∼MRÐÐÐÐÐ→ SU(3)c ×SU(2)L ×U(1)Y
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Gauge Coupling Unification
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Constraints

Gauge couplings unify
Proton lifetime ∼ 1036 y
Jeong, JK, Scopel, Velasco-Sevilla, arXiv:2506.07182

Viable scalar mass spectrum for suitable parameters
Malinský et al., PRD 105 (2022)

Monopoles from 1st symmetry breaking step
↝ Reduction of density needed

Different mechanisms, e.g., annihilation in interplay with strings
Vilenkin, NPB 196 (1982), Preskill & Vilenkin, PRD 47 (1993)
Promising GW signal?

Cosmic strings from 2nd symmetry breaking step
↝ Promising GW signal or conflict with bounds?
Electroweak symmetry breaking and fermion masses challenging
in minimal setup Malinský et al., PRD 108 (2023)
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Effective Scalar Potential at Finite Temperature

Potential for symmetry breaking at MGUT

Vtree(ϕ) = −
µ2

2
Trϕ2 + a0

4
(Trϕ2)2 + a2

4
Trϕ4

Classical field φc in vev direction

ϕc = φc
√

2i U15

Effective potential

V(φc ,T ) = Vtree(φc) +V1-loop(φc) +Vth(φc ,T )

Vtree(φc) = −
1
2
µ2φ2

c + a0φ
4
c +

1
6

a2φ
4
c

V1-loop(φc) = ∑
i=g,s,χ

ni

64π2 m4
i (φc) [ln

∣m2
i (φc)∣

v2 −Ci]

Vth(φc ,T ) = ∑
i=g,s,χ

ni

2π2 T 4 ReJb(
m2

i (φc)

T 2 )
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Gravitational Wave Density from Phase Transition

0.00 0.01 0.02 0.03
a0
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No nucleation

BP1 BP2
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BP4

g = 0.526, v = 1.6x1016GeV
2
0 = 0
2 = 0
= 0.5
2 loop = 0.5
2 loop > 0.5
GWh2 > 10 13

10 13 > GWh2 > 10 15

10 15 > GWh2 > 10 16

GWh2 < 10 16

Gauge coupling g and MGUT = v determined from unification
Viable scalar mass spectrum ↝ a0 and a2 restricted as shown
Malinský et al., PRD 105 (2022)
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GW from the Primordial Plasma
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Complete contribution

Resonant Detector

Resonant Detector Extrapolation

MGUT = 1.6 × 1016 GeV
For comparison only: SM signal for same reheating temperature
Resonant Detector proposed by Herman et al., PRD 108 (2023)
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GW from Incomplete Phase Transition

Adapted from Barir et al., PRD 108 (2023)

During inflation: Bubbles form but do not fill whole space
Phase transition completes after inflation
Density inhomogeneities ↝ GW (non-linear effects at horizon
re-entry)
Low-frequency signal, depends on details of inflation
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Overview of GW Signals
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Conclusions and Outlook

Unified framework for inflation and first-order phase transition
Dark U(1)X and non-minimal coupling to gravity
↝ gravitational waves and inflation from same scalar
Peak frequencies between 10−2 Hz and 108 Hz

Gravitational wave signals from SO(10) Grand Unification
First-order phase transition, primordial plasma ↝ high frequencies
Incomplete phase transition during inflation ↝ low frequencies

Future improvements
Calculation of effective potential via DRalgo (dimensional reduction)
Ekstedt et al., Comput. Phys. Commun. 288 (2023)
Calculation of bubble wall velocity using WallGo
Ekstedt et al., JHEP 04 (2025)
Gravitational waves from topological defects
Inflaton coupling to SM ↝ reheating
Dark Matter
Gravitational waves from later symmetry breaking steps
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Parameters Determining the GW Signal

Tn: temperature at which probability of nucleating 1 bubble per
horizon volume is ∼ 1
α = 1

ρrad
[∆V(hc ,T ) − T dV(hc ,T)

dT ]∣
T=Tn

β
H(Tn)

= Tn
d

dT
S3
T ∣Tn

≃ ( Tn
T−Tn
) (S3(T)

T − S3(Tn)

Tn
)

(T : arbitrary reference temperature not too far from Tn)
Expressions modified for large supercooling
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Templates for GW Spectrum: Sound Waves

Ωswh2(f ) = 2.65 × 10−6 H∗τsw (
β

H∗
)
−1

vw ×

× ( κνα
1 + α)

2
( g∗

100
)
−

1
3
( f

fsw
)

3

( 7

4 + 3 (f /fsw)2
)

7/2

fsw = 1.9 × 10−5 1
vw
( β

H∗
)( Tn

100 GeV
)( g∗

100
)

1/6
Hz

τsw = min [ 1
H∗

,
R∗
Ūf
]

H∗R∗ = max(vw ,cs) (8π)1/3(β/H∗)−1

Ū2
f ≃

3
4
( κνα

1 + α)

κν ≃
⎧⎪⎪⎨⎪⎪⎩

α (0.73 + 0.83
√
α + α)−1

vw ∼ 1
v6/5

w 6.9α (1.36 − 0.037
√
α + α)−1

vw ≪ 1
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Templates for GW Spectrum: MHD turbulence

Ωturbh2(f ) = 3.35 × 10−4 ( β
H∗
)
−1

vw ×

× (ϵ κνα
1 + α)

3
2
( g∗

100
)
−

1
3 (f /fturb)3 (1 + f /fturb)−

11
3

1 + 8πf /h∗

h∗ = 16.5
Tn

108 GeV
( g∗

100
)

1/6
Hz

fturb = 2.7 × 10−5 1
vw
( β

H∗
)( Tn

100 GeV
)( g∗

100
)

1/6
Hz

ϵ = 0.05
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Gravitational Waves from Plasma

Ghiglieri, Laine, JCAP 07 (2015)

ΩGW(f ,T0)h2 =

Ωγ0h2 λ

MP
∫

TMax

TEW

dT ( g∗0
g∗(T )

)
4/3

T 2 k̂(f ,T )3 η(k̂ ,T )√
ρ(T )

β(T )

ΩGW(f ,T0): fraction of energy released into GW per frequency octave

λ = 30
√

3/π4

k̂(f ,T ) ≡ k
T
= [ g∗s(T )

g∗s(T0)
]

1
3 2πf

T0

f = 1
2π
[ g∗s(T0)

g∗s(TEW)
]

1
3

( T0

TEW
)kEW

TEW = 160 GeV

kEW = k(T ) (g∗s(TEW)/g∗s(T ))1/3 TEW/T
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Shear Viscosity

Simple functional form in terms of Debye masses

η(k̂ ,T ) =
⎧⎪⎪⎨⎪⎪⎩

1
8π

16
g4

1 ln(5T /mD1
)

k̂ ≲ α2
1

ηHTL(k̂ ,T ) + ηT (k̂ ,T ) k̂ ≳ 3

ηHTL: Hard Thermal Logarithmic (HTL) expression
Ghiglieri, Jackson, Yu, Laine, Zhu, JHEP 07 (2020)

ηHTL(k̂ ,T ) =
1

16π
k̂nB(k̂)

m
∑
n=1

dnm̂2
DGn

ln
⎛
⎝

4
k̂2

m̂2
DGn

+ 1
⎞
⎠
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Debye Masses of Group Factor Gn

Weldon, PRD 26 (1982)

m2
DGn
(T ) = g2

n(T )T 2
⎡⎢⎢⎢⎢⎣

1
3

S(Adj) + 1
6
∑

i
S(RFi ) +

1
6
∑

j
S(RSj )

⎤⎥⎥⎥⎥⎦

S: Dynkin index of representation (adjoint representation Adj for
gauge bosons, i-th fermion representation RFi , j-th real scalar
representation RSj )
gn(T ): temperature-dependent gauge coupling
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GW from Incomplete Phase Transition

PT driven by spectator field χ
VPT(χ,T ) ≪ VInf(ϕInf),
Signal governed by dimensionless parameter

γPT =
1

H4
Γ

V
⎛
⎝
∆VPT

ϕ̇2
Inf

⎞
⎠

2

Γ ≃ T 4 ( S3

2πT
)

3
2
exp (−S3/T )

Used γPT = 10−4 (∼ upper limit) in overview plot
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