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Stochastic GW detection by PTA collaborations ()

First evidence of stochastic gravitational
waves from multiple PTA collaborations

NANOGrav (67-68 pulsars) provides
strongest signal
Agazie et al. arXiv:2306.16213, 16217, 16219 [astro-ph.HE]

SMBHB mergers are the leading source,
but no individual detections yet

Best-fit spectral index deviates by > 2

from gMBHB = 13=3

log p AGws
>
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Motivates interest in possible cosmological
GW sources
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Fig: 2306.16213
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Cosmological GW sources
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Cosmic strings
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The simplest majoron Model - |

Extends SM with globalJ(1),, 3 RHNs (;), and complex scalar

Y. Chikashige, R. N. Mohapatra, and R. D. Peccei, [Phys. Lett. B 98, 265 (1981)]

i— 1 — 1
Lnew = §N| @N, + I aNi(1+ 5)N; + Z~IJ_I(1+ s55N; = Vi( )+h.c.

, 2
Vi( )= -

: L= 2, couples only to RHNSs;; assumed diagonal
U(1), is spontaneously broken By i = , leading to

_C+) N _ P _
——pé—expd—), m= 2, M.—19—E

: massless Nambu{Goldstone boson (Majoron)
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The simplest majoron Model - Il

After chiral rotaton = L 92— & s, N/ N

Light neutrino masses are generated through Type-I seesaw:

~ o~ 2 2
| KJ Vew Vew
m — = —
() b= B

Form 0:1 eV with™ 1,
102 10 !, weneed 10 106
GeV

Global Cosmic Strings form post-SSB

source of GWs
Fig: 2106.09746

O er a rare probe of high-scale physics, well beyond the reach of current
and proposed future colliders.
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Gravity-induced soft breaking of global symmetry

Gravitational e ects due to wormhole formations )= explicitly break
global symmetries at the Planck scale
Abbott, Wise, [Nucl. Phys. B 325, 687 (1989)], J. Preskill [9209058]

Integating worholes out ¥ The e ective low-energy theory is given by:
2 Abbott, Wise, [Nucl. Phys. B 325, 687 (1989)]
Le = dJd d + h.c.
d=1
Coupling strength is suppressed exponentially:

9 (d 4=34(d 16)=3 e 1=344=3) _ g, grav

My ? my ?
For =land5 d 20,0uga 10 @2,

Hard breaking fromd 4 operators may not be avoided with a single scale
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Protection via gaugetl(1)s L

We choose a model where a local gauge symmetry ensures thdt nat
e ective operators are induced by gravity
Rothstein, Babu, Seckel [Nucl. Phys. B 403, 725 (1993)]

This model extends the SM by a locbl(1)g | and an approximate global
U(1) symmetry

Fields: 3 RHNs, (charged under global +8 L), °(only underB L),
Zg |
U(1)g . is spontaneously broken y & = ©

The accidental globaU(1) is spontaneously broken by i =

Assign 8 L) chargeofq=2to =) couples with RHNs ¥
generates Majorana masses for them
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The modi ed majoron model

The (B L) charge of °(g% can be chosen so that the lowest-dimensiona
U(1)g L-invariant operator breaking the glob&J(1) symmetry arises only
at dimensiond 5.

Lowest-dimensionalg  L)-invariant but global-breaking operator:

Lgrav = Ograv——g—2—

n+ n°= d and gauge invariance )= gn g%%=0 with fn;n% 2 Z*

Scalar potential:
vi(; 9= P+ g0t 5% 99
0.2

. .2, 0
+ mj I T+ Ogav—F—5— thec.
g
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Majoron Mass and Interactions

Majoron arises as orthogonal combination GP-odd components of and
0.

qO OJ qJO
QP2+ qC @

Majoron acquires small mass from gravitational operator:

n m° 0 2 @
2 _ ggrav nn .2
e

—2(d 2):2Mg|4 qqog ) :qz 2+q(2(2

m

Majoron is a pNGB F possible DM candidate

Majoron{neutrino coupling:

0
L =35@) s
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Topological Defect Formations

T & Oacquires a VEV) breaks locaU(1l)g ) forms Local
CSs (Type- ° strings)

T : globalU(1) symmetry breakg forms Global-like CSs
(Type- strings) + emits pPNGB Majorons

T T = m H(T ) (if m < H(T = )): Domain Walls form
due to explicit symmetry breaking

If only one DW is attached to either the Type-or Type- 9 CSs, then
the string-wall network collapse promptly )= no DW problem

Vilenkin, Everett, [Phys. Rev. Lett. 48, 1867 (1982)]
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Domain Walls and String-Wall Networks

Conditions to avoid domain wall problem:
Barr, Seckel [Phys. Rev. D 46, 539 (1992)]

n=1 or n°=1 or 9w;ws.t jnw+nWY=1

We assume independent evolution of Typeand Type- © strings)
separate scaling regimes

Total GW spectrum:

LR = ew(f) + owlf)
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GW Spectra for Type-and Type- ° Strings

Type- % We use LCS GW spectra provided withRTArcade

For Type- (GCS-like):

15

2.
f)h =0:80 10
cw(f)h%j 101 Gev

The pNGB massn
regulates the infrared (IR)
cut-o of the Type- GW
spectrum:

fn/ P
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Mitridate et. al. [2306.16377]

Gorghetto, Hardy, Nicolaescu [2101.11007]
| 8 2 1,39,

1,39

10 8Hz =
s . 1+0:12log4 ——— 5
o : 1014 Gev f

Fig: 2101.11007
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Majoron Mass and GW Spectrum

Form . 10 !° eV, the GW spectrum of Type- GCS extends down to
nano-Hz

For largerm , the m H(T ) condition triggers early DW formation and
IR cut-o is hit before nano-Hz

Type- ° LCS spectra reach nano-Hz onlyrif . 10 23(10 25) eV for
0 101 (10%%) GeV

Cui, Lewicki, Morrissey, Wells, [JHEP 01, 081]

DW-string collapse can add extra GW bursts) = the GW spectrum is not
well known 3  aects the spectrum around the IR cut-o only
Gorghetto, Hardy, Nicolaescu [2101.11007]

Form < 10 2 eV, both contributions survive to PTA frequencies and are
considered in ts

for 10 2eV< m < 10 SeV, only Type- GCS-like strings contribute
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Posterior Results: CS-only

Form < 10 ®eV:
I Posterior for °is sharply peaked:
F2:295 108< °< 603 10 Gev
I Posterior for is at below 10" GeV:
F 2 upperbound: < 1:99 10 GeV
I BF=0:15 0:02 (CS-only)
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Posterior Results: CS+SMBHB

Form < 10 Z@eV:

| 2 :126 102< 0< 550 108 GeV
| < 631 102 GeV
' BF=0:28 0:04 (CS+SMBHB)
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Posterior Results: GCS-only GCS+SMBHB

10 eV <m <10 Pev:
I Only Type- strings (GCS-like spectrum)
12275 10®< < 363 10 GeV (GCS-only), < 1:26 10
GeV (GCS+SMBHB)
I BF< 1
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Constraints from N in the Modi ed Majoron Model

In the modi ed majoron model, the majoron is a light pNGB, not

massless
The Ne constraint from Planck limits the global(1) breaking
scale as:
- 3
Ne =0:6 ? logm =Hewe) “y o 445 10 Gev

105 GeV 90

Gorghetto, Hardy, Nicolaescu [JCAP 06, 034]

For LCS-induced GWs, Planck also imposés 2:07 10'° GeV
(from  Ne)

For GCS-induced GWs, Planck also imposes 1:06 10 GeV
(from  Ne ).
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CMB Anisotropy, Isocurvature & Viable Parameter Spac

CMB Anisotropy Constraints:
I < 6:3 10 GeV for GCS (Type-), °< 2:2 10" GeV for LCS
(Type- 9, valid only form < 10 28 eV

Lopez-Eiguren et. al. [JCAP 07, 026}, Lizarraga et. al. [JCAP 10, 042]

Isocurvature Bounds:
I Form 10 2°{10 22eV:; 0. (2:5{3) 10" GeV
Gorghetto, Hardy, Nicolaescu [JCAP 06, 034]
I Modi ed majoron model ts respect these bounds fon < 10 2% eV

LocalU(1)g . symmetry ensures the glob&al(1) remains protected

I Fits to NANOGrav data consistent with all current/future cosmologica
bounds form < 10 2 eV.

I For 10 eV < m < 10 1'% eV, the tis in tension with all the above
bounds
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Majoron Dark Matter in the Modi ed Majoron Model (1)

The modi ed Majoron model o ers a fuzzy DM candidate in the form
of a light pNGB

Three production mechanisms contribute to relic abundance:
Thermal production: Occurs before decoupling; relic scales linearly
with m
Coherent oscillation: Misalignment-induced; relic scales wititP
Preskill, Wise, Wilczek [Phys. Lett. B 120, 127], L. F. Abbott and P. Sikivie [Phys. Lett. B 120, 133], Dine,
Fischler [Phys. Lett. B 120, 137]
Cosmic string (CS) radiation: Dominant at lowm ; relic/ 2P -

Gorghetto, Hardy, Nicolaescu [JCAP 06, 034]

Majoron lifetime:

2 10 %ev 2 10 ev

1083 GeV m m

3 10%°sec
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Majoron Dark Matter in the Modi ed Majoron Model (II)

A 4D parameter space scan is performedd; ; ggrav; N Or %, subject to:

I 9=5 10" GeV (from NANOGrav t with GCS+LCS),
I 'm < 10 % eV (nano-Hz GW compatibility).

Lowest viable operator dimension satisfying relic = 16, 0
m 10 ** 10 ®ev

At m < 10 2 eV (required for long-lived LCSs), DM is under-abundant.
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Integrated picture



Summary

GaugedU(1)g _ protects an approximate globdl(1) against
gravity-induced hard breaking at  4; both spontaneously broken by
complex scalar singlets.

Resulting local and global cosmic strings emit GWSs that can jointly
explain the NANOGrav signal fan < 10 22 eV.

Model also generates light neutrino masses via the seesaw mechar
and avoids bounds from Ne , CMB, and isocurvature constraints in
this regime.

Majoron relic density arises from thermal, misalignment, and
string-induced production but remains subdominant in the
NANOGrav-compatible region.

Observed DM relic is achievable for larger , but this leads to
tension with cosmological bounds; NANOGrav ts, interpreted as
constraints, provide stronger limits than CMB.
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Domain Walls
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