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Motivations 
(Cosmological moduli problem in SUGRA)

- Moduli = Planckian flat directions in the field space of a given theory.
- Their presence is quite generic in UV theories inspired by superstring theories.
- Some of moduli has Planckian VEVs and masses only from SUSY-breaking.

[Dine, Fishler & Nemeschansky, PLB 136, 169 (1983); … ]
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• Moduli & their cosmological implications

- Long life time, but too abundant(due to large coherent oscillations)! ⇒ danger in BBN
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● BBN bound on long-living particles ( , ):φ ψ3/2

cf . Y th
φ ∼ 107 ( 10TeV

mφ )
1/2

A dilution by a factor larger than  is necessary!𝒪(1021)

[Kawasaki et al, PRD 97, 2018 ]
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Injection of energetic SM particles disturbs the abundances of light elements.
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● Thermal inflation (as a sol. to the moduli problem)

T ≫ mϕ ∼ msoft

T ≪ mϕ
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The most compelling sol. to the moduli problem!

<latexit sha1_base64="ZuJ9XL/4CuviDVXIQRXks+dtcCg=">AAAB6nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8eI5gHJEmYns8mQ2dllplcISz7BiwdFvPpF3vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80TZxqxhsslrFuB9RwKRRvoEDJ24nmNAokbwWj26nfeuLaiFg94jjhfkQHSoSCUbTSQ7Pn9soVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5udOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8NrPhEpS5IrNF4WpJBiT6d+kLzRnKMeWUKaFvZWwIdWUoU2nZEPwFl9eJs2zqndZvbg/r9Ru8jiKcATHcAoeXEEN7qAODWAwgGd4hTdHOi/Ou/Mxby04+cwh/IHz+QPZkY2H</latexit>

V0

<latexit sha1_base64="6YdYWR8aatHnCVZl5zo7f2iBVYU=">AAACBnicbVDLSsNAFJ3UV62vqEsRBovgxpKIVpdFN26ECvYBTQyT6bQdOjMJMxOhhKzc+CtuXCji1m9w5984bbPQ1gMXDufcy733hDGjSjvOt1VYWFxaXimultbWNza37O2dpooSiUkDRyyS7RApwqggDU01I+1YEsRDRlrh8Grstx6IVDQSd3oUE5+jvqA9ipE2UmDve/GABg70FOXQde7T42oGb4LUkxzWs8AuOxVnAjhP3JyUQY56YH953QgnnAiNGVKq4zqx9lMkNcWMZCUvUSRGeIj6pGOoQJwoP528kcFDo3RhL5KmhIYT9fdEirhSIx6aTo70QM16Y/E/r5Po3oWfUhEnmgg8XdRLGNQRHGcCu1QSrNnIEIQlNbdCPEASYW2SK5kQ3NmX50nzpOJWK2e3p+XaZR5HEeyBA3AEXHAOauAa1EEDYPAInsEreLOerBfr3fqYthasfGYX/IH1+QPNMJdx</latexit>

�0 ⇠ 10�6MP

- A short inflation well after the primordial inflation, caused by thermal effect.
- Usually expected for a flat potential with thermal interactions.
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A SUSY U(1) B-L model
[Jeannerot, PRD 59 (1999)); Jeff A. Dror et al., PRL 124, 041804 (2020); W. Buchmuller et al., PLB 809 (2020) 135764; …]

• The model ( )GSM × U(1)B−L [Kwang Sik Jeong & WIP, JCAP 11 (2023) 016]

< Potential along B-L D-flat direction with  >LHu = 0 & HuHd = 0
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● Resolving moduli problem

mφ = mϕmoduli before TI

moduli after TI

If φ0 = MP,
<latexit sha1_base64="CCW3YcLteg5i5vNBwy6JlFhyu3w="></latexit>
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(via thermal inflation thanks to B-L D-flat direction - late time entropy injection)

Late-time decay of B-L Higgs:
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[Ringeval:1005.4842]

- formed when vacuum manifold is non-trivially connected (  )

- characterized by string tension: 

- Network falls to the scaling regime: typical length .

π1(ℳ) ≠ I
μ ∼ πϕ2

0
ξ ∼ αt , α = 𝒪(0.1)

ρs

ρc
∼

μ
M2

P
∼ ( ϕ0

mP )
2

= const .

- Composition: Network + string loops of various sizes

MD eraRD era

[E.g., Vilenkin & Shellard, 1994 ]• Cosmic string network

GWs from Cosmic Strings
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• Forecast of GWs (in our model) due to the zippering effects ( )∵ ws ≫ ϕ−1
0

Characteristic features
- Enhancement
- Spectral distorsion
- Bending feature (related to  or )Td T*
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A remark

Hint of SUSY? (Flat direction)

- Unified models require the strength of gauge couplings of .
- Non-SUSY scenario is difficult to have flat directions if they are gauge-charged.
- Hence, gauge-charged flat direction can be regarded as a characteristic of SUSY theories.

𝒪(10−2 − 1)

A hint of 
flat-direction 
from GWs

A signal of SUSY



[From Achamveedu Gopakumar’s talk at PPC2023]

11

NANOGrav 15yr & SUSY B-L
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•  NANOGrav 15yr Data [Astrophy. J. Lett. 951 (2023) 1, L8]

North American Nanohertz Observatory for Gravitational Waves
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< GW-sensitivity curves & source >

[Class.Quantum Grav. 32 (2015) 015014]supermassive blackhole binaries



14

< Cosmic strings as a possible source > - a case of stable thin strings
[Ellis & Lewicki, PRL 126, 041304 (2021) (see also PRL125, 211302(2020), …)]

- It does not match to  behavior.
- LV-O3 constraints: 

∼ f 2

Gμ ≲ 𝒪(10−8)
[LIGO, Virgo & KAGRA coll., PRL 126 (2021) 24]
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•  A SUSY B-L model with meta-stable strings

- A UV structure of gauge group:

It might be originated from Pati-Salam model - 
’t Hooft-Polyakov monopoles could be inflated away.

(SU(4)c × SU(2)L × SU(2)R)/Z2

(cosmic strings segmented by monopole-antinopole pairs)

{

<latexit sha1_base64="zytxtH+ZQP+GjWKVY1PJpQMnRWE="></latexit>

⇡2

✓
SU(2)R
U(1)R

◆
= ⇡2

�
S2

�
= Z

<latexit sha1_base64="doFMWNqfMpAaqL7tCp/Qc+NFdEs="></latexit>

⇡1

✓
U(1)R ⇥ U(1)B�L

U(1)Y

◆
= ⇡1

�
S1

�
= Z

[Buchmüller, Docke, Schmitz, 2307.04691]

Symmetry-breakings:
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(where vu, vs ⇠ MGUT)
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(where U ⇠ (3, 0) , D1 ⇠ (2, q) , D2 ⇠ (2̄,�q) under SU(2)R ⇥ U(1)B�L)
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hD1,D2i=(vs,0)����������! U(1)Y

Buchmüller, Docke, Schmitz, 2307.04691
Ahmed et al., 2308.13248

A realization:
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- Alternative & low energy EFT

Low energy EFT:

D-term potential of -doublets (cf. MSSM Higgses):SU(2)R
<latexit sha1_base64="hwwtDa5kEeJL6Y6FtYpTz+pQDTE="></latexit>
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Two possible neutral flat-directions
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( D1 � �1, D2 � �2 )

How to break the symmetries?

Tachyonic soft-SUSY breaking mass-squared parameters along D-flat directions!

[R. Maji & WIP, 2307.04691]

(i.e., )λ = λ′ = 0 & yD = 0 (or ≲ 𝒪(10−12))
(?)
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- Quantum population of monople-antimonopole pairs ( ):MSM
[Vilenkin,Nucl. Phys. B196 (1982) 240; Schwinger, Phys. Rev. APS 82 (5) 664]

Pair nucleation rate per unit length:
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�d =
µs

2⇡
e�⇡

✓
 =

m2
M

µs

◆

⇒ Segmentation of strings in a string network (  configurations - “dumbbells”)
⇒ Energy loss due to emission of radiation by accelerated (anti)monopoles:

⇒ Decay of the string network:
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- A signal matching to NANOGrav 15yr data

spectral bending
suppression 
at high freq.
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Summary

• A SUSY  model realizes thermal inflation(TI) resolving the moduli problem.

• Higgs VEV is constrained as  for .

• For , the soft mass is constrained as .

• SGWBs are expected within the reach of at least LISA and DECIGO.

• A UV-realization of the model can explain the NANOGrav discovery. 

•  can be probed by LISA &DECIGO type exps.

• Spectral distortion & bending freq. can be regarded as a hint of SUSY.

• Baryogenesis & DM are also addressed.

• Depending on , UHECRs over GZK limit can be explained.

U(1)B−L

1012 ≲ ϕ0/GeV ≲ 1016 φ0 = 𝒪(0.1 − 1)MP

φ0 ≈ MP msoft ≳ 8TeV

msoft

ϕ0

Thank�you!


