
Do cosmic string segments emit gravitational waves?

Akifumi Chitose

ICRR, the University of Tokyo

Collaborators:

Masahiro Ibe, Shunsuke Neda and Satoshi Shirai



Stochastic gravitational wave background

• Recently evidenced by PTAs (NANOGrav, EPTA, InPTA, PPTA, CPTA)

GLOBE-ASIA

Question-Circle



Cosmic strings



Cosmic string from phase transition

𝜑 = 𝑣𝑒 𝑖𝜃

U(1): 𝜑 → 𝑒𝑖𝛼𝜑



Cosmological evolution and GW



Cosmic strings for PTA?

10 the NANOGrav Collaboration
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Figure 3. Median GWB spectra produced by a subset of the new-physics models, which we construct by mapping our model
parameter posterior distributions to h

2!GW distributions at every frequency f (see Appendix B for more details and Figs. 19
and 20 for the models not included here). We also show the periodogram for an HD-correlated free spectral process (gray violins)
and the GWB spectrum produced by an astrophysical population of inspiraling SMBHBs with the parameters ABHB and ωBHB

fixed at the central values µBHB of the 2D Gaussian prior distribution specified in Eq. (A1) (black dashed line).

to merge SMBHBs within a Hubble time, the number
of binaries emitting in the PTA band depends on in-
teractions between binaries and their local galactic en-
vironment to extract orbital energy and drive systems
toward merger (Begelman et al. 1980). If these environ-
mental e!ects extend into the PTA band, or if binary
orbits are substantially eccentric, then the GWB spec-
trum can flatten at low frequencies (typically expected
at f → 1 yr→1; Kocsis & Sesana 2011). At high frequen-
cies, once the expected number of binaries dominating
the GWB approaches unity, the spectrum steepens be-
low 13/3 (typically expected at f ↑ 1 yr→1; Sesana et al.
2008).

Unfortunately, current observations and numerical
simulations provide only weak constraints on the spec-
tral amplitude or the specific locations and strengths of
power-law deviations. Despite these uncertainties, the
sensitivity range of PTAs is su”ciently narrowband that
it is reasonable, to first approximation, to model the sig-

nal by a power law in this frequency range:

#BHB(f) =
A

2
BHB

12ω2

1

Tobs

(
f

yr→1

)→ωBHB

yr3 , (13)

where #BHB/$f is the timing residual PSD (see Eq. (6)).
Following Middleton et al. (2021), we can gain some

insight into the allowed range of values for the ampli-
tude, ABHB, and slope, εBHB, of this power law by sim-
ulating a large number of SMBHB populations cover-
ing the entire range of allowed astrophysical parame-
ters. Specifically, we consider the SMBHB populations
contained in the GWOnly-Ext library generated as part
of the NG15smbh analysis (and discussed in additional
detail there). This library was constructed with the
holodeck package (Kelley et al. 2023) using semian-
alytic models of SMBHB mergers. These models use
simple, parameterized forms of galaxy stellar mass func-
tions, pair fractions, merger rates, and SMBH-mass ver-
sus galaxy-mass relations to produce binary popula-
tions and derived GWB spectra. While some param-

[Afzal et al.; 2023]

Blue tilt not reproduced



Metastable cosmic strings for PTA

10 the NANOGrav Collaboration

f [Hz]

10�12

10�10

10�8

10�6

10�4

h
2
�

G
W

igw

sigw-gauss

pt-bubble

pt-sound

10�9 10�8 10�7

f [Hz]

10�12

10�10

10�8

10�6

10�4

h
2
�

G
W

stable-n

meta-ls

dw-sm

dw-dr

Figure 3. Median GWB spectra produced by a subset of the new-physics models, which we construct by mapping our model
parameter posterior distributions to h

2!GW distributions at every frequency f (see Appendix B for more details and Figs. 19
and 20 for the models not included here). We also show the periodogram for an HD-correlated free spectral process (gray violins)
and the GWB spectrum produced by an astrophysical population of inspiraling SMBHBs with the parameters ABHB and ωBHB

fixed at the central values µBHB of the 2D Gaussian prior distribution specified in Eq. (A1) (black dashed line).
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cies, once the expected number of binaries dominating
the GWB approaches unity, the spectrum steepens be-
low 13/3 (typically expected at f ↑ 1 yr→1; Sesana et al.
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where #BHB/$f is the timing residual PSD (see Eq. (6)).
Following Middleton et al. (2021), we can gain some

insight into the allowed range of values for the ampli-
tude, ABHB, and slope, εBHB, of this power law by sim-
ulating a large number of SMBHB populations cover-
ing the entire range of allowed astrophysical parame-
ters. Specifically, we consider the SMBHB populations
contained in the GWOnly-Ext library generated as part
of the NG15smbh analysis (and discussed in additional
detail there). This library was constructed with the
holodeck package (Kelley et al. 2023) using semian-
alytic models of SMBHB mergers. These models use
simple, parameterized forms of galaxy stellar mass func-
tions, pair fractions, merger rates, and SMBH-mass ver-
sus galaxy-mass relations to produce binary popula-
tions and derived GWB spectra. While some param-

[Afzal et al.; 2023]

Metastable cosmic strings work nicely



Metastable cosmic strings

• Decay via monopole-antimonopole pair production

• Decay rate: new parameter→ more general spectrum

• Arise from e.g. some grand unification models

monopole

antimonopole



Metastable cosmic strings



Metastable Cosmic Strings
Early timesLate times

f

ΩGW

Stable

Metastable

Metastable, larger tension



Do segments emit gravitational waves?

arXiv:2507.12386



Cosmic string segments



With vs. without GW from segments

Loops

Loops + Segments
[Afzal et al.; 2023]



GW from a perfectly straight segment [Martin, Vilenkin; 1997]

• 𝑃𝑛 = 4𝐺𝜇2/𝑛 for 𝑛th harmonic mode

• 𝑃tot ≔ ∑𝑃𝑛 ∼ 4𝐺𝜇2 ln 𝑛max



Conventional treatment

• Physical cutoff: 𝑛 ≲ 𝜇𝐿/𝑀

• 𝜇: string tension, 𝐿: maximum length, 𝑀: monopole mass

• For PTA, √𝜇 ∼ 𝑀 ∼ 1016 GeV, 𝐿 ∼ 𝐻−1(𝑇 ∼ MeV) → 𝑃tot ∼ 700𝐺𝜇2

• Monopoles are highly accelerated: 𝛾𝑚 = 𝐸/𝑀 ∼ 1040 … really?

• Community assumption: 𝑃tot is similar to that of a loop (∼ 50𝐺𝜇2)

• Corresponds to 𝑛max ∼ 105

• Not too physical

What is the realistic picture?



Impact of fluctuations



Wiggles at formation

tion of this theory cannot describe formation of topological defects and scattering of classical
waves produced by the tachyonic instability. Therefore such methods break down within
the first oscillation of the field distribution.

FIG. 9. Strings produced after one half of an oscillation in the model (1) for a complex field φ.

VII. QUARTIC POTENTIAL

The process of SSB will occur in a somewhat different way in theories where the curvature
of the effective potential near its maximum depends on ω. For example, one may consider
the Coleman-Weinberg model, which was the basis for the first version of the new inflation
scenario [24]:

V =
λ

4

(

ω4 log
ω2

v2
→

ω4

2
+

v4

2

)

. (18)

This potential has a maximum at ω = 0 and a minimum at ω = v. At small ω the effective
potential looks like →ωφ4

4 with an effective coupling constant λ(ω) = λ log v2

φ2 .
Another interesting example is the toy model

V = →
λ

4
ω4 +

αω6

6
+

v4

12
. (19)

An important feature of such potentials is that the tachyonic mass m2(ω) = V ′′(ω)
vanishes at ω = 0. Therefore the simple arguments based on the tachyonic growth of small

22

[Felder, Kofman, Linde; 2012]

40𝑚−1
scalar



Thermal fluctuations on the strings

• Strings are wiggly

• Brownian at formation

• Smoothed out by drag force while in contact with the thermal bath

•→ cannot be smoother than thermal fluctuation on string

𝑓(𝑝)d𝑝 ≃ 1
exp[|𝑝|/𝑇𝑠] − 1d𝑝

• 𝑇𝑠: string temperature (cosmic temperature up to 𝑔∗)



Fluctuations take energy away
𝑝 𝑃

𝑝′

𝑃 ′

→ friction force to monopole



Acceleration stops
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Energy loss from high-energy processes

• Short-wavelength (∼ string thickness) structures

•→ Nonlinear dynamics triggered

• Massive particle emission

• Microscopic loop formation

• Cusp evaporation

• ...



Segments do not oscillate

• Most energy is lost nongravitationally

•→ GW suppressed



Summary

• GW from metastable cosmic strings can be a probe for new physics

• Different parameters preferred for loop only vs. loop+segment

• Small-scale fluctuations on segments prevent oscillation

• Most of energy is released nongravitationally

• Litte GW expected

• Always “loop only” scenario



Thank you!



Backup



How long and straight segments need be?

• Reality: various, curved / shorter segments

• segments from loops

• segments from long strings

• 2nd, 3rd... generation segments

• For PTA, required straight length ∼
𝛾𝑚𝑀𝑚
𝜇 ∼ 10−20𝐻−1(𝑇 ∼ MeV)

•→ applicable to realistic segments!



Nambu–Goto effective action

𝑆 = −⌠
⌡d4𝑥 [ 1

4𝑒2
𝐹2 + |𝐷𝜑|2 + 𝑉(|𝜑|)]

integrate out heavy modes

𝑆 = −𝜇⌠⌡worldsheet
d2𝑥

𝜇 ≈ 2𝜋𝑣2: tension = energy per unit length





Magnetic flux

→ string cannot be cut

⌠
⌡across string

𝐵 = ⌠
⌡across string

d𝐴

= ∮
around string

𝐴

= ∮
around string

𝑖
𝜑(𝐷𝜑 − d𝜑)

= ⌠
⌡
2𝜋

0

𝑖
𝑣𝑒𝑖𝜃

(−𝑖𝑣𝑒𝑖𝜃d𝜃)

= 2𝜋

= 0



Tunneling and bounce

‣ Procedure: 

‣ Go to imaginary time 

‣  invert the potential 

‣ Find the bounce solution 

‣ Action:  

‣ Decay rate: 

≈

SB

Γ ∼ exp[−SB]

x

→V (x)

String breaking rate

x

V (x)

x→
x+0

see e.g. [Coleman, 1985]



Preskill-Vilenkin approximation

‣ Neglect monopole size and string width 

‣  

‣ →  ,   

‣ : monopole mass, : string tension 

‣ String width  required 

→   Is this OK for PTA ( )? 

→Alternative evaluation desired

SE = 2πρ*E MM−πρ*2
E Tstr

ρ*E = MM /Tstr SB = πM2
M/Tstr = πκ

MM Tstr

T−1/2
str ≪ ρ*E

κ ≫ 1 ⋯ κ ∼ 8

String breaking rate
[Preskill & Vilenkin, 1992]



Local vs. Global

• Global string: from broken global U(1)

• Couples to Nambu–Goldstone bosons→ GW suppressed

• Not discussed today

• Example: post-inflationary axion models

• Local string: from broken gauged U(1)

• Couples to gravity

• Example: SO(10) → SM × U(1) → SM
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Small 𝛾𝑚: heavy monopole limit

∆𝑡 = 𝜆
1 + 𝛽

𝜆 ∼ 1/𝑇s

𝛽∆𝑡 (1 − 𝛽)∆𝑡 𝛽∆𝑡

friction ∼ [(1 − 𝛽)∆𝑡]−1/∆𝑡 ∼ 𝛾2𝑇2𝑠

𝛾2(cr)𝑇
2
s ∼ 𝜇 → 𝛾(cr) ∼ √𝜇/𝑇s



Large 𝛾𝑚: massless monopole limit
𝑇s 𝛾𝑀𝑚

CM frame

𝑝CM 𝑝CM

scatter

𝑝CM

𝑝CM𝑝CM

original frame

𝑇s𝛾𝑀𝑚

• Most of monopole’s energy lost at one collision

• friction ∼ 𝛾𝑀𝑚 × 𝑇s



Cosmological evolution and GW: long strings

≳ 𝐻−1

• Formed at 𝑇 ∼ 𝑣

• Scaling solution: attractor of the dynamics

• 𝑂(1) string / Hubble volume

• Little initial condition dependence



Cosmological evolution and GW: loop formation

∼ 𝐻−1

Formed continuously; number fixed by scaling



Cosmological evolution and GW: loops

• Vibrate and emit GW

• 𝑓 ∼ (loop size)−1

• power ∼ 50𝐺𝜇2

• Gradually shrink as they decay into GW



Decay rate

• Γ = 𝜇
2𝜋 exp[−𝜋𝜅]

• PTA: √𝜅 ∼ 8

• Thin-defect approximation: 𝜅 = 𝑀2/𝜇

• Not an excellent one [AC, Nakayama, Ibe, Shirai, Watanabe; 2024]

𝑧

𝑡𝐸



Metastable Cosmic Strings
Early timesLate times
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ΩGW
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Metastable Cosmic Strings
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Ballpark figures for PTA

• √𝜇 ∼ 1015–17 GeV

• Decaying at 𝑇 ∼ MeV



Nongravitational energy loss: rough sketch

• 𝑁 quanta of scattered wave

• Scattering probability 𝑃

• (1 − 𝑃)𝑁: hit monopole; 𝑁 increase by 1

• 1 − (1 − 𝑃)𝑁: hit scattered wave; 𝑁 decrease by 1

• Energy released ∼ 𝜇/𝑇s
• 𝑁 ∼ 1/ ln[(1 − 𝑃)−1] remain

𝑁



Numerical simulation
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Magnetic monopoles

• Arise from e.g. SU(2) → U(1):

• Have magnetic charge

• Mass: 𝑀 ∼ 4𝜋𝑉
𝑔

𝜙𝑎(𝑥) = 𝑉 𝑥𝑎

| ⃗𝑥|
SU(2) triplet



Confined vs. Unconfined magnetic flux

• Confined: possibly emit GW(?)

• From e.g. SU(2) → U(1) → 1

• Unconfined: radiate U(1) gauge boson→ little GW

• From e.g. SU(2) × U(1) → U(1) × U(1) → U(1)



Propagating waves on strings

𝑧
⃗𝑥⟂(𝑡, 𝑧)

𝑆 = −𝜇 ⌠⌡worldsheet
d2𝑆

String on 𝑧 axis + small perturbation

𝑆zm = 𝜇
2
⌠
⌡d𝑡d𝑧 [(𝜕𝑡 ⃗𝑥⟂)2 − (𝜕𝑧 ⃗𝑥⟂)2]



No segment contribution for PTA
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Failure of stable strings
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