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1) gravitational waves from 
    metastable comic strings 

2) Spontaneous B-L breaking 
   as the origin of the  
   hot early Universe
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cosmic strings in a nutshell

 3

Cosmic strings : one-dimensional topological objects formed in a early Universe phase transition 
 
           symmetry breaking pattern �  produces cosmic strings if  � .G → H Π1(G/H) ≠ 0

form a cosmic string network, evolves through

string (self-)intersection  �  loop formation


emission of particles and gravitational waves (GWs)

→

enter scaling regime (constant fraction of total energy density)

!3

Nature of Cosmic Strings

Generated from symmetry-breaking  
phase transition [Kibble, 1976] 

Kibble mechanism:  
topological defects of the vacuum manifold 

Thin string ⇒  ~1D object with Nambu-Goto action 
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String inter-commuting: crossing, loop formation 

Cosmic-string network ⇒  Long-lasting GW source !

[Allen & Shellard, 1990]

GWs

[Allen, Shellard 1990]
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metastable cosmic strings
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consider SO(10) → GSM × U(1)B−L → GSM

Π1(GSM × U(1)/GSM) = Π1(U(1)) ≠ 0

Π1(SO(10)/GSM) = 0

cosmic strings

no cosmic strings ?
[Vilenkin ’82, Leblond, Shlaer; Siemens ’09; 

Monin, Voloshin ’08+’09;  Dror et al '19]
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Π1(GSM × U(1)/GSM) = Π1(U(1)) ≠ 0

Π1(SO(10)/GSM) = 0

cosmic strings

no cosmic strings ?
resolution: no stable cosmic strings

SO(10) → GSM × U(1)B−L generates monopoles

GSM × U(1)B−L → GSM generates cosmic strings

string - monopole gas 
-> decays fast

[Vilenkin ’82, Leblond, Shlaer; Siemens ’09; 
Monin, Voloshin ’08+’09;  Dror et al '19]
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GSM × U(1)B−L → GSM generates cosmic strings

string - monopole gas 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inflation dilutes monopoles

-> metastable cosmic string network,  
     decays through Schwinger production of monopoles

Γd =
μ
2π

exp(−πm2/μ) �  string tension, 
�  monopole mass
μ ∼ v2

B−L
m ∼ vGUT

[Vilenkin ’82, Leblond, Shlaer; Siemens ’09; 
Monin, Voloshin ’08+’09;  Dror et al '19]
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gravitational wave emission from integration over loop distribution function:

GW power spectrum of a single loop

# of loops emitting GWs  
   observed at frequency �   todayf

# of loops with length �  at time �  ℓ t

ΩGW( f ) =
∂ρGW( f )
ρc ∂ ln f

=
8πf(Gμ)2

3H2
0

∞

∑
n=1

Cn( f ) Pn

Cn( f ) =
2n
f 2 ∫

zmax

zmin

dz
𝒩(ℓ(z), t(z))
H(z)(1 + z)6

cosmological history

𝒩r(ℓ, t) =
0.18

t3/2(ℓ + 50 Gμt)5/2

ℓ̄ Γd = H
decay of cosmic string network at

evaluated analytically for �   and  �  :ℓ ≪ 50 Gμ t ℓ ≫ 50 Gμ t

ΩGW( f ) = 8.04 Ωr ( Gμ
50 )

1/2

min [( f /f*)3/2,1] , f* = 3.0 × 1014 Hz e−πκ/4 ( 10−7

Gμ )
1/2

[see eg. Auclair, Blanco-Pillado, Figueroa et al '19]
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FIG. 2: GW spectrum for Gµ = 2 ⇥ 10�7. Di↵erent values
of

p
 are indicated in di↵erent colors; the blue curve corre-

sponds to a CS network surviving until today. The dot-dashed
lines depict the analytical estimate (25). The (lighter) gray-
shaded areas indicate the sensitivities of (planned) experi-
ments SKA [39], LISA [40], LIGO [41] and ET [42], the crosses
within the SKA band indicate constraints by the IPTA [43].

The dominant contribution is expected to come from
long-lived, sub-horizon CS loops that eventually decay
emitting gravitational radiation. Modeling the evolution
and GW emission of a CS network is a challenging task,
resulting in several competing models in the literature.
Among others, major questions are the ansatz for CSs
(field theory versus Nambu Goto), the correct loop num-
ber density and the most e�cient GW production chan-
nel (see Ref. [37] and references therein for a comprehen-
sive review). Moreover, for metastable strings, the GW
production from fast-moving monopoles requires further
investigation [12, 13]. For concreteness, we will base our
analysis on the BOS model [38], but the arguments pre-
sented here can easily be applied to any other CS model.

The present-day GW spectrum can be expressed as [37]

⌦GW(f) =
@⇢GW(f)

⇢c@ ln f
=

8⇡f(Gµ)2

3H2
0

1X

n=1

Cn(f)Pn , (19)

where ⇢GW denotes the GW energy density, ⇢c is the
critical energy density of the universe, Gµ denotes the
dimensionless string tension, H0 = 100h km/s/Mpc is
today’s Hubble parameter, Pn ' 50/⇣[4/3]n�4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a CS loop, and Cn(f) indicates the number of loops
emitting GWs that are observed at a given frequency f ,

Cn(f) =
2n

f2

Z zmax

zmin

dz
N (` (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops
N (`, t), with ` = 2n/((1 + z)f), selecting the loops that
contribute to the spectrum at frequency f today. The

FIG. 3: Constraints on the CS parameter space from GW
searches. The orange, red, and purple regions are excluded
by the existing bounds from EPTA [44], LIGO O2 [41] and
PLANCK [45], respectively. The shaded green and blue re-
gions indicate the prospective reach of LIGO at design sen-
sitivity and of LISA. The hatched region indicates the viable
parameter space from Fig. 1.

loop number density can be estimated analytically and
improved with input from numerical simulations. In par-
ticular, for loops generated and decaying in the radiation-
dominated (RD) era, it can be estimated as [37, 38]

Nr(`, t) =
0.18

t3/2(`+ �Gµt)5/2
, (21)

where � ' 50 parametrizes the CS decay rate into GWs,
˙̀ = ��Gµ. The integration range in Eq. (20) accounts
for the lifetime of the CS network, from the formation at
zmax ' Trh/(2.7 K) until their decay when the decay rate
of a string loop with average length ¯̀' 13Gµ/H equals
the Hubble rate, ¯̀�d = H. The latter condition yields

zmin =

✓
70

H0

◆1/2

(� �d Gµ)1/4 , (22)

which coincides with the estimate found in [12].
For a su�ciently long-lived CS network, the spectrum

features a plateau over many orders of magnitude in fre-
quency, accounting for the GW production from CS loops
during the RD era. The amplitude of this plateau is [37]

⌦plateau
GW ' 8.04⌦r

✓
Gµ

�

◆1/2

. (23)

A finite lifetime of the CS network leads to a suppres-
sion of the GW spectrum at low frequencies. Focus-
ing for simplicity only on the RD era, we note that the
scaling of the integrand of Eq. (20) with z changes at
z` = �/2Gµf tref z2ref, with tref = t(zref) denoting an ar-
bitrary reference time during RD. One can verify that, for

standard prediction for stable cosmic strings: 
highly constrained by PTAs, �Gμ ≲ 10−11

κ = m / μ ∼ vGUT /vB−L

metastable cosmic strings: 
discovery space for LIGO, LISA and ET

solid: numerical 
dashed: analytical

�   with �    can be tested with GWs !SO(10) → GSM × U(1)B−L → GSM vB−L ≲ vGUT

Gμ = 2 × 10−7
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B-L phase transition
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An example: SSB of U(1)B�L at the GUT scale
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gauging �U(1)B−L

- global (accidental) symmetry of the SM, subgroup of GUT groups, eg SO(10)  
- anomaly cancellation requires introduction of 3 right-handed neutrinos �  

- B-L dynamically broken by B-L Higgs field �   �  neutrino masses via seesaw mechanism 

nc
i

S →

ϕ

S

W = WMSSM + hν
ij5*i nc

j Hu +
1

2
hn

i nc
i nc

i S1 + λΦ ( v2
B−L

2
− S1S2) + W0
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Figure 2: Scalar potential for inflation along the real axis in the complex inflaton field space after adding a

constant term W0 to the superpotential. Slow-roll inflation is possible for both ✓ = 0 and ✓ = ⇡. Here, we have

chosen parameter values v = 3.6⇥ 1015 GeV, � = 2.1⇥ 10�3 and m3/2 = 50 TeV.

This value is disfavoured by the recent PLANCK data. It deviates from the measured central

value ns ' 0.96 by about 3�.

For su�ciently large values of b, an interesting new regime opens up for field values very

close to the critical point [30]. This is apparent from Fig. 2, where the potential is displayed

for representative values of v, � and m3/2. Note that the first derivative of the loop-induced

potential is always positive,

f
0(z) = 2(z + 1) ln

✓
1 +

1

z

◆
+ 2(z � 1) ln

✓
1�

1

z

◆
> 0 . (21)

As a consequence, for initial conditions xi > 1, cancellations between the gradients of the linear

term and the one-loop potential can lead to extreme slow roll. The second derivative of the loop

potential is always negative,

f
00(z) = 2 ln

✓
1�

1

z2

◆
< 0 , (22)

and diverges for z ! 1. This allows small values of ns, if x⇤ is su�ciently close to the critical

point. For the example shown in Fig. 2, the point of 50 e-folds is x⇤ ' 1.3. Note that successful

inflation requires carefully chosen initial conditions. The inflaton rolls in the direction of the

critical point only if xi . 1.5. We will come back to the problems related to the necessary tuning

of the initial conditions in more detail in Sec. 4. Also for initial values xi < �1, the linear term

significantly modifies the loop-induced potential, but qualitatively the picture does not change.

9

ϕ

S

reproducing CMB observables (� ) 
eliminates two parameters 
out of three (�  )

As, ns

λ, vB−L, m3/2

W ⊃ λΦ ( v2
B−L

2
− S1S2) + W0 , W0 ∼ m3/2MP

[Buchmüller, VD, Kamada, Schmitz ’14; 
Schmitz, Yanagida ’18]
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Figure 4: Two-field dynamics of the complex inflaton in field space. The solid green lines represent possible

inflationary trajectories in the scalar potential V (�, ⌧) (dot-dashed orange contour lines.) Lines of constant N

are marked by dashed blue contours, with the beginning and end of inflation (N = N⇤ and N = 0, respectively)

marked by thicker contours. Along the light-blue trajectory, the measured values of As and ns are reproduced.

The model parameters are again set to v = 3.6⇥ 1015 GeV, � = 2.1⇥ 10�3 and m3/2 = 50 TeV, cf. Fig. 2.

the fluctuation of the inflaton in field space, ��, around its homogeneous background value,8

⇣ ⇡ �N . (33)

In calculating �N , one is free to either specify a boundary condition N = N
(0) at early or at late

times and then either evolve N forward or backward in time. Obviously, the backward method

described by Yokoyama et al. [35,36] pursues the latter approach, cf. also the geometrical analysis

presented in Ref. [43]. The former approach is implemented in the ‘forward method’ developed

by the authors of Refs. [44, 45]. Either way, it is important to notice that the �N formalism

in its standard formulation, cf. Eq. (34), comes with intrinsic limitations. For instance, the

possible interference between di↵erent modes at the time of Hubble exit is usually neglected and

all perturbations are instead taken to be uncorrelated and Gaussian. Likewise, the universe is

assumed to eventually reach the adiabatic limit with no isocurvature modes remaining at late

times. Finally, the decaying modes in the curvature perturbation spectrum cannot be accounted

for by the �N formalism. More advanced computational techniques to overcome this latter

problem have recently been proposed in the literature [46]. But, as we do not have to deal with

any, say, temporal violation of the slow-roll conditions, these decaying modes are negligible in

8More concretely, �N is calculated as the fluctuation in the number of e-folds between the initial flat hyper-

surface at t = t⇤, i.e. at the time when the CMB pivot scale k⇤ = 0.05Mpc�1 exists the Hubble horizon, and

some appropriately chosen final uniform energy density hypersurface at t = tf , on which all possible inflationary

trajectories have already converged. This latter hypersurface is hence constructed such that, for all later times,

the universe is in the adiabatic regime and can be described by a single cosmic clock. Consequently, the curvature

perturbation ⇣ remains constant for all times t � tf .
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yields reheating temperature, baryon asymmetry (thermal + nonthermal), dark matter
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3

Trh in terms of the total and radiative energy densities,

T = Trh , ⇢tot = 2 ⇢rad . (12)

Trh is determined by the decay widths of S and N1, which
can be expressed in terms of the masses defined above,

�0
S =

mS

8⇡

✓
M1

vB�L

◆2 ✓
1�

4M2
1

m2
S

◆1/2

, (13)

�0
N1

'
1

4⇡

em1

m⌫

M2
1

vB�L
.

The neutrinos N1 produced in S decays are relativistic,
which is accounted for by the averaged Lorentz factor �,

�S
N1

= ��1 �0
N1

, ��1 =

⌧
M1

EN1

�
. (14)

�S ⌘ �0
S and �N1 ⌘ �S

N1
define the S and N1 decay

temperatures,

H (TX) = �X : TX =

✓
90

↵X⇡2g⇤

◆1/4 p
�XMPl , (15)

where X = {S,N1} and ↵�1
X ⌘ ⇢rad/⇢tot|TX . For Trh, we

then find (see Appendix C in [27] for details)

Trh ' 0.85⇥min{TN1 , TS} . (16)

For any given values of em1 and m3/2, successful hybrid
inflation selects a point in the vB�L –Trh plane, such that
the values of all parameters are fixed [up to an O(1) un-
certainty due to the constant ↵ in Eq. (10)]. This is
illustrated in Figure 1. The turn-over at large gravitino
masses and high reheating temperatures reflects the quar-
tic supergravity coupling in the inflaton potential becom-
ing important. Even larger gravitino masses entail field
excursions of O(MPl) and thus are sensitive to further,
model-dependent supergravity corrections. For large val-
ues of em1, the reheating temperature is set by S decays,
such that it becomes independent of em1. This is reflected
in the merging of di↵erent em1 contour lines at the upper
edge of the band depicted in Fig. 1.

The decay of the heavy neutrino N1 is responsible for
nonthermal leptogenesis [28, 29], which dominates in our
model over thermal leptogenesis for Trh . 1010 GeV [1].
The resulting baryon asymmetry can be estimated as

⌘B ' ⌘ntB ' Csph
g0⇤,s
g⇤,s

g⇤,⇢
g�

⇡4

30 ⇣(3)
"1

Trh

�M1
, (17)

with Csph = 8/23 denoting the sphaleron conversion fac-
tor, g⇤,⇢ = g⇤,s = 915/4, g0⇤,s = 43/11, and g� = 2 count-
ing (e↵ective) numbers of relativistic degrees of freedom
and "1 . 2 ⇥ 10�6M1/

�
1010GeV

�
[30–32] parameteriz-

ing the CP asymmetry in N1 decays. This agrees with
the result obtained solving the corresponding Boltzmann
equations within a factor of two [1]. The gray shading in
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FIG. 1: Viable parameter space (green) for hybrid inflation,
leptogenesis, neutralino DM, and big bang nucleosynthesis.
Hybrid inflation and the dynamics of reheating correlate the
parameters vB�L, Trh, m3/2 and em1 (black curves). Success-
ful leptogenesis occurs outside the gray-shaded region. Neu-
tralino DM is viable in the green region, corresponding to a
higgsino (wino) with mass 100  mLSP/GeV  1060 (2680).

Fig. 1 indicates the region where leptogenesis falls short
of explaining the observed baryon asymmetry.
Gravitino masses of O (1) TeV or larger point to a neu-

tralino LSP, which is produced thermally as well as non-
thermally in gravitino decays [33]. Gravitinos are in turn
generated in decays of the B�L Higgs field at a rate

�3/2
S =

x

32⇡

✓
hSi

MPl

◆2 m3
S

M2
Pl

, (18)

as well as from the thermal bath (for a discussion and ref-
erences, see [34]). The parameter x in Eq. (18) encodes
details of the unspecified SUSY-breaking sector, and for
definiteness, we will assume all gaugino masses to be sig-
nificantly lighter than m3/2. Taking into account that
gravitinos must decay early enough to preserve big bang
nucleosynthesis (BBN) [35] and mLSP & 100 GeV [36],
a higgsino or wino LSP can account for the observed
DM relic density in the green-shaded region of Fig. 1.
It is highly nontrivial that neutralino DM and leptoge-
nesis can be successfully realized in the same parame-
ter region. In summary, the viable parameter region of
our model is given by vB�L ' 3.0 · · · 5.8 ⇥ 1015 GeV,
m3/2 ' 10TeV · · · 10PeV, and x . 0.4.

Gravitational waves. The network of CSs formed dur-
ing the B�L phase transition acts as a source of GWs [27].

viable parameter space for inflation

baryon asymmetry too low

viable dark matter

Frogatt-Nielson model to  
parametrize all Yukawa couplings

5D parameter space: �vB−L, Trh, m3/2, m̃ 1, mLSP

[Buchmüller, VD, Schmitz ’12, Asaka '03]

observables: �As, ns, ΩDM, ηobs
B
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FIG. 2: GW spectrum for Gµ = 2 ⇥ 10�7. Di↵erent values
of

p
 are indicated in di↵erent colors; the blue curve corre-

sponds to a CS network surviving until today. The dot-dashed
lines depict the analytical estimate (25). The (lighter) gray-
shaded areas indicate the sensitivities of (planned) experi-
ments SKA [39], LISA [40], LIGO [41] and ET [42], the crosses
within the SKA band indicate constraints by the IPTA [43].

The dominant contribution is expected to come from
long-lived, sub-horizon CS loops that eventually decay
emitting gravitational radiation. Modeling the evolution
and GW emission of a CS network is a challenging task,
resulting in several competing models in the literature.
Among others, major questions are the ansatz for CSs
(field theory versus Nambu Goto), the correct loop num-
ber density and the most e�cient GW production chan-
nel (see Ref. [37] and references therein for a comprehen-
sive review). Moreover, for metastable strings, the GW
production from fast-moving monopoles requires further
investigation [12, 13]. For concreteness, we will base our
analysis on the BOS model [38], but the arguments pre-
sented here can easily be applied to any other CS model.

The present-day GW spectrum can be expressed as [37]

⌦GW(f) =
@⇢GW(f)

⇢c@ ln f
=

8⇡f(Gµ)2

3H2
0

1X

n=1

Cn(f)Pn , (19)

where ⇢GW denotes the GW energy density, ⇢c is the
critical energy density of the universe, Gµ denotes the
dimensionless string tension, H0 = 100h km/s/Mpc is
today’s Hubble parameter, Pn ' 50/⇣[4/3]n�4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a CS loop, and Cn(f) indicates the number of loops
emitting GWs that are observed at a given frequency f ,

Cn(f) =
2n

f2

Z zmax

zmin

dz
N (` (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops
N (`, t), with ` = 2n/((1 + z)f), selecting the loops that
contribute to the spectrum at frequency f today. The
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FIG. 3: Constraints on the CS parameter space from GW
searches. The orange, red, and purple regions are excluded
by the existing bounds from EPTA [44], LIGO O2 [41] and
PLANCK [45], respectively. The shaded green and blue re-
gions indicate the prospective reach of LIGO at design sen-
sitivity and of LISA. The hatched region indicates the viable
parameter space from Fig. 1.

loop number density can be estimated analytically and
improved with input from numerical simulations. In par-
ticular, for loops generated and decaying in the radiation-
dominated (RD) era, it can be estimated as [37, 38]

Nr(`, t) =
0.18

t3/2(`+ �Gµt)5/2
, (21)

where � ' 50 parametrizes the CS decay rate into GWs,
˙̀ = ��Gµ. The integration range in Eq. (20) accounts
for the lifetime of the CS network, from the formation at
zmax ' Trh/(2.7 K) until their decay when the decay rate
of a string loop with average length ¯̀' 13Gµ/H equals
the Hubble rate, ¯̀�d = H. The latter condition yields

zmin =

✓
70

H0

◆1/2

(� �d Gµ)1/4 , (22)

which coincides with the estimate found in [12].
For a su�ciently long-lived CS network, the spectrum

features a plateau over many orders of magnitude in fre-
quency, accounting for the GW production from CS loops
during the RD era. The amplitude of this plateau is [37]

⌦plateau
GW ' 8.04⌦r

✓
Gµ

�

◆1/2

. (23)

A finite lifetime of the CS network leads to a suppres-
sion of the GW spectrum at low frequencies. Focus-
ing for simplicity only on the RD era, we note that the
scaling of the integrand of Eq. (20) with z changes at
z` = �/2Gµf tref z2ref, with tref = t(zref) denoting an ar-
bitrary reference time during RD. One can verify that, for

embedding in SO(10) :  gravitational wave signal from metastable cosmic strings
∼

v G
U

T
/v

B−
L

Cosmological B-L breaking as common origin of inflation, leptogenesis & DM will be tested by LIGO
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FIG. 2: GW spectrum for Gµ = 2 ⇥ 10�7. Di↵erent values
of

p
 are indicated in di↵erent colors; the blue curve corre-

sponds to a CS network surviving until today. The dot-dashed
lines depict the analytical estimate (25). The (lighter) gray-
shaded areas indicate the sensitivities of (planned) experi-
ments SKA [39], LISA [40], LIGO [41] and ET [42], the crosses
within the SKA band indicate constraints by the IPTA [43].

The dominant contribution is expected to come from
long-lived, sub-horizon CS loops that eventually decay
emitting gravitational radiation. Modeling the evolution
and GW emission of a CS network is a challenging task,
resulting in several competing models in the literature.
Among others, major questions are the ansatz for CSs
(field theory versus Nambu Goto), the correct loop num-
ber density and the most e�cient GW production chan-
nel (see Ref. [37] and references therein for a comprehen-
sive review). Moreover, for metastable strings, the GW
production from fast-moving monopoles requires further
investigation [12, 13]. For concreteness, we will base our
analysis on the BOS model [38], but the arguments pre-
sented here can easily be applied to any other CS model.

The present-day GW spectrum can be expressed as [37]

⌦GW(f) =
@⇢GW(f)

⇢c@ ln f
=

8⇡f(Gµ)2

3H2
0

1X

n=1

Cn(f)Pn , (19)

where ⇢GW denotes the GW energy density, ⇢c is the
critical energy density of the universe, Gµ denotes the
dimensionless string tension, H0 = 100h km/s/Mpc is
today’s Hubble parameter, Pn ' 50/⇣[4/3]n�4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a CS loop, and Cn(f) indicates the number of loops
emitting GWs that are observed at a given frequency f ,

Cn(f) =
2n

f2

Z zmax

zmin

dz
N (` (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops
N (`, t), with ` = 2n/((1 + z)f), selecting the loops that
contribute to the spectrum at frequency f today. The
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FIG. 3: Constraints on the CS parameter space from GW
searches. The orange, red, and purple regions are excluded
by the existing bounds from EPTA [44], LIGO O2 [41] and
PLANCK [45], respectively. The shaded green and blue re-
gions indicate the prospective reach of LIGO at design sen-
sitivity and of LISA. The hatched region indicates the viable
parameter space from Fig. 1.

loop number density can be estimated analytically and
improved with input from numerical simulations. In par-
ticular, for loops generated and decaying in the radiation-
dominated (RD) era, it can be estimated as [37, 38]

Nr(`, t) =
0.18

t3/2(`+ �Gµt)5/2
, (21)

where � ' 50 parametrizes the CS decay rate into GWs,
˙̀ = ��Gµ. The integration range in Eq. (20) accounts
for the lifetime of the CS network, from the formation at
zmax ' Trh/(2.7 K) until their decay when the decay rate
of a string loop with average length ¯̀' 13Gµ/H equals
the Hubble rate, ¯̀�d = H. The latter condition yields

zmin =

✓
70

H0

◆1/2

(� �d Gµ)1/4 , (22)

which coincides with the estimate found in [12].
For a su�ciently long-lived CS network, the spectrum

features a plateau over many orders of magnitude in fre-
quency, accounting for the GW production from CS loops
during the RD era. The amplitude of this plateau is [37]

⌦plateau
GW ' 8.04⌦r

✓
Gµ

�

◆1/2

. (23)

A finite lifetime of the CS network leads to a suppres-
sion of the GW spectrum at low frequencies. Focus-
ing for simplicity only on the RD era, we note that the
scaling of the integrand of Eq. (20) with z changes at
z` = �/2Gµf tref z2ref, with tref = t(zref) denoting an ar-
bitrary reference time during RD. One can verify that, for
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∼
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Cosmological B-L breaking as common origin of inflation, leptogenesis & DM will be tested by LIGO
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FIG. 2: GW spectrum for Gµ = 2 ⇥ 10�7. Di↵erent values
of

p
 are indicated in di↵erent colors; the blue curve corre-

sponds to a CS network surviving until today. The dot-dashed
lines depict the analytical estimate (25). The (lighter) gray-
shaded areas indicate the sensitivities of (planned) experi-
ments SKA [39], LISA [40], LIGO [41] and ET [42], the crosses
within the SKA band indicate constraints by the IPTA [43].

The dominant contribution is expected to come from
long-lived, sub-horizon CS loops that eventually decay
emitting gravitational radiation. Modeling the evolution
and GW emission of a CS network is a challenging task,
resulting in several competing models in the literature.
Among others, major questions are the ansatz for CSs
(field theory versus Nambu Goto), the correct loop num-
ber density and the most e�cient GW production chan-
nel (see Ref. [37] and references therein for a comprehen-
sive review). Moreover, for metastable strings, the GW
production from fast-moving monopoles requires further
investigation [12, 13]. For concreteness, we will base our
analysis on the BOS model [38], but the arguments pre-
sented here can easily be applied to any other CS model.

The present-day GW spectrum can be expressed as [37]

⌦GW(f) =
@⇢GW(f)

⇢c@ ln f
=

8⇡f(Gµ)2

3H2
0

1X

n=1

Cn(f)Pn , (19)

where ⇢GW denotes the GW energy density, ⇢c is the
critical energy density of the universe, Gµ denotes the
dimensionless string tension, H0 = 100h km/s/Mpc is
today’s Hubble parameter, Pn ' 50/⇣[4/3]n�4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a CS loop, and Cn(f) indicates the number of loops
emitting GWs that are observed at a given frequency f ,

Cn(f) =
2n

f2

Z zmax

zmin

dz
N (` (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops
N (`, t), with ` = 2n/((1 + z)f), selecting the loops that
contribute to the spectrum at frequency f today. The
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FIG. 3: Constraints on the CS parameter space from GW
searches. The orange, red, and purple regions are excluded
by the existing bounds from EPTA [44], LIGO O2 [41] and
PLANCK [45], respectively. The shaded green and blue re-
gions indicate the prospective reach of LIGO at design sen-
sitivity and of LISA. The hatched region indicates the viable
parameter space from Fig. 1.

loop number density can be estimated analytically and
improved with input from numerical simulations. In par-
ticular, for loops generated and decaying in the radiation-
dominated (RD) era, it can be estimated as [37, 38]

Nr(`, t) =
0.18

t3/2(`+ �Gµt)5/2
, (21)

where � ' 50 parametrizes the CS decay rate into GWs,
˙̀ = ��Gµ. The integration range in Eq. (20) accounts
for the lifetime of the CS network, from the formation at
zmax ' Trh/(2.7 K) until their decay when the decay rate
of a string loop with average length ¯̀' 13Gµ/H equals
the Hubble rate, ¯̀�d = H. The latter condition yields

zmin =

✓
70

H0

◆1/2

(� �d Gµ)1/4 , (22)

which coincides with the estimate found in [12].
For a su�ciently long-lived CS network, the spectrum

features a plateau over many orders of magnitude in fre-
quency, accounting for the GW production from CS loops
during the RD era. The amplitude of this plateau is [37]

⌦plateau
GW ' 8.04⌦r

✓
Gµ

�

◆1/2

. (23)

A finite lifetime of the CS network leads to a suppres-
sion of the GW spectrum at low frequencies. Focus-
ing for simplicity only on the RD era, we note that the
scaling of the integrand of Eq. (20) with z changes at
z` = �/2Gµf tref z2ref, with tref = t(zref) denoting an ar-
bitrary reference time during RD. One can verify that, for
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FIG. 2: GW spectrum for Gµ = 2 ⇥ 10�7. Di↵erent values
of

p
 are indicated in di↵erent colors; the blue curve corre-

sponds to a CS network surviving until today. The dot-dashed
lines depict the analytical estimate (25). The (lighter) gray-
shaded areas indicate the sensitivities of (planned) experi-
ments SKA [39], LISA [40], LIGO [41] and ET [42], the crosses
within the SKA band indicate constraints by the IPTA [43].

The dominant contribution is expected to come from
long-lived, sub-horizon CS loops that eventually decay
emitting gravitational radiation. Modeling the evolution
and GW emission of a CS network is a challenging task,
resulting in several competing models in the literature.
Among others, major questions are the ansatz for CSs
(field theory versus Nambu Goto), the correct loop num-
ber density and the most e�cient GW production chan-
nel (see Ref. [37] and references therein for a comprehen-
sive review). Moreover, for metastable strings, the GW
production from fast-moving monopoles requires further
investigation [12, 13]. For concreteness, we will base our
analysis on the BOS model [38], but the arguments pre-
sented here can easily be applied to any other CS model.

The present-day GW spectrum can be expressed as [37]

⌦GW(f) =
@⇢GW(f)

⇢c@ ln f
=

8⇡f(Gµ)2

3H2
0

1X

n=1

Cn(f)Pn , (19)

where ⇢GW denotes the GW energy density, ⇢c is the
critical energy density of the universe, Gµ denotes the
dimensionless string tension, H0 = 100h km/s/Mpc is
today’s Hubble parameter, Pn ' 50/⇣[4/3]n�4/3 is the
power spectrum of GWs emitted by the nth harmonic
of a CS loop, and Cn(f) indicates the number of loops
emitting GWs that are observed at a given frequency f ,

Cn(f) =
2n

f2

Z zmax

zmin

dz
N (` (z) , t (z))

H (z) (1 + z)6
, (20)

which is a function of the number density of CS loops
N (`, t), with ` = 2n/((1 + z)f), selecting the loops that
contribute to the spectrum at frequency f today. The
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FIG. 3: Constraints on the CS parameter space from GW
searches. The orange, red, and purple regions are excluded
by the existing bounds from EPTA [44], LIGO O2 [41] and
PLANCK [45], respectively. The shaded green and blue re-
gions indicate the prospective reach of LIGO at design sen-
sitivity and of LISA. The hatched region indicates the viable
parameter space from Fig. 1.

loop number density can be estimated analytically and
improved with input from numerical simulations. In par-
ticular, for loops generated and decaying in the radiation-
dominated (RD) era, it can be estimated as [37, 38]

Nr(`, t) =
0.18

t3/2(`+ �Gµt)5/2
, (21)

where � ' 50 parametrizes the CS decay rate into GWs,
˙̀ = ��Gµ. The integration range in Eq. (20) accounts
for the lifetime of the CS network, from the formation at
zmax ' Trh/(2.7 K) until their decay when the decay rate
of a string loop with average length ¯̀' 13Gµ/H equals
the Hubble rate, ¯̀�d = H. The latter condition yields

zmin =

✓
70

H0

◆1/2

(� �d Gµ)1/4 , (22)

which coincides with the estimate found in [12].
For a su�ciently long-lived CS network, the spectrum

features a plateau over many orders of magnitude in fre-
quency, accounting for the GW production from CS loops
during the RD era. The amplitude of this plateau is [37]

⌦plateau
GW ' 8.04⌦r

✓
Gµ

�

◆1/2

. (23)

A finite lifetime of the CS network leads to a suppres-
sion of the GW spectrum at low frequencies. Focus-
ing for simplicity only on the RD era, we note that the
scaling of the integrand of Eq. (20) with z changes at
z` = �/2Gµf tref z2ref, with tref = t(zref) denoting an ar-
bitrary reference time during RD. One can verify that, for
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Cosmological B-L breaking as common origin of inflation, leptogenesis & DM will be tested by LIGO
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Thank you!


