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Cosmic strings produce charged particles which, by emitting electromagnetic radiation, partially ionize
neutral hydrogen during the dark ages. Corrections to the ionization fraction of neutral hydrogen induced
by cosmic strings lead to new constraints on the string tension around Gμ ∼ 10−16–10−20 for values of the
primordial magnetic field greater than B0 ∼ 10−11 G.
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I. INTRODUCTION

Cosmic strings [1] are linear topological defects which
may have formed in the early Universe. In particle physics
models which admit cosmic strings, a network of strings
will inevitably form during a symmetry-breaking phase
transition [2] and persist to late times. The string network
consists of a scaling system of “long” strings (strings with
curvature radius larger than the Hubble horizon) and a
distribution of string loops with radii smaller than the
Hubble horizon. By “scaling system,” it is meant that the
statistical properties of the network are independent of time
if all lengths are scaled to the Hubble horizon. In fact, the
mean separation of the long strings can be shown to be
comparable to the horizon. This can be seen using both
analytical arguments [1] and numerical simulations [3]. The
scaling network of long strings is maintained by the strings
intersecting each other and producing loops. The typical
formation radius RiðtÞ at time t of a string loop is again
comparable to the horizon, RiðtÞ ¼ αt, α being a constant
of order unity. The loops oscillate and gradually decay.
For large loops, gravitational wave emission [4] is the
dominant decay channel; for small loops, it is the process
of “cusp annihilation” [5] producing elementary particles
which is more important.
Cosmic strings form lines of trapped energy density.

If the energy scale of the phase transition which leads to
cosmic string formation is η, then the string tension (which
equals the mass per unit length) is

μ ≃ η2: ð1Þ

The dynamics of cosmic string networks can be described
by the dimensionless number Gμ, where G is Newton’s
gravitational constant.

The trapped energy of the strings gravitates and leads to
specific signatures which can be searched for in cosmo-
logical observations (see, e.g., Ref. [6] for a review). The
signatures of the long string network increase in strength
proportional to μ. Hence, searching for cosmic string
signatures in the cosmological observations is a way to
probe particle physics beyond the Standard Model “from
top down.” Not observing signals which strings predict can
be used to rule out classes of particle physics models [7].
The current robust upper bound on the cosmic string
tension is Gμ < 1.5 × 10−7, which comes from measure-
ments of the angular power spectrum of the cosmic
microwave background [8]. If the distribution of string
loops also achieves a scaling solution (which Nambu-Goto
simulations of string evolution [9] indicate, but not all
simulations based on solving the classical field theory
equations [10]), then a stronger bound of Gμ < 10−10 can
be derived from pulsar timing constraints on the amplitude
of the stochastic gravitational wave background [11].
According to the one-scale model of the string loop

distribution, the number density of string loops per unit
radius R at a time t after the time teq of equal matter and
radiation is given by [1]

nðR; tÞ ∼ R−5=2t1=2eq t−2 ð2Þ

for loops produced before teq. This distribution is valid
down to a lower cutoff radius RcðtÞ ∼ t, which in the case of
graviational radiation dominating the string loop decay is

RcðtÞ ¼ γβ−1ðGμÞt; ð3Þ

where β and γ are constants which will be introduced
later. Hence, the loops dominate the energy density in
cosmic strings, and they dominate the string decay emis-
sion products.
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The initial interest in the role of cosmic strings in
cosmology was sparked by the idea that string loops could
be the seeds for galaxies and galaxy clusters [12]. However,
since a distribution of strings as the main source of cosmo-
logical perturbations does not produce acoustic oscillations
in the angular power spectrum of CMB anisotropies [13],
the discovery of these oscillations [14] killed this idea.
Nevertheless, since there is good evidence from particle
physics that cosmic strings might form in the early
Universe, it is of great interest to look for their signatures,
and in particular for effects of string loops. In fact, it was
shown that string loops might yield the seeds about which
high-redshift supermassive black holes form [15], and may
play a role in globular cluster formation [16].
An important feature of cosmic string loops is that any

loop (of invariant length R) will experience a cusp at least
once per oscillation time R=2 [17].1 A cusp is a region of
length [18]

lcðRÞ ∼ R1=2w1=2 ð4Þ

(where w ∼ μ−1=2 is the width of the string) about a point
where the two sides of the string overlap. Such a region is
unstable to annihilation into a burst of particles [5]. The
primary decay products are the scalar and gauge field
quanta associated with the string, but these rapidly decay
into jets of long-lived elementary particles such as neu-
trinos, pions, and electrons, and also high-energy photons.
The resulting flux of ultrahigh-energy photons and neu-
trinos was studied in Refs. [19] and [20]. The consequences
for fast radio bursts were recently analyzed in Ref. [21], and
the implications for the global 21 cm signal were studied
in Ref. [22]. The effects of strings typically increase in
amplitude as Gμ decreases, until the value of Gμ for which
gravitational radiation ceases to be the dominant decay
channel. Thus, one can hope that searching for signals of
string loops can provide constraints on lower-tension
strings.
In our analysis, we are assuming that after a cusp

annihilates, another cusp of a similar size will form after
another loop oscillation period. However, it is not clear that
this will in fact happen. After a cusp annihilation event, the
remaining string will feature kinks that propagate away
in both directions along the string from the cusp site. The
presence of kinks on a string invalidates one of the
continuity assumptions which goes into the argument of
Ref. [17]. Kinks may also be present on the string when the
loop forms (as a consequence of the process by which the
string loop is produced). It is reasonable to assume that
backreaction effects will smooth out the kinks right after

they form and that the argument of Ref. [17] for the cusp
formation can then be used independently in each oscil-
lation time. If this is not the case, however, then the number
of cusp events on older loops may be lower than we assume
here, or the cusps would be smaller in length than what we
are assuming. See Ref. [23] for interesting field theory
simulations relevant to this question.
Since string loops are present and undergo cusp anni-

hilation at all times, they will contribute to early reioniza-
tion of the Universe. The effect of superconducting cosmic
strings, which have a direct decay channel into photons,
was studied in Ref. [24]. In this work, we will study the
corresponding signal for ordinary (i.e., nonsuperconduct-
ing) strings.
After recombination, most of the hydrogen in the

Universe is neutral. It is only after nonlinear structure
forms that hydrogen can be fully ionized again. By
analyzing the spectra of most distant quasars, one can
conclude that most of the hydrogen was reionized at
redshift z ∼ 6 [25]. However, if cosmic strings [26] were
formed in the early Universe, they could ionize the hydro-
gen at earlier times. We will study how this effect depends
on the string tension and on the amplitude of the primordial
magnetic fields.
Throughout this paper, we use parameters for a flat

ΛCDM model: The Hubble expansion rate is taken to be
H0 ¼ h × 100 km=s=Mpc with h ¼ 0.7, the fractional
contribution of baryons to the total energy density
being Ωb ¼ 0.05 and that of matter Ωm ¼ 0.26. The
cosmological redshift zðtÞ is related to time via 1þ zðtÞ ¼
ð1þ zeqÞ

ffiffiffiffiffiffiffi
t0=t

p
in the radiation-dominated epoch, and 1þ

zðtÞ ¼ ð1þ zeqÞðteq=tÞ2=3 in the matter-dominated epoch,
where teq ¼ ð2 ffiffiffiffiffiffi

Ωr
p

H0Þ−1 is the time of equal matter
and radiation, and zeq¼Ωm=Ωr with h2Ωr¼4.18×10−5.
Ωr is the current fractional contribution of radiation to the
current energy density. We also adopt natural units,
ℏ ¼ c ¼ 1.

II. CUSP ANNIHILATION ELECTRON
SPECTRUM

In this section, we compute the flux of high-energy
particles from cusp annihilation of nonsuperconducting
cosmic strings. In the following section, we will then
use this flux to compute the contribution of cosmic
strings to the ionization of the Universe after the time of
recombination.
A cosmic string cusp initially decays by emitting quanta

of the Higgs and gauge fields which make up the string.
These particles, in turn, decay into a jet of Standard Model
particles, in particular charged and neutral pions, electrons
and neutrinos. The energy distribution of particles in such
jets has been well studied by particle physicists, with the
result that the spectrum of charged pions produced by a
cusp annihilation event is given by [19]

1In the computations below, we take the oscillation time to
be R. This will underestimate our effect. Another conservative
assumption we make in the analysis is that there is only one cusp
per oscillation period. There could be two or even more.
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dN
dE

¼ 15

24

μlc
Q2

f

�
Qf

E

�
3=2

; ð5Þ

where Qf is the energy of the primary decay quanta, which
is of the order of η. In the following, we will take Qf ∼ η,
leading to

dN
dE

∼
15

24
μ1=2R1=2E−3=2: ð6Þ

The spectrum of electrons produced by the cusp-induced
jets has the same scaling.
The energy distribution at time t0 (number per unit

energy per unit time) of electrons emitted by cusps is
found by integrating over the loop distribution at a time t0
from the lower cutoff radius Rcðt0Þ to the upper cutoff
R ¼ αt0, where (α ∼ 1)

d2neðt0Þ
dEðt0Þdt0 ¼

Z
αt0

Rcðt0Þ
nðR; t0Þ dN

dE
1

R
dR; ð7Þ

where nðR; t0Þ is the number density of loops of radius R
per unit R interval at time t0, and the factor 1=R comes from
the fact that there is one cusp event per oscillation time R.
The lower cutoff radius RcðtÞ is related to the decay

timescale

τ ¼ μL
P

¼ μβR
P

ð8Þ

of loops. Here, L and R are, respectively, the string length
and the loop radius, and β ∼ 10 is a parameter that measures
how circular loops are on average (perfectly circular loops
have β ¼ 2π). Usually, P is the power radiated away by
the dominant decay process for loops. For example, if
Gμ > 10−18, gravitational radiation dominates during the
entire time interval between recombination and the present
time, so we use

Pg ¼ γGμ2; ð9Þ

where γ ∼ 100 is a dimensionless constant [4]. If
Gμ < 10−18, then cusp annihilation dominates as a decay
mechanism in the time interval of interest, and we must
use [18]

Pc ∼ μlc=R ∼ μ3=4R−1=2: ð10Þ

Indeed, comparing Eqs. (9) and (10), we see that the power
emission from cusp decay decreases less rapidly than that
of gravitational radiation. Hence, for fixed time, there will
always be a value of Gμ below which cusp decay starts to
dominate.
From Eq. (7), it is clear that it is loops at the lower cutoff

of the integration range which dominate the energy injected

from string cusps. The reason is that the loop distribution
for loops formed before equal matter and radiation scales as
R−5=2. Also, considering the Gμ dependence of the electron
flux from cusp annihilation, we see that the flux increases
as Gμ decreases, as long as Rc is determined by gravita-
tional radiation. We will be interested in the values of Gμ
which give the largest flux. Hence, as discussed in
Ref. [27], both gravitational radiation and cusp annihilation
are important decay mechanisms for the relevant values of
Gμ. Therefore, in order to obtain an accurate description of
the cusp annihilation spectrum when Gμ ∼ 10−18, we will
use P ¼ Pg þ Pc. This yields the following expression for
the cutoff radius:

Rc ¼ ðγGμþ μ−1=4R−1=2
c Þβ−1t: ð11Þ

Analytic solutions to this expression can be found in the
limits of large and small Gμ. In general, one should solve
the equation above using numerical methods.
In order to evaluate Eq. (7), we use the loop distribution

function (2), which holds if R > RcðtÞ and t > teq. Since
the integral in Eq. (7) is dominated by the lower cutoff, the
energy distribution of electrons produced at time t0 can be
written as

d2neðt0Þ
dEðt0Þdt0 ≈

5

16
νμ1=2t1=2eq t0−2Rcðt0Þ−2E−3=2: ð12Þ

We now wish to determine the energy distribution of
electrons at some time t produced by cusp decays between
the time of recombination and t. This is done by integrating
Eq. (12) with respect to t0. The integration requires a
Jacobian transformation between energies at different times
to take into account the redshifting of the number density
and of the energy between times t0 and t:

E3=2ðt0Þ dneðt
0Þ

dEðt0Þ ¼ E3=2ðtÞ dneðtÞ
dEðtÞ

�
t
t0

�
1=3

�
t
t0

�
2

: ð13Þ

Integrating with respect to t0, we obtain the following
electron spectrum:

dneðtÞ
dEðtÞ ≈

5

16
νμ1=2t1=2eq EðtÞ−3=2t−7=3

Z
t

trec

dt0t01=3Rcðt0Þ−2:

ð14Þ

For large values of Gμ when gravitational radiation
dominates string loop decay, this expression scales as
ðGμÞ−3=2; for small values of Gμ when cusp decay is more
important and when [see Eq. (11)]

RcðtÞ ∼ ðGμÞ−1=6; ð15Þ
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the scaling of the electron energy flux is proportional to
ðGμÞ1=6. Thus, the highest flux of electrons occurs in the
range of Gμ values when gravitational radiation of a string
loop is comparable to cusp annihilation.

III. IONIZATION FRACTION OF STRINGS

To estimate the correction to the ionization fraction of
hydrogen due to cosmic strings, we will follow the
approach taken in Ref. [24]. Assuming that one photon
in the frequency interval between ωi and ωf emitted from
the string loop ionizes one hydrogen atom, we can derive
the following expression for the ionization fraction due to
cosmic strings:

xðzÞ ¼ 1

αrnHðzÞ2
Z

ωf

ωi

dω
d2nγ
dωdt

; ð16Þ

where ðd2nγ=ðdωdtÞ is the number density of photons per
unit frequency interval per unit time due to the string loop
cusp annihilations. Here, αr ¼ 2.6 × 10−13 cm3=s is a
recombination coefficient, and nHðzÞ ¼ 8.42 × 10−6ð1þ
zÞ3ΩBh2 cm−3 is the number abundance of neutral hydro-
gen at redshift z. Photons with frequencies below the
Lyman-α frequency ωi ¼ 13.6 eV do not have enough
energy to ionize neutral hydrogen. Those with frequencies
above a cutoff frequency ωf ¼ 104 eV have too small a
ionization cross section.
In the case of superconducting strings, there is direct

photon emission from the string loops. In our case, the
photons in the relevant low-energy regime are mainly
produced by electrons from cusp annihilation via brems-
strahlung and synchroton emission. There is also direct
photon emission from cusps, but the corresponding spec-
trum is only known at high energies—i.e., for photon
energies larger than the pion mass [19]. Hence, we focus on
the more robust mechanisms of photon production in
the frequency range relevant to ionization, mechanisms
which reply on electrons producing photons during their
propagation. There are two main mechanisms: synchrotron
emission and bremsstrahlung. Synchrotron emission
depends on the strength of the primordial magnetic fields
in which the string loops live, whereas bremsstrahlung is a
more general phenomenon. In the following, we will study
both channels.

A. Bremsstrahlung ionization

Charged particles emitted by a string are slowed down by
the surrounding medium, which creates bremsstrahlung
radiation. The strength of emission depends on both the
flux of the charged particles produced by cusp radiation
and the density of the surrounding medium. According to
Refs. [27,28], the spectrum of photons emitted via brems-
strahlung per unit time per unit frequency for a cusp at a
given time is given by

d2nγðtÞ
dωdt

≈
�
8

3
m−1=2

π

�
αEMr20KeðtÞEðtÞ−1

�X
s

nsðtÞϕ̃w

�
:

ð17Þ

Here,mπ is the mass of the pion, αEM is the electromagnetic
fine structure constant, r0 ¼ m−2

e is the Compton wave-
length of the electron, EðtÞ is the energy of the induced
photons, nsðtÞ is the number density of the charged
particles the electrons interact with, and ϕ̃ω ∼ 300 is a
dimensionless weak shielding coefficient. The dependence
on the flux of charged particles enters through the quantity
KeðtÞ, which is the coefficient of the power law:

dneðtÞ=dEðtÞ≡ KeðtÞEðtÞ−3=2: ð18Þ

By inspection with Eq. (14), we conclude that KeðtÞ takes
the value

KeðtÞ ¼
5

16
νμ1=2t1=2eq t−7=3

Z
t

trec

dt0t01=3Rcðt0Þ−2: ð19Þ

Note that we are only considering the effect of charged
particles produced after the time trec of recombination.
Those produced before trec interact with the charged plasma
and rapidly lose their energy, and we will neglect their
contribution. Also, the weak shielding approximation
breaks down when neutral hydrogen becomes fully ionized
at reionization. Therefore, our solution only holds for times
between trec and the time of reionization.
To estimate the ionization fraction xbðzÞ for bremsstrah-

lung, we use Eq. (16) to obtain

xbðzÞ ¼
1

αrnHðzÞ2
�
8

3
m−1=2

π

�
αEMr20KeðtðzÞÞ

×

�X
s

nsðtðzÞÞϕ̃w

�
log

�
ωf

ωi

�
: ð20Þ

The ionization fraction for bremsstrahlung is plotted in
Fig. 1, where we have used a single type of species which
the electrons interact with, namely the neutral hydrogen
atoms. The dependence on Gμ in the low- and high-Gμ
limits, respectively, comes from the dependence of the
charged particle density on Gμ, which was discussed at
the end of the previous section. In the high-Gμ limit,
the induced ionization fraction scales as ðGμÞ−3=2; in the
low-Gμ limit, the scaling is as ðGμÞ1=6. In the intermediate
regime, the result has to be determined by numerically
solving for RcðtÞ. The main message to draw from this
calculation is that the bremsstrahlung contribution to
reionization is negligible.
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B. Synchrotron ionization

Charged particles emitted from a string can be accel-
erated radially in the presence of primordial magnetic
fields. The resulting acceleration of the charged particles
creates synchrotron radiation, which can partially ionize
the surrounding medium. The spectrum of photons
emitted from cosmic strings via synchrotron radiation is
computed as

d2nγðtÞ
dωdt

¼ 2DeðtÞe3
me

BðtÞ5=4
�

3e
2me

�
1=4

að3=2ÞEðtÞ−5=4:

ð21Þ

Here, e is the electron charge, me is the mass of the
electron, BðtÞ is the magnetic field acting on the cusp at

time t, and að3=2Þ is a dimensionless constant of order
10−1. The function DeðtÞ comes from the flux of charged
particles and is defined by

dneðtÞ
dΓ

≡DeðtÞ
4π

Γ−3=2; ð22Þ

where Γ ¼ EðtÞ=me.
We can find DeðtÞ using Eq. (14) and obtain

DeðtÞ ¼
5

4
πm−1=2

e νμ1=2t1=2eq t−7=3
Z

t

trec

dt0t01=3Rcðt0Þ−2: ð23Þ

We then get the following expression for the ionization
fraction xsðzÞ of synchrotron radiation:

xsðzÞ ¼
1

αrnHðzÞ2
8DeðtðzÞÞe3

me
BðtðzÞÞ5=4

×

�
3e
2me

�
1=4

að3=2Þðω−1=4
i − ω−1=4

f Þ: ð24Þ

The ionization fraction for synchrotron radiation is
plotted in Fig. 2 as a function of redshift, assuming the
following scaling of the primordial magnetic field:

BðtðzÞÞ ¼ B0ð1þ zÞ2: ð25Þ

In each subplot of Fig. 2, we explore the parameter space of
the ionization fraction by fixing Gμ and B0 one at a time.
We see that, for a large area of parameter space, the
ionization fraction due to synchrotron radiation is much
larger than that due to bremsstrahlung. As we will see in
the next section, it can also dominate over the ionization
fraction in the standard ΛCDM model at redshifts between
recombination and reionization.

FIG. 2. Ionization fraction from synchrotron radiation at different redshifts. On the left, the value of B0 is fixed at 1 nG while the values
of Gμ run from 10−24 to 10−18. On the right, the value of Gμ is fixed at 10−18 while the values of B0 run from 10−12 to 10−9 G.

FIG. 1. Ionization fraction from bremsstrahlung at different
redshifts. The values of Gμ run from 10−19 to 10−17.
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IV. EFFECT ON REIONIZATION HISTORY
AND CONSTRAINTS

If the ionization produced after the time of recombina-
tion is important compared to what is produced in the
standard ΛCDM model of cosmology, measurable effects
on cosmological observables are possible. Possible effects
include an increase in the optical depth and a modification
of the spectrum of CMB anisotropies. In the present
section, we will discuss the constraints on cosmic strings
from the optical depth alone, leaving the study of other
observables to future work.
Using the CAMB code [29,30] and the best-fit cosmo-

logical parameters of the ΛCDM model mentioned in the
introduction, we can compute the ΛCDM total background
ionization x0ðzÞ from recombination to our current time.
We will assume τ ¼ 0.06 to generate the cosmological data
required for our analysis. This value of the optical depth
is consistent with the constraint τ ¼ 0.066� 0.016 (see,
e.g., Ref. [31], and Ref. [32] from observation). Given that
cosmic strings emit charged particles which contribute to
reionization, they contribute to the total ionization by an
amount xsðzÞ. Here, we neglect bremsstrahlung radiation,
since xgðzÞ ≪ xsðzÞ for the region of parameter space
which interest us. The total ionization fraction

xtotðzÞ ¼ x0ðzÞ þ xsðzÞ ð26Þ

takes the values described in Fig. 3.
Since cosmic strings contribute to the ionization fraction

of hydrogen, they affect the optical depth, and we can use
the current bounds on the optical depth to constrain the
relevant parameters for cosmic strings. The relevant para-
meters in our case are the dimensionless numberGμ and the
primordial magnetic field strength B0. To determine the

bounds on these parameters, we will compute the optical
depth for different values of Gμ and B0. The expression for
the optical depth is

τ ¼
Z

∞

0

dznfeðzÞσT
���� dtdz

����; ð27Þ

where σT is the Thomson cross section and nfeðzÞ ¼
xHðzÞnHðzÞ is the number density of free electrons. The
expression for τ is linear for linear corrections to xHðzÞ.

FIG. 3. Ionization histories which take into account the ionization fraction from strings (dashed lines) are compared to a standard
ΛCDM ionization history (black curve). On the left, the value of B0 is fixed at 1 nG while the values of Gμ run from 10−24 to 10−18. On
the right, the value of Gμ is fixed at 10−18 while the values of B0 run from 10−12 to 10−9 G.

FIG. 4. The total optical depth τ ¼ τ0 þ τs between recombi-
nation and reionization is computed for various values of the
string tension Gμ and for various values of the magnetic field B0.
The white curves show the different confidence bounds for the
optical depth. In the black region, τ is approximately τ0. From left
to right, each curve marks an increase Δτ ¼ 0.008 (1σ deviation)
from τ0.
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For example, if x0ðzÞ yields an optical depth τ0, then a
correction xsðzÞ due to a cosmic string will lead to an
optical depth τ ¼ τ0 þ τs, where τs is the correction to the
optical depth from cosmic strings. This allows us to choose
τ0 ¼ 0.066, the current value from observation, and com-
pare the correction τs to the 2σ confidence bound
Δτ2σ ¼ 0.016. This is done in Fig. 4, where we compute
the total optical depth τ for different values of Gμ and B0

and compare it to the confidence bound from observation.
We find that a triangular region in the range Gμ ∼
10−20–10−16 and B0 > 10−11 G violates the 2σ confidence
bound and should be excluded from the space of possible
parameters in the theory.

V. CONCLUSION

We have computed the contributions of bremsstrahlung
and synchrotron radiation from cosmic string cusp anni-
hilation to the total ionization fraction of the Universe in the
dark ages. Whereas the contribution of bremsstrahlung is
negligible, that of synchrotron radiation can be important,
depending on the values of the string tension Gμ and of the
primordial magnetic field B0. Under the assumption that

after one cusp annihilation, a cusp of similar size on the
loop will reform a loop oscillation time later, we have
identified the range of values in the Gμ vs B0 parameter
space where the cosmic string contribution to the optical
depth is significantly larger than what is predicted in the
standard ΛCDM model and is therefore constrained by
observation. In this work, we have considered nonsuper-
conducting strings. Superconducting strings lead to a larger
effect, as studied in Ref. [24].
In work in progress, we are calculating the effects of the

string-induced extra ionization of the spectrum of micro-
wave anisotropies, with the goal of determining a larger
exclusion region in the Gμ vs B0 parameter space.
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