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Cosmic string solution to the radio synchrotron background
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We investigate the low-frequency spectral emission from a network of superconducting cosmic string
loops in hopes of explaining the observed radio synchrotron background. After considering constraints
from a variety of astrophysical and cosmological measurements, we identify a best-fit solution with string
tension Gu ~ 6.5 x 107'? and current Z ~ 2.5 x 10° GeV. This model yields a convincing fit to the data
and may be testable in the near future by spectral distortion (TMS, BISOU) and 21 cm experiments
(HERA, SKA, REACH). We also find that soft photon heating protects us against current constraints from

global 21 cm experiments.
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Introduction. Over the past decade, radio frequency obser-
vations of the sky have received much attention. This has
been spurred by two anomalous signals that remain
unexplained within ACDM. First, the observations of
short-duration extragalactic radio pulses dubbed ““fast radio
bursts” still lack a proven progenitor model [1], though
both astrophysical [2] and more exotic models [3-5] have
been proposed. Second, the detection of an excess radio
background at frequencies v < 10 GHz [6,7], often referred
to as the ‘“radio synchrotron background” (RSB), still
remains unexplained (see Refs. [8,9] for recent reviews).
Including the minimal extragalactic background from
discrete sources [10], a power-law representation of the
RSB is given by

L\ -255
T ~1.230 K — . 1
sal) () 0

The background surface brightness from known classes of
extragalactic point sources appears to be at least a factor of
3 smaller than the observed radio excess [10], with possible
explanations having galactic or extragalactic origins [11].
Faint, unresolved/undetected point sources could, in prin-
ciple, account for the excess; however, in this case the
signal is expected to be anisotropic [12]. Current measure-
ments regarding the isotropy of the signal indicate that it
may have significantly more angular power on subdegree
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scales at megahertz frequencies than would be expected
from simple point source models [13,14]. Other exotic
explanations of the radio excess include synchrotron
emission from high-energy particles [15], emission from
accreting stellar black holes [16], primordial black holes
[17], and others [18]. However, each of these models have
their limitations [19] (for example, black hole solutions
produce too many UV photons, which leads to stringent
constraints from the ionization history [20]), and here we
propose a model of superconducting cosmic strings that
could explain the anomalous RSB, while being consistent
with cosmological and astrophysical datasets.

Cosmic strings are a class of topological defect that may
form at the interface of cosmological phase transitions in
the very early Universe, provided that the true vacuum
manifold of the considered theory is both degenerate and
simply connected. If such a phase transition occurs, the
Kibble mechanism ensures that a stable network of long
strings forms, following a scaling distribution as the
Universe expands [21-24]. Further analysis of these
models indicates that an abundant distribution of smaller,
sub-Hubble string loops may also be sourced through the
intersections and self-intersections of long strings in the
network. Since these original studies, Nambu-Goto simu-
lations (which neglect the finite thickness of the strings)
have been performed, demonstrating the existence [25] of
this loop distribution [28—32]. These loops can give rise to a
plethora of astrophysical and cosmological signatures, from
a stochastic gravitational wave background [33-35] to the
seeds of massive black holes [36-38] and more.
Gravitational signatures of cosmic strings are typically
stronger for phase transitions that take place at higher
energy scales. Therefore, cosmic strings represent a well-
motivated class of models that help probe aspects of
particle physics not accessible by conventional collider
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searches. Their detection (or nondetection) provides us
with invaluable glimpses into the nature of the symmetry
breaking patterns that the Universe may have undergone at
the earliest epochs and highest energies.

It has also been demonstrated that some symmetry
breaking patterns can bestow the strings with superconduc-
tive properties [39,40]. In these models, U(1),,, may be
broken in the core of the string, and significant currents can
be generated as the loops oscillate and evolve in a back-
ground of magnetic fields. These superconducting loops are
capable of emitting strong bursts of electromagnetic radia-
tion [41,42], which has led to a variety of constraints on the
model space [43-47], most recently in [48]. As a simplifying
assumption, the current Z of a superconducting loop dis-
tribution is taken to be both time and loop-length indepen-
dent. In reality, the current is generated dynamically by local
magnetic fields, but simulations of this have not been
performed and represent an important avenue for future
study. As a result, superconducting models are distinguished
by two independent parameters, the loop current Z and string
tension Gu (G here is the gravitational constant).

A background of radio photons can be sourced from the
incoherent electromagnetic bursts of a network of super-
conducting string loops. In recent work [48], we considered
a variety of constraints on superconducting strings arising
from this spectral emission. In particular, we considered the
data from ARCADE-2 and other low-frequency experi-
ments measuring the radio background as strict upper limits
on the amount of emission allowed by the loop distribution.
In this Letter, we now examine the viability of a cosmic
string explanation to the observed RSB, showing that there
exists an unconstrained region in parameter space that
provides a convincing solution.

In the next section, we discuss the mechanism for photon
emission from superconducting cosmic strings. Afterward,
we briefly review current constraints and provide details about
the model that fits well with current observations (see Ref. [48]
for more details). Finally, we discuss possible implications
and avenues for further study before concluding. Except
where stated, we use natural units with 7 = ¢ = k = 1.

Photon production mechanism. At a given initial time f;,
simulations indicate that most string loops are formed with
a length given by some fraction of the Hubble scale, L; ~
pt; where #~ (©(0.1). Upon formation, the loops undergo
oscillations (with period T ~ L), which leads to the for-
mation of substructure on the strings known as cusps and
kinks. The substructures decay rapidly once formed,
leading to violent bursts of electromagnetic radiation over
a wide spectral range if the strings are superconducting.
Cusp annihilations typically emit the most energy, and so
we neglect the effects of kinks in what follows.

The oscillation-averaged power emitted by a single cusp
annihilation is given by P, ~T",Zu'/?, where ', ~ O(10) is
determined by simulations [42,43]. In contrast, the energy

carried away by gravitational waves is P, =~ FgG,uz, with
I, = O(100) [33]. Thus, loops shrink as they emit energy
into gravitational and electromagnetic radiation. At any
time after formation (¢,), the loop size is given by

L(t) = Li(1 + 1) = TGut, (2)

where I'Gu = (P, + P,)/p, and A = I'Gu/f is a measure
of how quickly after formation a loop will evaporate. Loops
with 4 > 1/ evaporate within one oscillation time, which
can lead to a breakdown of the cusp annihilation formalism
described here.

Sufficiently long after the phase transition that formed
the strings, a distribution of loops will be established on
scales with L < ft. The number density of loops per unit
length in the matter-dominated era is then given by [32,48]

leoops ~ a(l + 1)3/2&1,42
dL " 2(L 4+TGur)’?

an(1+2)
(L +TGur)*

(3)

Here, a = 0.18 and «,, = a/+/p. The first term repre-
sents loops forming in the radiation era, while the second is
from the larger loops forming during matter domination. A
similar form can be found for the evolution in the radiation
era, but these are irrelevant for the production of a radio
background from loops.

It is evident from Eq. (3) that L.(z) = ['Gut defines a
special length scale. Indeed, one can show that loops with
L < L () decay within one Hubble time, so L. acts as the
cutoff between a more transient population of decaying
loops and the longer-lived set with L > L.(7).

The oscillation-averaged photon spectrum produced by a
single cusp event (per unit time) is given by [43,48]

d’E;  (T,\ I°L'/3 4
dodt \3) 0?3~ “)

The spectrum has a high-frequency cutoff at @, ~
u3? /3L, where the produced photons begin to exceed
the energy budget allowed by a cusp annihilation.

Using Eq. (4), the full emission spectrum from the loop
distribution can be obtained by the appropriately weighted

integral,
dzEy o /LHIJX dL
dodt /),

with L.« = #*/?/T3w, encoding the fact that only small
loops can give rise to arbitrarily high-energy photons (see
Ref. [48] for details).

In Fig. 1, we illustrate the evolution of this full spectrum
over a range of redshifts for our best-fit string parameters
discussed below. The spectrum is well fit by a broken
power law, going as w~2/? at low frequencies and as w~'1/¢

d2E§ AN 160ps
dwdr dL

(5)
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FIG. 1. The instantaneous emission spectrum from a distrib

tion of string loops with Gu=~6.5x 1072 and 7 ~2.5x
10% GeV, normalized to the cosmic microwave background
(CMB) energy density at each respective redshift. The knee
position slowly shifts to lower frequencies at later times. The
radio spectrum observed comes from the integrated effect of
emission from all loops at all redshifts between the last scattering
surface and today.

in the ultraviolet. The position of the knee is determined by
the ., produced by loops at the cutoff length L.. The
dropoff in the high-frequency spectrum comes from the fact
that these photons are only produced by the short-lived
population of loops with L < L.(7).

A radio synchrotron background from superconducting
cosmic strings. In our recent work [48], we considered the
constraints on Gy and 7 inferred from the effects of spectral
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emission by loops on a variety of astrophysical and
cosmological phenomena. Specifically, we derived con-
straints from CMB anisotropies, the optical depth to
reionization [49], and spectral distortion data [50]. We
furthermore used the radio background data [6,7] and the
EDGES observation [51] as upper limits on the model
space. In addition, we forecasted constraints from y, as well
as non-u/non-y—type distortions envisioning a PIXIE-type
spectral distortion experiment [52,53]. A summary of these
constraints and forecasts (at 20) can be found in Fig. 2,
which highlights that a wide range in parameter space can
already be excluded.

To determine these constraints, we utilized the numerical
code CosmoTherm [20,54-57], evaluating the various like-
lihoods following [48]. However, this time we instead
performed a search for possible cosmic string solutions to
the anomalous RSB, identifying a region of parameter
space capable of fitting the observed radio data at high
significance. This region runs along the leftmost edge of the
“low-frequency data” contour in Fig. 2. Demanding that
we do not violate our other constraints, we find that a
distribution of superconducting string loops with Gu ~
6.5x 10712 and Z ~2.5 x 10° GeV produces a low-fre-
quency radio background that offers a very convincing
match to the data.

The left panel of Fig. 3 shows a comparison between our
string solution and the best-fit power law we discussed in
Eq. (1) (T, = Tgrsg + Tcmp)- The irreducible background is
given by the extragalactic component determined in [10]. We
computed the reduced Ay? between an ad hoc power-law fit
and our strings, finding Ay? ~0.66, which indicates an
impressive fit to the RSB data [6,7]. The right panel of Fig. 3
shows the raw output from CosmoTherm over an expanded

8x 10712
7 x10712 20
3
)
6x 10712
5x 10712
2.2 x 108 2.4 x 108 2.6 x 108 2.8 x 10° 3x10°
7 (GeV)

FIG. 2. Left: 20 constraints from a combined likelihood analysis of a variety of observations [48]. Above the dashed line, gravitational
effects determine the lifetime of a loop, while below electromagnetic injection dominates. The red region with 4 > 1/f indicates where
the oscillation-averaged cusp annihilation formalism breaks down. Right: 1o (orange) and 2¢ (blue) regions around our best-fit solution
of Gu=~6.5x 1072 and 7 ~ 2.5 x 10° GeV (marked by the red X).
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FIG. 3. Left: A comparison of the low-frequency brightness temperature (T}, = ¢*I/2ku?) from a best-fit power law (red) and the

cosmic string solution (blue). Cosmic strings offer a convincing fit to the radio data [6,7,10]. Right: The raw spectral distortion output
from CosmoTherm at z = 0. The black line shows the generation of distortions with no strings (reionization effects drive the standard
model signal), while the blue line is our string model. The forecasted sensitivities for various experiments indicate that this model can
soon be probed at high significance. The tension between the lowest frequency data point and the string model is at the ~2¢ level.

bandwidth. Note that CosmoTherm determines the spectral
distortion A7 from which the string induced spectrum can be
recovered by computing Igyines = Ipp(Tcomp) + Al

We have marked the position of this string solution in
both panels of Fig. 2 and find that it lies near the boundary
of the constraints derived from CMB anisotropies. The
solution ends up being near a contour in parameter space
where the knee frequency of the spectrum (see Fig. 1) is
wy ~ 13.6 eV at the time of last scattering. This tells us that
ionizing photons are not produced efficiently by the string
network at that time, which is why CMB anisotropy
constraints relax. Without this effect, no RSB solution
would be possible.

Another crucial ingredient for the existence of this
solution is the inclusion of a newly discovered effect
known as “soft photon heating” (SPH) [58], which
describes the interplay between extra low-frequency back-
grounds and 21 cm observables such as the brightness
temperature at cosmic dawn, 67},. In [58], it was shown that
the presence of sufficiently steep low-frequency back-
grounds (spectral index 2.5 at v <1 GHz) can have a
dramatic effect on the absorption depth of 6T},.

It is well known that the amplitude of 67}, is proportional
t0 Tyaa/ Tspin» Where Tyyq is the brightness temperature of
background radiation at the 21 cm wavelength. During
cosmic dawn, the dominant contribution to the spin
temperature (7gy,) comes from the kinetic motion of the
hydrogen atoms. In Acharya et al. [58], we showed that the
presence of additional radio backgrounds causes a signifi-
cant increase in the spin temperature as the hydrogen atoms
are heated up. Therefore, SPH generically dampens the
amplitude of 6T,.

The EDGES Collaboration has claimed the first detec-
tion of the differential brightness temperature at cosmic
dawn (z ~ 17) [51]. Before SPH was understood, it was
claimed that if the RSB was in place at cosmic dawn, it
would produce a 67T}, far in excess of what EDGES
observed [59]. Importantly, SPH can reconcile these two
observations. This is illustrated in Fig. 4, from which it is
clear that without the effect we would be in violation of the
EDGES bound. The proposed solution therefore represents
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—1000 A

—— Best Fit (with SPH)
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—— Standard Model

—1200 A

~1400 . : : :
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z
FIG. 4. The differential brightness temperature at cosmic dawn
for our best-fit string model with (blue) and without (red) the
inclusion of soft photon heating. The EDGES data point is
marked in green. Without soft photon heating, this model would

be ruled out at more than 2¢ by taking EDGES as a strict bound
on the amplitude of 6T,
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an important first example of a model that produces a RSB
at cosmic dawn, but does not violate global 21 cm
observations.

Conclusions. In this work, we have studied the low-
frequency spectral signatures produced by a network of
superconducting string loops. Using CosmoTherm, we found a
region in the Gu —7 parameter space that offers a
convincing explanation to the observed RSB (see
Fig. 3). After considering constraints from CMB anisot-
ropies, spectral distortions, the optical depth to reioniza-
tion, and global 21 cm experiments, we found a best-fit
solution to the low-frequency radio data with Gu ~ 6.5 x
10712 and T ~ 2.5 x 10° GeV. This string model is only a
marginally worse fit to the data when compared against a
completely phenomenological power law (Ay? = 0.66) and
offers an intriguing avenue for further study.

While we make no claim that the radio synchrotron
background is a smoking-gun signal of superconducting
cosmic strings, it is nonetheless intriguing that this model
offers such a superb description of the data. The detection
of cosmic strings would offer some much-needed insight
into the symmetry breaking patterns experienced by our
Universe. Thus, we advocate that this simplistic model
should be studied in greater detail to fully elucidate its
observational signatures.

Superconducting string models are still in need of many
refinements. Of particular importance is the simplifying
assumption that the current on loops is both time and length
independent. Indeed, we know that the current on a loop
must be generated dynamically by local magnetic fields and
thus is expected to evolve. Using large-scale simulations
that study the properties and evolution of Z, we could
improve our prediction of the RSB from such a network.
Additionally, the values of I', and T, are inferred from
simulations and possess an uncertainty that may alter our
best-fit values slightly.

Furthermore, our likelihood analysis is simplistic in a
number of ways. Most importantly, a proper marginaliza-
tion over radio foregrounds should be included. In addition,
the CMB likelihood can be computed in a more accurate
way that might reveal some differences. In the event that
only a fraction of the radio background is of extragalactic
origin (as hinted at by [60]), the best-fitting contours would
move to lower Gu and Z, remaining in unconstrained
regions of parameter space. We believe that none of these
effects should change the main conclusion drastically.

On the observational frontier, we highlight that the
cosmic string solution could be distinguished from a pure
power law at v 2 1 GHz (see Fig. 3). Current data from
ARCADE-2 and FIRAS do not have the required sensi-
tivity, but in the near future TMS [61] is set to improve
existing measurements at 10-20 GHz to a sensitivity
of 10 Jy/sr. In addition, future measurements with
BISOU [62], COSMO [63], and a PIXIE-type experiment
[52,53,64] could yield significantly improved limits at v ~
30-1000 GHz (see Fig. 3), providing an avenue for testing
the model. The obtained 21 cm global signal furthermore
departs significantly from the standard prediction (see
Fig. 4), opening another way to study the cosmic string
interpretation, e.g., with REACH [65]. The modified global
signal also implies that the 21 cm fluctuations should be
significantly altered, identifying a new target for 21 cm
cosmology using upcoming experiments such as the SKA
[66] and HERA [67,68].
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