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We propose schemes for the detection of topological defect dark matter using pulsars and other luminous
extraterrestrial systems via nongravitational signatures. The dark matter field, which makes up a defect, may
interact with standard model particles, including quarks and the photon, resulting in the alteration of their
masses. When a topological defect passes through a pulsar, its mass, radius, and internal structure may be
altered, resulting in a pulsar “quake.” A topological defect may also function as a cosmic dielectric material
with a distinctive frequency-dependent index of refraction, which would give rise to the time delay of a
periodic extraterrestrial light or radio signal, and the dispersion of a light or radio source in a manner distinct
to a gravitational lens. A topological defect passing through Earth may alter Earth’s period of rotation and
give rise to temporary nonzero electric dipole moments for an electron, proton, neutron, nuclei and atoms.
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Introduction.—Dark matter remains one of the most
important unsolved problems in physics [1]. Apart from
the usual uniformly distributed dark matter, the existence
of stable, extended-in-space configurations of dark matter,
which may have formed at early cosmological times, are
also possible. Such dark matter configurations are generally
termed as topological defect dark matter (to which we shall
refer to in this work as simply “defects”) and can have
various dimensionalities: OD (corresponding to monop-
oles), 1D (strings), and 2D (domain walls) [2]. The trans-
verse size d of a defect cannot be predicted from existing
theory in an ab initio manner, but typically scales as
d & 1/my, where my is the mass of the particles making
up the defect. Defects have primarily been sought for via
their gravitational effects, including gravitational lensing
and gravitational radiation (see, e.g., Refs. [3—5] and the
plethora of references within). Constraints on the contri-
bution of cosmic defects to observed temperature fluctua-
tions in the CMB spectrum have been placed by recent
results from Planck [6] and BICEP2 [7,8], but the existence
of cosmic defects is neither confirmed nor ruled out by
these results, leaving the tantalizing question of whether or
not defects exist still unanswered.

In more recent times, several schemes have been
proposed for the detection of nongravitational effects
induced by a defect passing directly through Earth.
Reference [9] proposes that a global network of magne-
tometers is used to directly search for the interaction of the
form 6 - B, induced by an axionlike pseudoscalar domain
wall temporarily passing through Earth. Reference [10]
proposes to use a global network of synchronized atomic
clocks for defect detection. The passage of a defect, inside
which there may be variation of fundamental constants
induced by the interaction of the constituent dark matter
that makes up the defect, with standard model (SM)
particles through this network of clocks would alter the
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transition frequencies in (and, hence, the time recorded by)
different clocks as the defect passes into, then out of Earth.

In the present work, we propose schemes for the
detection of topological defect dark matter using pulsars
and other luminous extraterrestrial systems via nongravita-
tional signatures. The biggest advantage of such astro-
physical observations over the proposed terrestrial
detection methods of Refs. [9,10] is the much higher
probability of a defect being found in the vast volumes
of outer space compared with one passing through Earth
itself. Pulsars are highly magnetized, rotating neutron stars
with periods ranging from 7 = 1.5 ms-8.5 s [11]. The
stabilities of pulsars as time keeping devices are of the order
~10715 [12], which are second only to terrestrial atomic
clocks, the best stabilities of which are presently of the
order ~10718 [13,14]. The dark matter field, which makes
up a defect, may interact with SM particles, including
quarks and the photon, resulting in the alteration of their
masses. When a topological defect passes through a pulsar,
its mass and equilibrium radius may be altered, due to
alterations in the mass of a neutron inside a defect. This
process may also be accompanied by a significant change
in the pulsar’s internal structure (including the unpinning of
quantized vortices, which carry angular momentum inside a
pulsar’s core), which is believed to consist of at least one
superfluid component, and internal dynamics, leading to a
nonequilibrium state, which undergoes slow relaxation and
may be one of the possible explanations for the pulsar glitch
phenomenon (see, e.g., Refs. [15-33]). At present, pulsar
glitches are not well understood and theories based on
internally driven mechanisms of pulsar glitches raise a
number of questions, which challenge existing understand-
ing of the pulsar glitch phenomenon, see, e.g., Ref. [29].
The net result of defect passage through a pulsar is thus a
pulsar “quake” and an altered frequency of rotation of a
pulsar. From existing pulsar glitch data [34], in which the
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frequency of rotation of a pulsar is observed to increase
abruptly, typically in the range w/@w = 107111073, with a
comparatively slow recovery period, which generally
ranges from 7, =1 day-3 yr, we infer that the upper
limit range of neutron mass variations inside defects is
om, /m, ~10~1-107. We discuss the implications of this
inference for the detection of defects using a global
network of atomic clocks, which is proposed in [10].

A topological defect may also function as a cosmic
dielectric material with a frequency-dependent index of
refraction, which would give rise to the time delay of a
periodic extraterrestrial light or radio signal, such as that
from a background pulsar, and the dispersion of an
extraterrestrial light or radio source in a manner distinct
to a gravitational lens. Such lensing is distinct from the
conventionally sought gravitational lensing of background
radiation by a defect, which is a frequency-independent
effect. A defect, which consists of axionlike pseudoscalar
dark matter, passing through Earth may give rise to
temporary nonzero electric dipole moments for an electron,
proton, neutron, nuclei, and atoms.

Theory.—A scalar dark matter field ¢ may interact with
fermions via the coupling [10]

2
Lh=— > mf <ii) Wiy (1)

f=e.p.n...
where y; is the fermion Dirac field, wy = 1//}]/0 is the
corresponding fermion adjoint field, m, is the standard
mass of the fermion, A, is the reciprocal of the coupling
constant for the interaction with a particular fermion, and
the sum is over the fermions f. The coupling (1) leads to the
following alterations in the fermion masses:

S

The quadratic dependence on ¢ in (1) in the form ¢*/A7,
rather than linear dependence on ¢ in the form ¢/A;,
allows one to escape from the very strong constraints
imposed by the nil results of searches for the fifth force and
the violation of the equivalence principle [35]. Both direct
laboratory and astrophysical constraints on A; do not
exceed ~10 TeV [10].

A scalar dark matter field might also interact with a
photon via the following coupling:

f =5 (05) 44 o)

where A is the photon field and A, is the reciprocal of the
coupling constant for the given interaction. The coupling
(3) necessitates the choice of gauge: 9, (¢?AY) =0 in
flat spacetime, which follows from the application of

Lagrange’s field equations, and is similar to the coupling
in Proca theory:

1 (mc
L = — AYA,, 4
Proca = g7 ( [7) ) “)

which gives rise to a massive vector boson with mass m.
Comparing (3) and (4) shows that the interaction (3) results
in a photon with mass m, = ¢/A,. Assuming that the speed
of a defect is vp <K ¢, the energy of a photon may thus be
taken to be unaltered upon its passage from vacuum into a
defect, implying that the speed of a photon inside a defect is

given by
¢C2 )2
=cy/1— ( , (5)
’ hoA,

with the index of refraction inside the defect being

n(w) = 71 (6)

1- (hruA )

Thus, a defect may function as a cosmic dielectric material
with a distinctive frequency-dependent index of refraction.

We note that interaction (3) is the simplest mechanism
through which the photon mass is altered. There may be
more complicated gauge-invariant Lagrangians, which alter
the photon dispersion relation.

Pulsar quakes.—Consider a defect passing directly
through a pulsar itself. There is friction acting between
the defect and pulsar, which reduces the angular momen-
tum of the pulsar L = Iw, where the moment of inertia of
the pulsar is I ~ (2/5)MR?, albeit most likely only very
slightly, and so we ignore the effects of friction in the
ensuing discussion. Thus, we can write small relative
changes in the frequency of rotation of a pulsar as
dow(t)  6M(t) 206R(t) .

0w M R ™

The interaction (1), which alters the fermion masses
according to (2), effectively increases the mass of a pulsar
when the pulsar is immersed in a defect. A less obvious
implication of (2) is that the equilibrium radius of a pulsar is
decreased when the pulsar is immersed in a defect. This can
be seen from the requirement of hydrostatic equilibrium, in
which the outward pressure exactly balances the inward
gravitational pressure. The abrupt change in a pulsar’s mass
and equilibrium radius may also be accompanied by a
significant change in the pulsar’s internal structure and
dynamics (including the unpinning of quantized vortices,
which carry angular momentum inside a pulsar’s core),
leading to a nonequilibrium state, which undergoes slow
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relaxation and may be one of the possible explanations for
the pulsar glitch phenomenon [15-33].

The neutron equation-of-state in extremely dense envi-
ronments, such as those found inside a pulsar, is not known
precisely (see, e.g., Refs. [36—41]), so we make use of the
simplest possible model: a nonrelativistic degenerate neu-
tron gas. Because of the simplicity of our model, the result
obtained from the ensuing analysis should be considered an
estimate only. The pressure of a degenerate neutron gas is
given by [42]

Pd:

C i (ﬁ) " ®)

5 m, \V

where N is the number of neutrons and V is the volume
of the system. The gravitational self-energy of a uniform
sphere of mass M and radius R is

3GM?

Uy == ©)

and so the inward gravitational pressure is

oU,  3GM?

p=——t=_
9779V T 20aR

(10)
Equating the pressures (8) and (10) gives the radius of a
pulsar

3(%) 1312 7213
= o (11)
from which we arrive at the following change in the radius
of a pulsar

om
= ~-3—=1, 12
R 3M 3 m, m, (12)

noting that neutrons are the dominant form of matter in a
pulsar. From Egs. (7) and (12), we see that

dw/w ~ ém,/m,. (13)

From observed rotational frequency variations associated
with pulsar glitches [34], we infer that the upper limit range
of neutron mass variations inside defects is

om,,/m, ~1071-1073, (14)

We note that defect passage through a pulsar may also be
accompanied by the unpinning of quantized vortices, which
carry angular momentum inside a pulsar’s core, and
breaking of the solid crust, resulting in an enhancement
of the observed increase in pulsar rotational frequency. In
addition, there may be significant differences in the internal
structures and dynamics of pulsars, as well as their

responses to perturbations. Thus a defect need not neces-
sarily be larger than a pulsar in size and a single type of
defect with a fixed size, in which neutron mass variations
are of the order ém,/m, ~ 107!, for instance, may, in
principle, explain glitches of all sizes in the
range 10711-1073.

A more precise constraint on neutron mass variations
inside a defect from existing pulsar glitch data may be
obtained in principle from advanced nuclear structure and
dynamics calculations, in the presence of defects. Such
calculations might also yield important information regard-
ing the types and sizes of defects that most likely explain
observed pulsar glitches.

Further astrophysical observations.—We suggest fur-
ther astrophysical observations for the detection of defects
via nongravitational signatures. Suppose that a defect
passes through the line of sight connecting a pulsar and
Earth. The speed of light inside the defect is given by (5),
with v, < c. The passage of a defect into and out of the
line-of-sight would, therefore, result in small time delay
and time advancement of pulsar signals reaching Earth,
respectively. The direct observable of interest is the phase
shift #(7) in the function cos|wt + 5(t)], where o is the
reference frequency. The phase shift #(#4) = O prior to the
passage of a defect through the line of sight connecting a
pulsar and Earth. For light passing through a defect of
length [ along the direction of the line of sight, the phase
shift is

n(tp) = lw(%—%) (15)

4

which is negative on account of time delay of the signal.
Finally, 5(¢-) = 0 after the defect has fully passed the line
of sight.

To measure the discussed phase shifts, one could use, for
instance, a terrestrial atomic clock or a second pulsar to
provide a reference frequency. One would then measure
the phase shift of an initially synchronized pulsar-clock or
pulsar-pulsar system. For examples of the wide range of
clock systems which may be used, we refer the reader to
Refs. [13,14,43-51].

Now suppose that a defect passes more generally
between some luminous extraterrestrial object, such as a
pulsar, quasar, galaxy or star, and Earth. According to (6),
a defect functions as a cosmic dielectric object with a
distinctive variable index of refraction. Thus a defect can
lens electromagnetic radiation in a manner distinct from
the gravitational lensing of electromagnetic radiation by a
massive body [52]. Lensing as a result of (6) is due to light
being scattered off a defect and thus is short-ranged in
nature, whereas gravitational lensing occurs due to the
curvature of space-time by a massive body, is long-ranged
in nature and is primarily due to radiation passing around
the gravitating body. Lensing of electromagnetic radiation

151301-3



PRL 113, 151301 (2014)

PHYSICAL REVIEW LETTERS

week ending
10 OCTOBER 2014

by a defect functioning as a cosmic dielectric with the
refractive index (6) exhibits a strong dependence on the
incident photon frequency, giving rise to dispersion, which
is responsible for such common everyday phenomena as
the rainbow [53]. On the other hand, gravitational lensing
of radiation by a defect is independent of the incident
photon frequency, since the timelike geodesic trajectories
on which photons propagate are determined by the curva-
ture of space-time and hence bear no direct relation to the
photon frequency. Lensing of radiation by a defect can also
be sought in conjunction with the onset of a pulsar glitch,
since when a defect passes through a pulsar, the radiation
emitted by a pulsar should also pass through the defect.

Parameter spaces for defect signatures.—Defect-
induced variation of neutron mass may be expressed as
follows with regard to defect parameters [10]:

sm, A? _ promUrpTd 16
m, "N N (16)

where A is the maximum amplitude of the scalar field inside
a defect, prpy is the energy density associated with a
topological defect network, vrp is the typical speed of a
defect, and 7 is the average time between encounters of
a system with defect objects. Note that Eq. (16) applies to
defects of all dimensionalities n =0,1,2. Assuming
ProM = Pepm R 7.6 x 1074 eV4, vrp ~1073¢ and 7~ 1
year (since time intervals between glitch events in pulsars
generally vary from ~1-10 years), we find, for defect-
induced neutron mass variations in the range ém,,/m,~
10~1"-1073, that the combination of parameters d/A2 is in
the range

d
2~ (107710721 eV, (17)

n

Combined with the laboratory and astrophysical constraints
A, Z 10 TeV [10], (17) points to defects with transverse
sizes in the range

d> (1077-107") m. (18)

There is thus a large possible range of transverse sizes for
defects of any dimensionality, which are consistent with the
neutron mass variations inside defects that are hinted at by
pulsar glitch data.

For defect-induced variation of photon mass, existing
astrophysical data and/or further astrophysical observations
may provide constraints on the magnitude of the photon
mass inside defects. We suggest that limits on the combi-
nation of parameters mfd may be obtained from analysis of
short time interval (f ~ 1 s—1 min) data from nonglitching
pulsars. Constraints on related parameters may also be
obtained using telescopes, which are sensitive to ranges of

different frequencies of electromagnetic radiation, in asso-
ciation with our proposed nongravitational lensing effects.
Terrestrial observations.—We briefly discuss the impli-
cations of our findings for the detection of defects using a
global network of synchronized atomic clocks, as proposed
in [10]. Transition frequencies in atomic and molecular
systems are functions of the fundamental constants

Sw(t) 5X (1)

= ;KX < (19)
where the sum is over all relevant fundamental constants X,
with Ky being the corresponding sensitivity coefficient
[54]. Note that the variation of a dimensionful parameter
may be eliminated by a suitable choice of units. Thus,
for the quantities X, we form the dimensionless ratios
a=e*/hc, m,/m,~3m,/Aqcp, m,/Aqcp, and so on. In
order to quantify the variation of neutron mass in pulsars
due to defects, a suitable dimensionless ratio is
Y = m,,/Mppanex» Where mpjanex & G~'/2 is the Planck mass.
All atomic and molecular transitions are independent of
Planck mass. Optical transitions are insensitive to neutron
mass variations. For hyperfine and rotational transitions,
Ky = —1. For vibrational transitions, K, = —1/2. A large
variety of hyperfine transitions in atomic species [54-57],
as well as hyperfine, rotational, and vibrational transitions
in molecular species [58—65] can be used to search for
variations of neutron, proton and electron masses, induced
by interaction (1).

For a spherical defect with the size of Earth, traveling at a
speed of v ~ 10 ¢, the transit time of a defect passing
through a pulsar is 7 ~40 s. The required sensitivity of
atomic hyperfine and molecular clocks to neutron mass
variations hinted by the pulsar glitch data is in the range
om,,/m, ~ 10711-107>. Sensitivities of at least the order of
10~'2? on time scales of the order of seconds are achievable
with existing Cs (~10713) and Rb (~107'2) hyperfine
standards, as well as the hydrogen maser (~10713) [66],
leaving a potentially large range of parameter space that is
experimentally accessible with current-generation Earth-
based atomic clocks. Global Positioning System satellites
already carry on-board Cs and Rb atomic clocks, increasing
the range of possibilities for terrestrial-based experiments.

Finally, we mention that alterations in the rotational
period of Earth may also be induced by defects passing
through Earth. These alterations could be measured by
monitoring Earth’s angle of rotation over time using an
atomic clock. We also mention that the passage of a defect,
which consists of axionlike pseudoscalar dark matter,
through Earth may give rise to temporary nonzero electric
dipole moments (EDMs) for an electron, proton, neutron,
nuclei, and atoms. For relevant theory, see, e.g.,
Refs. [67-69]. Such transient EDMs may be sought with
a global network of concurrent EDM experiments.
Systems, which may be used for such EDM searches,
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include a free neutron [70], diamagnetic atoms [71-74],
paramagnetic atoms [75-77], and molecules [78-81].
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