
Neutron stars as dark matter detectors

Ariel Zhitnitsky *

Department of Physics and Astronomy, University of British Columbia,
Vancouver, V6T 1Z1, British Columbia, Canada

(Received 3 January 2024; accepted 20 February 2024; published 14 March 2024)

It has been known for quite some time that neutron stars (NSs) can play a role in dark matter (DM)
detectors due to many unique features of NSs. We apply these (previously developed) ideas to a specific
form of the DM when it is represented by a composite object, rather than by a local fundamental field (such
as WIMPs). To be more precise we consider the so-called axion quark nuggets (AQN) dark matter model,
when the “nonbaryonic” dark matter in fact is made of quarks and gluons which are in dense quark phase
(similar to the old idea of the Witten’s strangelets). We argue that the interaction of the AQNs with NSs
material may lead to many profound observable effects, which are dramatically different from the
conventional picture when DM particles are represented by WIMPs. In particular, we argue that the AQNs
may serve as the triggers for the magnetic reconnection to heat the NSs’ surface. This effect may strongly
alleviate (or even completely remove) the observed inconsistencies between the predicted and observed
surface temperatures for many old NSs. This heating mechanism is always accompanied by the hard x-ray
emission, which may serve as an indicator of the proposed mechanism.
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I. INTRODUCTION

It has been known for a long time that the dynamics of
the neutron stars (NSs) can be modified by the influence of
dark matter (DM) particles [1–13]. Furthermore, it has also
been known that the basic properties of the DM particles
can be strongly constrained by considering DM-NS inter-
actions. In particular, the conventional cooling pattern
of NSs can be modified due to the capturing and con-
sequent annihilation of the DM particles [1–3]. There are
many other processes which could potentially become
observable as a result of interaction of the DM particles
with a very dense NS environment. We refer to several
original papers [1–14] devoted to analyses of many
possible physical phenomena which could result from such
DM-NS interactions. This is obviously a very broad area of
research, and we refer to the recent paper [15] for review on
this topic.
In the present work we consider a specific model for the

DM which is dramatically different from the conventional
paradigm when DM particles are assumed to be new (yet to
be discovered) fundamental weakly interacting massive
particles (WIMPs). Before we elaborate on this specific

form of DM represented by macroscopically large nuclear
density composite objects made of quarks and gluons, we
detour with an overview of the most important features the
DM particles must satisfy.
Observational precision data gathered during the last

quarter of the century have guided the development of the
so-called concordance cosmological model ΛCDM of a
flat universe, Ω ≃ 1, wherein the visible hadronic matter
represents onlyΩB ≃ 0.05, a tiny fraction of the total energy
density, see recent review [16], and interesting historical
comments [17]. Most of the matter component of the
Universe is thought to be stored in some unknown kind of
cold dark matter, ΩDM ≃ 0.25. The largest contribution
ΩΛ ≃ 0.70 to the total density is cosmological dark energy
with negative pressure, another mystery which will not be
discussed in the present work.
There is a fundamental difference between dark matter

and ordinary matter (aside from the trivial difference dark
vs visible). Indeed, DM played a crucial role in the forma-
tion of the present structure in the Universe. Without dark
matter, the Universe would have remained too uniform
to form the galaxies. Ordinary matter could not produce
fluctuations to create any significant structures because it
remains tightly coupled to radiation, preventing it from
clustering, until recent epochs. On the other hand, dark
matter, which is not coupled to photons, would permit tiny
fluctuations to grow for a long, long time before the
ordinary matter decoupled from radiation. The required
material is called cold dark matter, and the obvious candi-
dates are the WIMPs of any sort which are long-lived, cold,
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and weakly interacting with visible hadronic material. The
key parameter which enters all the cosmological observa-
tions is the corresponding cross section σ to mass MDM
ratio which must be sufficiently small to play the role of
DM as briefly mentioned above, i.e.

σ

MDM
≪ 1

cm2

g
; ð1Þ

and WIMPs obviously satisfy to the criteria (1) to serve as
DM particles. However, the WIMP framework which has
been the dominant paradigm for the last 40 years has failed
as dozens of dedicated instruments could not find any
traces of WIMPs though the sensitivity of the instruments
had dramatically improved by many orders of magnitude
during the last decades.
In the present work we consider a fundamentally differ-

ent type of the DMwhich is in the form of the dense macro-
scopically large composite objects, similar to Witten’s
quark nuggets [18–20]. The corresponding objects are
called the axion quark nuggets (AQN) and behave as
chameleons: they do not interact with the surrounding
material in a dilute environment, such that the AQNs
may serve as proper DM candidates as the corresponding
condition (1) is perfectly satisfied for the AQNs during
the structure formation when the ratio σ=MAQN ≲
10−10 cm2 g−1. However, the same AQNs become strongly
interacting objects in a sufficiently dense environment,
such as planets and stars. The interaction of AQNs with a
NS’s environment also dramatically deviates from conven-
tional WIMP-NS interactions. Therefore, many observable
consequences discussed previously [1–15] are dramatically
modified as a result of strong interactions of the AQNs with
a NS’s environment.
In the present work we address a single but very

important question related to a NS’s cooling scenario:
why is the observed surface temperature of many old NSs
well above the conventional theoretical predictions? The
proposed answer is that this excess of heating is the result
of the AQN-NS interaction, which is the topic of the
present work.
Before we present our arguments supporting this claim

we briefly overview several previously proposed heating
mechanisms in Sec. II which could in principle generate
some extra heat and could potentially answer the question
formulated above. We argue, however, that standard astro-
physical sources are very unlikely to be responsible for
the observed excess of heating and there must be some
unconventional sources of heat to explain the anomalies in
observations.
The rest of our presentation is organized as follows. In

Sec. III we overview the basic features of the AQN model
relevant for the present studies. In Sec. IV we formulate the
main lessons to be learned from our previous studies of the
AQN interactions with the solar corona. We apply these

ideas to AQN-NS interaction in Sec. V where we argue that
DM in the form of the AQNs may serve as the triggers
igniting the large explosive events (due to magnetic
reconnections, similar to solar flares). The dynamics of
magnetic reconnection as the heating source of NSs is
elaborated in detail in Secs. VI and VII. In Sec. VIII we
argued that the study of the hard x ray’s emission from NSs
(using magnificent seven stars as an example) can serve as
the indicator of the proposed heating mechanism. We list
our basic results in Sec. IX where we also mention some
other manifestations and observational consequences of the
AQN framework. Many technical details on physics of the
magnetic helicity H powering the magnetic reconnection
are discussed separately in Appendix A.

II. POSSIBLE HEATING MECHANISMS
OF OLD NSs

We start with a brief overview of the minimal cooling
theory; see original paper [21] and recent review [15]. The
observations in general are in very good agreement with
the minimal cooling paradigm when the neutrino emission
from the core dominates at early times (t≲ 105 yr). The
photon emission from the surface dominates at t≳ 105 yr,
when the neutrino emission rate gets highly suppressed and
the NS cools down. As a result, it is expected that the NS
surface temperature rapidly decreases to T∞

s ≲ 104 K at
t≳ 106 yr, which represents a generic consequence of the
minimal cooling theory.1

However, some recent studies of old pulsars apparently
are inconsistent with this canonical cooling theory, see
e.g. [22–24] for the references on the numerous original
results. These results suggest that some new sources of
heating must be operational to explain the observed surface
temperature being higher than expected.2 There are many
subtle points in such “measuring” of the surface temper-
atures, see footnote 2 with comments, such that all recorded
values should be taken with a grain of salt and with some
scepticism.
Nevertheless, this phenomenon when “measured” sur-

face temperature is much higher (than naively expected
temperature) is very common and generic, and it is unlikely
that it can be entirely explained by combination of the

1The T∞
s in this work is defined as the observed surface

temperature at infinity. To be more precise, the T∞
s is defined as

T∞
s ¼ Ts

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − 2 GM

R

q
, where Ts is the surface temperature in its

local reference frame, while R and M are the radius and the mass
of the NS.

2One should emphasize that there are numerous subtle points
in “measuring” of the NS’s temperature as it is influenced by a
nonthermal component. Furthermore, there are often the hot spots
localized at the poles which also may dramatically modify the
measuring of the average temperature of the NS. The author is
thankful to the anonymous referee for pointing out on these
subtleties in measuring of the average temperatures.
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uncertainties mentioned above and in footnote 2. In fact, a
higher (than expected) temperature is observed for very
different stars with very different properties such as period,
age, magnetic field, etc., which supports the claim that
canonical cooling is far from being sufficient to explain all
of the observations. In principle one could do modeling to
separate different radiation mechanisms to extract more
precisely the average value of temperature for a given NS.
These questions are well outside the scope of the present
work and we refer to the papers already mentioned [22–24]
for review, for our arguments which follow any precise
values of the measured temperatures are not essential. Our
arguments are based on a qualitative observation that in a
large number of cases the observed temperature is higher
than predicted, and we propose that some accompanied
effects (not directly related to measurement of the surface
temperature, see Sec. VIII) may test our proposal.
Many mechanisms which could potentially heat the old

NS have been suggested. In particular, it includes magnetic
field decay, DM accretion, crust cracking, vortex creep,
rotochemical heating, to name just a few; see [22] for a
brief review and references. It was argued previously that
some NSs which are slightly older than ∼106 yr can be
explained by some (or the combination) of these mecha-
nisms. However, there are still many cases when suggested
mechanisms are not capable to explain the data; see
details below.
In the rest of this section we critically overview some of

the most promising mechanisms suggested previously. We
also identify some cases when these mechanisms still fail to
explain the observed data. Precisely this dramatic failure in
explanation of the observed data was the main motivation
for the present work to suggest a novel heating mechanism
which has the potential to explain the observed anomalies.
First, we start with a brief overview of previously suggested
heating mechanisms, see e.g. [22].

A. Rotochemical heating

The rotochemical heating is considered to be the most
promising heating mechanism [22–24]. The basic idea is
that the chemical equilibrium is altered when the rotation
of the star is slowing down. The relaxing to the new
equilibrium state enforces the emission of photons which
eventually heat the surface. There is a number of uncer-
tainties in the estimates which could be sensitive to many
parameters of the models, such as the gap, the EoS, or
initial conditions for young pulsars expressed in terms of
the initial period P0. The fitting of all of these parameters
in principle allows one to explain the observed surface
temperatures of ordinary pulsars. However, in many cases
this mechanism fails to explain the observed surface
temperatures.
For example, the T∞

s of the so-called magnificent seven
stars cannot be explained by this mechanism with reason-
able changes of the parameters, see Fig. 3 in [23]. Another

set of examples includes the old pulsars with t≳ 109 yr
with T∞

s ∼ 105 K, see e.g. the two first rows in Table 1
in [23]. Such old and warm pulsars obviously cannot be
explained by the rotochemical heating mechanism with any
reasonable modifications of the parameters; see Figs. 3 and
4 in [23]. There are many similar cases when the observed
temperatures T∞

s dramatically exceed the theoretical esti-
mates, and we shall not discuss all of these cases in detail.
For the purposes of the present work the most important

outcome of these estimates is that the rotochemical heating
obviously could be efficient and operational in many cases.
However, there are also many cases when it dramatically
fails, which implies that (a) there is no unified and simple
mechanism which explains the observed data, and (b) there
must be some other mechanisms which could also be
important and which become especially pronounced at later
times of the NS’s evolution.

B. Magnetic field decay

Another mechanism of heating which was widely dis-
cussed in the literature in the past is heating due to the
magnetic field decay; see e.g. review in [22]. It is common
and a generally accepted view that the magnetic field
cannot play a role of heating for relatively old stars with
t≳ 106 yr. Nevertheless, we opted to present the conven-
tional arguments (on irrelevance of the magnetic field)
below as the AQN-induced mechanism of heating of NSs,
to be introduced later in Sec. V, which will be based
precisely on transferring the magnetic energy to heat. We
will show in Sec. VII where and why the conventional
arguments (on irrelevance of the magnetic field) fail for this
specific AQN model.
The basic idea of the naive estimate is to assume that the

decaying magnetic field strength B transfers its energy to
the surface on the timescale t. In this case one can equalize
the luminosity L of the NS with decreasing magnetic
energy in the entire NS, i.e.

L ¼ 4πR2σT4
s ≈

4πR3

3
·
hB2i
8π

·
1

t
: ð2Þ

The corresponding numerical estimate [22] suggests that
the required magnetic field to explain the observations with
Ts ∼ 105 K is too high. Indeed,

ffiffiffiffiffiffiffiffiffi
hB2i

q
∼ 1013 ·

ffiffiffiffiffiffiffiffiffiffiffiffiffi
t

107 yr

r
·

ffiffiffiffiffiffiffiffiffiffiffiffiffi
10 km
R

r
·

�
Ts

105 K

�
2

G; ð3Þ

which is much higher than the observed magnetic field in
classical pulsars ∼1011 G and millisecond pulsars ∼108 G.
As a result of this simple estimate the magnetic field as the
source of heating was largely ignored in the literature, in
spite of the fact that the magnetic field potentially repre-
sents an enormous energy reservoir.
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There are many subtle elements in this oversimplified
estimate because many assumptions being incorporated
into (2) and (3) may not be justified. Indeed, in the estimate
above it was assumed that the magnetic field is dominated
by a large scale dipole, which may not be the case because
very different configurations may be the dominant con-
tributors to the magnetic energy. In fact, precisely the
enormous magnetic energy reservoir will play a key role in
heating of the NS within the AQN framework as we argue
in this work. The relevant configuration though is not
represented in terms of a simple large scale dipole con-
figuration, as assumed in (3), but rather is represented by
complicated helical fields which will be the source of the
heating as we argue below in Sec. VII. Furthermore,
the relevant timescale entering the right-hand side of
estimate (2) will be very different from (t) entering (2)
which dramatically modifies the oversimplified conven-
tional estimate (3).

C. Dark matter accretion

Wewant to mention one more heating mechanism which
occurs due to DM accretion. This mechanism was also
widely discussed in the literature. Similar to the previous
case reviewed above in Sec. II B, it was also thought
that DM cannot play any essential role of heating for a NS
with Ts ∼ 105 K as maximum temperature which could be
achieved by DM accretion cannot exceed Ts ≈ 3 × 103 K
for any reasonable parameters; see e.g. review [22]. There-
fore, this mechanism could potentially play a role but for
very old stars of age t≳ 108 yr.
The basic idea of the estimate is to observe that the

maximum possible accretion rate onto a NS is given by

Ṁ ≈ ρDMπb2∞v∞; ð4Þ

where ρDM is the local DM density in the vicinity of the NS,
and the velocity v∞ and impact parameter b∞ are defined at
very large distances from the NS. Assuming that the entire
amount of energy of the DM particles is released in the
form of heat, one can infer that

Ṁc2 ≲ 5 × 1022
erg
s
; ð5Þ

which is many orders of magnitude smaller than the
radiation from the NS with temperature Ts ∼ 105 K.
Indeed,

L ¼ 4πR2σT4
s ≈ 7 × 1028

�
Ts

105 K

�
4 erg

s
; ð6Þ

which is 6 orders of magnitude higher than the DM
accretion heating mechanism can provide according to
estimate (5). As a result of this simple estimate, it has been
concluded that the dark matter accretion mechanism may

play a role only for very old stars of age t≳ 108 yr, and
it can be safely ignored for younger NSs with temper-
ature Ts ≳ 105 K.
The irrelevance of the DM physics for a NS with

temperature Ts ≳ 105 K was based on the canonical
assumption that the DM particles are some kind of
fundamental (yet to be discovered) new particles in the
form of WIMPs. Precisely this type of DM particles was
previously considered in the literature in the context of
DM-NS interaction [1–15].
In contrast with this WIMP framework, we are advocat-

ing the AQN framework where DM is in the form of the
dense macroscopically large composite objects, similar to
Witten’s quark nuggets [18–20], as mentioned in Sec. I. In
this case the macroscopically large AQNs can play the dual
role: they obviously can inject the energy directly, similar to
WIMPs, in which case the constraint (5) holds (with minor
numerical modifications).
However, the same AQNs could also play the role of the

triggers which can initiate and ignite magnetic reconnec-
tions such that the enormous magnetic energy reservoir
stored in the NS’s atmosphere and crust can heat the NS’s
surface as will be discussed in Sec. V. Precisely this dual
role of the AQNs dramatically modifies the conclusion of
Sec. II B on irrelevance of the magnetic field as a possible
heating mechanism of a sufficiently old NS.
Before we present the main elements on the AQN-

induced heating mechanism of the NS in Secs. V–VII, we
have to make a detour to introduce the basics of the AQN
framework in Sec. III and the lessons to be learned from
similar processes (though in dramatically different envi-
ronments) of interactions of AQNs with the solar corona
in Sec. IV.

III. THE AQN DARK MATTER MODEL

We overview the fundamental ideas of the AQNmodel in
Sec. III A, while in Sec. III B we list some specific features
of the AQNs relevant for the present work.

A. The basics

As we already mentioned the AQN construction in many
respects is similar to Witten’s quark nuggets, see [18–20].
This type of DM is “cosmologically dark” as a result of
smallness of the parameter (1) relevant for cosmology.
This numerically small ratio scales down many observable
consequences of an otherwise strongly interacting DM
candidate in the form of the AQN nuggets.
There are several additional elements in the AQN model

in comparison with the older well-known and well-studied
theoretical constructions [18–20]. First, there is an addi-
tional stabilization factor for the nuggets provided by the
axion domain walls which are copiously produced during
the QCD transition. This additional element helps us to
alleviate a number of problems with the original Witten’s
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model. In particular, a first-order phase transition is not a
required feature for nugget formation as the axion domain
wall (with internal QCD substructure) plays the role of the
squeezer.
Another problem of the old construction [18–20] is that

nuggets likely evaporate on the Hubble timescale. For
the AQN model, this is not the case because the vacuum-
ground-state energies inside (the color-superconducting
phase) and outside the nugget (the hadronic phase) are
drastically different. Therefore, these two systems can co-
exist only in the presence of an external pressure, provided
by the axion domain wall, which is an inevitable feature of
the AQN construction. This should be contrasted with the
original model [18–20], which is assumed to be stable at
zero external pressure. This difference has dramatic obser-
vational consequence relevant for the present work; the
Witten’s nugget will turn a NS into the quark star if it
hits the NS. In contrast, a matter type AQN will not turn
an entire star into a new quark phase because the quark
matter in the AQNs is supported by external axion domain
wall pressure, and therefore, can be extended only to
relatively small distance ∼m−1

a , which is much shorter
than the NS’s size.
Finally, the nuggets can be made of matter as well as

antimatter during the QCD transition. The presence of the
antimatter nuggets in the AQN framework is an inevitable
and direct consequence of the CP violating axion field
which is present in the system during the QCD time. As a
result of this feature, the DM density, ΩDM, and the visible
density, Ωvisible, will automatically assume the same order
of magnitude densities ΩDM ∼Ωvisible irrespective of the
parameters of the model, such as the axion mass ma.
This feature represents a generic property of the construc-
tion [25] as both components, the visible and the dark, are
proportional to one and the same fundamental dimensional
constant of the theory, the ΛQCD.
We refer to the original papers [26–29] devoted to the

specific questions related to the nugget’s formation, gen-
eration of the baryon asymmetry, and survival pattern of the

nuggets during the evolution in the early Universe with its
unfriendly environment. We also refer to a recent brief
review article [30] which explains a number of subtle points
on the formation mechanism and survival pattern of the
AQNs during the early stages of the evolution, including
the cosmic microwave background (CMB), big bang
nNucleosynthesis (BBN), and recombination epochs.
The only comment we would like to make here is that

in this work we take the agnostic viewpoint, and assume
that such nuggets made of antimatter are present in our
Universe today irrespective to their formation mechanism.
This assumption is consistent with all presently available
cosmological, astrophysical, and terrestrial constraints as
long as the average baryon charge of the nuggets is
sufficiently large as we review below.
We conclude this brief review subsection with Table I

which summarizes the basic features and parameters of
the AQNs. An important point here is that only a small
portion ΔB ≪ B of the total (anti)baryon charge B hidden
in the form of the AQNs gets annihilated during the long
evolution of the Universe. The dominant portion of the
baryon charge survives until the present time. Independent
analyses in [31,32] also support our original claims as cited
in Table I that the antiquark nuggets survive the BBN and
CMB epochs.
We draw the AQN structure on Fig 1, where we use

typical parameters from Table I. There are several distinct
length scales of the problem: R ∼ 10−5 cm represents the
size of the nugget filled by dense quark matter with total
baryon charge B ∼ 1025 in colour superconducting phase. A
much larger scale RDW ∼m−1

a describes the axion domain
wall (DW) surrounding the quark matter. The axion DW has
the QCD substructure surrounding the quark matter, which
has typical width of order RQCD ∼ 10−13 cm. Finally, there
is always an electrosphere which represents a very generic
feature of quark nuggets, including Witten’s original con-
struction. In case of antimatter nuggets, the electrosphere
comprises the positrons. The typical size of the electrosphere
is order of 10−8 cm; see below.

TABLE I. Basic properties of the AQNs adopted from [33]. The parameter κ is introduced to account for possible
deviation from geometric value πR2 as a result of ionization of the AQNs due to interaction with environment. The
ratio ΔB=B ≪ 1 implies that only a small portion ΔB of the total (anti)baryon charge B hidden in the form of the
AQNs get annihilated during big bang nucleosynthesis, cosmic microwave background, or postrecombination
epochs (including the galaxy and star formation), while the dominant portion of the baryon charge survives until the
present time.

Property Typical value or feature

AQN’s mass ½MN � MN ≈ 16 gðB=1025Þ [30]
Baryon charge constraints [B] B ≥ 3 × 1024 [30]
Annihilation cross section [σ] σ ≈ κπR2 ≃ 1.5 × 10−9 cm2 · κðR=2.2 × 10−5 cmÞ2
Density of AQNs ½nAQN� nAQN ∼ 0.3 × 10−25 cm−3ð1025=BÞ [30]
Survival pattern during BBN ΔB=B ≪ 1 [31,32,34,35]
Survival pattern during CMB ΔB=B ≪ 1 [31,34,36]
Survival pattern during postrecombination ΔB=B ≪ 1 [29]
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B. When the AQNs start to interact with dense
environment

For our present work, however, the most relevant studies
are related to the effects which may occur when the AQNs
made of antimatter propagate in the environment with
sufficiently large visible matter density nðrÞ such as density
of the solar corona or the NS’s atmosphere. In this case the
annihilation processes start and a large amount of energy
will be injected to surrounding material, which may be
manifested in many different ways. What is more impor-
tant for the present studies is that the same annihilation
processes become much more important if the AQN enters
the region of highly ionized plasma because the ions are
much more likely to interact with the AQNs in comparison
with neutral atoms due to the long-ranged Coulomb
attraction.
The related computations on the AQN visible matter

interaction originally have been carried out in [38] in
application to the galactic neutral environment at present
time with a typical density of surrounding baryons of order
ngalaxy ∼ cm−3 in the galaxy. We review these computations
with a few additional elements which must be implemented
in case of propagation of the AQN in a denser and ionized
environment such as the NS’s atmosphere.
When the AQN enters the region of the baryon density n

the annihilation processes start and the internal temperature
increases. A typical internal temperature T of the AQNs can
be estimated from the condition that the radiative output
must balance the flux of energy onto the nugget

FtotðTÞð4πR2Þ ≈ κ · ðπR2
effÞ · ð2 GeVÞ · n · vAQN; ð7Þ

where n represents the baryon number density of the
surrounding material, and FtotðTÞ is total surface emissiv-
ity; see below. The left-hand side accounts for the total
energy radiation from the AQN’s surface per unit time

while the right-hand side accounts for the rate of annihi-
lation events when each successful annihilation event of a
single baryon charge produces ∼2mpc2 ≈ 2 GeV energy.
If the environment is represented by neutral atoms and
molecules the interaction of the AQNs with environment
can be approximated by the geometrical cross section πR2

for a macroscopically large object of size R. However, if
the surrounding material is highly ionized the effective
cross section πR2

eff could be dramatically larger than the
geometric value πR2 due to the long-range Coulomb inter-
action as the AQN assumes a large negative charge at
sufficiently high temperature T; see below for estimates.
The factor κ in (7) accounts for large theoretical uncer-
tainties related to the annihilation processes of the (anti-
matter) AQN colliding with surrounding material.
The total surface emissivity due to bremsstrahlung

radiation from the electrosphere at temperature T has been
computed in [38] and is given by

Ftot ≈
16

3

T4α5=2

π

ffiffiffiffi
T
m

4

r
; ð8Þ

where α ≈ 1=137 is the fine structure constant, m ¼
511 keV is the mass of electron, and T is the internal
temperature of the AQN. One should emphasize that the
emission from the electrosphere is not thermal, and the
spectrum is dramatically different from blackbody radiation.
From (7) and (8) one can estimate a typical internal

nugget’s temperature for the neutral environment when
Reff ≈ R and the density n assumes a typical galactic value
n ∼ cm−3:

T ∼ 0.4 eV ·

�
n

cm−3

� 4
17

·

�
vAQN
10−3 c

� 4
17

· κ
4
17: ð9Þ

Another feature which is relevant for our present studies
is the ionization properties of the AQN itself (along with
ionization of the surrounding plasma). Ionization, as usual,
occurs in a system as a result of the high internal temper-
ature T, in which case a large number of weakly bound
positrons from the electrosphere get excited and can easily
leave the system. As a result, the antinugget assumes a
negative electric charge. Its absolute value QðTÞ strongly
depends on the environment (density and the temperature).
Precisely this feature of ionization of the AQN dramati-

cally enhances the visible DM interaction in a highly
ionized sufficiently dense environment when the cosmo-
logically relevant ratio (σ=M) from (1) could become very
large. This feature may dramatically modify many pre-
viously obtained results [1–15] which were made under the
assumption that DM particles are fundamental weakly
interacting objects such as WIMPs.
The emergence of very strong interaction of DM with

surrounding material at the star’s surface is a direct
manifestation of the AQN construction when the dark

FIG. 1. AQN structure (not in scale) adopted from [37]. The
dominant portion of the energy ∼2 GeV produced as a result of a
single annihilation process inside the antinugget is released in the
form of bremsstrahlung radiation with frequencies ω ≤ T. See
description and notations in the main text.
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matter in the form of the AQNs behaves as chameleonlike
composite objects. Indeed, the AQNs are the perfect DM
particles in a dilute environment as reviewed in Sec. III A
but become very strongly interacting objects in a relatively
dense environment.
Finally, one should mention here that the AQN model

with the same set of parameters to be used in the present
work may explain a number of puzzling and mysterious
observations which cannot be explained by conventional
astrophysical phenomena. These mysterious puzzles occur
at many different scales in dramatically different environ-
ments, including BBN epoch, dark ages, as well as galactic,
Solar and Earth environments at present time; see con-
cluding Sec. IX B.

IV. LESSONS FROM THE SOLAR CORONA
HEATING PUZZLE

Before we consider the dynamics of the AQN-NS
interaction in Sec. V we would like to make a short detour
in this section to overview the application of the AQN
framework to the solar corona heating problem [39–42].
The basic lesson from the studies [39–42] is that the energy
which heats the corona may come from the annihilation
processes of the DM particles in the form of the AQNs in
the solar corona. Furthermore, the same AQNs may play
the role of triggers which may ignite the large solar flares.
In other words, the AQNs entering the solar corona may
activate the magnetic reconnection in active regions of the
sun and initiate the large solar flares.
We shall use the corresponding lessons from [39–42] for

the case when AQNs hit the NS, which is the topic of the
present studies. Precisely this analogy between the AQN
dynamics in a NS’s atmosphere versus the solar corona will
be our guiding principle in our studies of the AQN-NS
interactions in Secs. V–VII.

A. Solar corona heating puzzle: The observations

We start with a few historical remarks. The solar corona
is a very peculiar environment. Starting at an altitude of
1000 km above the photosphere, the highly ionized iron
lines show that the plasma temperature exceeds a few 106 K.
The total energy radiated away by the corona is of the order
of Lcorona ∼ 1027 erg s−1, which is about 10−6–10−7 of the
total energy radiated by the photosphere. Most of this
energy is radiated at the extreme ultraviolet (EUV) and soft
x-ray wavelengths. There is a very sharp transition region,
located in the upper chromosphere, where the temperature
suddenly jumps from a few thousand degrees to 106 K.
This transition layer is relatively thin, 200 km at most. This
transition happens uniformly over the Sun, even in the quiet
Sun, where the magnetic field is small (∼1 G), away from
active spots and coronal holes. The reason for this uniform
heating of the corona remains to be a mystery.

A possible solution to the heating problem in the quiet
Sun corona was proposed in 1983 by Parker [43], who
postulated that a continuous and uniform sequence of
miniature flares, which he called “nanoflares,” could happen
in the corona.
The term nanoflare has been used in a series of papers by

Benz and coauthors [44–48], and many others, to advocate
the idea that these small “microevents” might be respon-
sible for the heating of the quiet solar corona. In most recent
studies for the purpose of the modeling the term nano-
flare describes a generic event for any impulsive energy
release on a small scale, without specifying its cause and its
physics nature; see review papers [49,50] with references
on recent activities in the field. The list below shows the
most important constraints on nanoflares from the obser-
vations of the EUV iron lines with SoHO=EIT:
(1) The EUV emission is highly isotropic [45,47];

therefore, the nanoflares have to be distributed very
“uniformly in quiet regions,” in contrast with flares
which have a highly nonisotropic spatial distribution
because they are associated with small active
regions.

(2) According to [46], in order to reproduce the mea-
sured EUVexcess, the observed range of nanoflares
needs to be extrapolated from the observed events
interpolating between ð3.1 × 1024–1.3 × 1026Þ erg
to subresolution events with much smaller energies,
see item 3 below.

(3) In order to reproduce the measured radiation loss,
the observed range of nanoflares needs to be extra-
polated to energies as low as 1022 erg and in some
models, even to 1020 erg (see Table 1 in [46]).

(4) The flares, in contrast with nanoflares, originate at
sunspot areas, with locally large magnetic fields
B ∼ ð102–103Þ G, while the EUVemission (which is
observed even in very quiet regions where B ∼ 1 G)
is isotropic and covers the entire solar surface.

(5) The temporal evolution of flares and nanoflares also
appears different. The typical ratio between the
maximum and minimum EUV irradiance during
the solar cycle does not exceed a factor of 3 between
its maximum in 2000 and its minimum in 2009 (see
Fig. 1 from [51]), while the same ratio for flares and
sunspots is much larger, of the order of 102. If the
magnetic reconnection (as Parker originally conjec-
tured) was fully responsible for both the flares and
nanoflares, then the variation during the solar cycles
should be similar for these two phenomena. It is not
what is observed: the modest variation of the EUV
with the solar cycles in comparison to the flare
fluctuations suggests that the EUV radiation does
not directly follow the magnetic field activity, and
that the EUV fluctuation is a secondary, not a
primary effect of the magnetic activity.

NEUTRON STARS AS DARK MATTER DETECTORS PHYS. REV. D 109, 063018 (2024)

063018-7



B. The nanoflares as the AQN annihilation events

All of the puzzles (such as isotropic features of the EUV
emission over the entire solar surface with very modest
variations during the solar cycles) as mentioned above can
be naturally understood if the EUVemission from the solar
corona is related to the DM particles. The corresponding
conjecture that the nanoflares heating the corona can be
identified with AQN annihilation events3 has been explic-
itly formulated in [39]. The main argument supporting this
conjecture is an amazing numerical coincidence between
the observed total luminosity (∼1027 erg · s−1) radiated
from the corona in the form of soft x rays and EUVand the
injected energy resulting from the annihilation events when
the AQNs hit the Sun.
Indeed, the impact parameter for capture of the nuggets

by the Sun can be estimated as

b⊙cap ≃ R⊙
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ γ⊙

p
; γ⊙ ≡ 2 GM⊙

R⊙v2
; ð10Þ

where v ≃ 10−3 c is a typical velocity of the nuggets.
Assuming that ρDM ∼ 0.3 GeVcm−3 and using the capture
impact parameter (10), one can estimate the total energy
being injected due to the complete annihilation of the
nuggets in the solar corona as follows:

LAQN
⊙ ∼ ðπb2capÞ · v · ρDM ≃ 1030

GeV
s

≃ 1027
erg
s
; ð11Þ

where we substitute constant v ≃ 10−3 c for numerical
estimate.4 Precisely this “accidental numerical coincidence”
between the observed luminosity Lcorona ∼ 1027 erg s−1 and
the AQN-induced luminosity (11) was the main motivation
to put forward the idea that the AQNs represent a new source
of energy feeding the EUV radiation from the solar corona,
which is very hard to explain in terms of conventional
astrophysical sources as highlighted above in Sec. IVA; see
also footnote 3 for a comment.
Based on this amazing numerical coincidence the nano-

flares have been identified with the AQN annihilation
events (within the AQN framework). An immediate self-
consistency check of this conjecture is that the lower limit
for the AQN baryonic charge (see Table I) approximately

coincides with nanoflare’s low energy. Indeed, according to
this identification the AQN annihilation of baryon charge B
produces the energy W ≃ 2mpc2B. One can check that
the smallest AQN baryonic charge B ∼ 1024 as given in
Table I is indeed close to the lowest nanoflare’s energy
W ∼ 1021 erg. We emphasize that this numerical similarity
represents a highly nontrivial self-consistency check of
proposal [39], as the acceptable range for the AQNs and
nanoflares have been constrained from dramatically differ-
ent physical systems.
Encouraged by this self-consistency check and the

highly nontrivial energetic consideration, a full scale of the
Monte Carlo (MC) simulations had been performed in [41].
It has been shown that the annihilation mostly occurs at
altitudes around 2000 kmwhere most of the injected energy
is released. This represents a highly nontrivial explanation
of the emergence of a very narrow transition region of order
200 km width within the AQN framework.
Here we summarize the proposal on identification of the

AQN annihilation events with nanoflares: the uniformity
of the EUV emission is naturally understood in the AQN
framework as DM is distributed very uniformly over the
Sun, making no distinction between quiet and active
regions. Furthermore, our proposal explains an insignifi-
cant role of the magnetic field for the EUV radiation as the
AQN events do not depend on the strength of the magnetic
field, which is also consistent with observations. It should
be contrasted with original conjecture [43] where nano-
flares are thought to be scaled down configurations of their
larger cousins, which are known to be localized exclusively
in the area with large magnetic field, and fed by the
magnetic field energy.
Finally, the temporal modulation of the EUV irradiance

over a solar cycle is very modest, as opposed to the very
dramatic changes in flare activity on the level of 102 over
the same timescale. This is perfectly consistent with our
interpretation of nanoflares being associated with AQN
annihilation events which are not related to the solar
activity, nor to dynamics of the magnetic field itself during
the cycles.

C. AQNs as the triggers of large solar flares

In this section we overview the basic results from [40]
where it was argued that the same AQNs (which are
identified with nanoflares as overviewed in Sec. IV B)
could serve as the triggers for large solar flares. The basic
reason for necessity for a trigger (which can initiate the
magnetic reconnection) to be present in the system is
related to very large numerical values of the so-called
Lundquist number S ∼ ð1012–1014Þ in the solar corona.
Precisely this parameter S determines the theoretical
value for reconnection time which is much longer than
observations show; see the Appendix in [52] for details
and references. Although in the last 10–15 years many
new ideas have been pushed forward to speed up the

3In this sense our proposal fulfills a key missing ingredient on
the nature of the nanoflares as conventional scaling arguments
suggest that the typical timescales for the magnetic reconnection
in the background of a typical magnetic field (∼1 G), must be
very long, dramatically longer than the observations suggest; see
the Appendix in [52] for details.

4A more proper estimation should include nAQNð2mp · B ·
3=5Þ where coefficient 3=5 reflects the portion of the antinuggets,
nAQN ≈ ρDM=MN is the density of the AQNs, whileMN ≈mpB is
their typical mass. We ignore all these numerical coefficients in
estimate (11) in front of ρDM.
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reconnection, a large number of fundamental questions
remains.5

The basic idea of [40] is as follows:
(1) The AQNs entering the solar corona with typical

velocity of the nuggets v ∼ ð600–800Þ km=s in the
vicinity of the surface will inevitably generate shock
waves as the typical velocities v of the dark matter
particles much larger than the speed of sound cs
such that the Mach number M≡ v=cs > 1, see
estimates below.

(2) When the AQNs (distributed uniformly) enter re-
gions with a strong magnetic field in active regions,
they trigger magnetic reconnection of preexisted
magnetic configurations.

(3) Technically, the AQNs are capable of sparking
magnetic reconnections due to the large disconti-
nuities of the pressure Δp=p ∼M2 and temperature
ΔT=T ∼M2 when the AQN-induced shock front
passes through the magnetic reconnection regions;
see estimates for these parameters below.

Now we estimate the relevant parameters suggesting that
the AQNs indeed could serve as the triggers igniting and
initiating the large solar flares.
We start our estimate with the speed of sound cs in the

corona at T ≃ 106 K,

�
cs
c

�
2

≃
3T · Γ
mpc2

; cs ≃ 7× 10−4 c ·

ffiffiffiffiffiffiffiffiffiffiffiffi
T

106 K

r
; ð12Þ

where Γ ¼ 5=3 is a specific heat ratio, c is the speed of
light, and we approximate the mass density ρp of plasma
by the proton’s number density n as follows ρp ≃ nmp. The
crucial observation here is that the Mach number M is
always much larger than one for typical dark matter
velocities at the surface:

M ≡ v
cs

≃ 4

ffiffiffiffiffiffiffiffiffiffiffiffi
106 K
T

r
> 1: ð13Þ

As a result, a strong shock wave will be generated when
the AQNs enter the solar corona. In the limit when the
thickness of the shock wave can be ignored, the corre-
sponding formulas for the discontinuities of the pressure p,
temperature T, and the density ρp are well known and given
by (see e.g. [53])

ρp2
ρp1

≃
ðΓþ 1Þ
ðΓ − 1Þ ;

p2

p1

≃M2 ·
2Γ

ðΓþ 1Þ
T2

T1

≃M2 ·
2ΓðΓ − 1Þ
ðΓþ 1Þ2 ; M ≫ 1; ð14Þ

where we assume M ≫ 1 and keep the leading terms only
in the corresponding formulas.
Another important parameter which determines impor-

tance of magnetic pressure in comparison with kinetic
pressure is dimensionless parameter β:

β≡ 8πp
B2

∼ 0.05

�
n

1010 cm−3

��
T

106 K

��
100 G
B

�
2

; ð15Þ

where for numerical estimates we use typical parameters
for the active regions in the corona when β ≪ 1. The
same relation (15) also explicitly shows that the magnetic
field cannot play any essential role (including a very
unlikely possibility of magnetic reconnection) outside the
active regions when typical values are B ∼ 1 G and β ≫ 1,
which was the topic of the EUV radiation in previous
Secs. IVA and IV B.
The main assumption for the estimates presented above

is that the AQNs can be treated as macroscopically large
objects such that conventional classical hydrodynamics
applies. In other words, the size of the objects must be
much larger than the average distance a between the parti-
cles in the surrounding plasma, which itself is determined
by the density a ≈ n−1=3. This condition is perfectly satis-
fied for the AQNs because their effective size Reff ≫ 1 cm
is indeed much larger than the geometric size of the quark
nugget R ∼ 10−5 cm due to very strong interaction with
surrounding ionized plasma when positively charged ions
are captured by the negatively charged nugget; see [41]
for the estimate of parameter Reff which indeed satisfies
Reff ≫ a for typical density in the corona.
The idea that the shock waves may dramatically increase

the rate of magnetic reconnection is not new, and has
been discussed previously in the literature, though in a quite
different context; see references in the Appendix in [52].
The new element which was advocated in [40] is that the
small shock waves resulting from entering AQNs are wide-
spread and generic events in the solar corona. These small
events identified with nanoflares and the corresponding
annihilation energy is sufficient to heat the corona as esti-
mated by (11). However, they do not generate large flares
as β ≫ 1 in quiet regions.
The situation becomes very different however if the

nuggets hit the active regions with strong magnetic field
B ∼ 102 G and β ≪ 1. In this case the AQN-induced shock
waves may ignite large flare. This proposal may answer
many questions of the complicated dynamics of the flares,
including a dramatic variation of the timescales as men-
tioned in footnote 8.

5One of the questions is the observation of the dramatic
variation of timescales when preflare x-ray radiation lasts for
seconds, the flare itself lasts for about an hour, while the prepa-
ration phase of the magnetic configurations to be reconnected
could last for months. The presence of a trigger may automati-
cally resolve this and many other hard questions; see [40].
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D. Energetics of large solar flares

Now we want to estimate the size and the energy scales
associated with such events. We consider separately two
different stages. First, we estimate the scales related to the
initial phase of the evolution when the AQNs produce the
shock waves, but the magnetic reconnection has not started
yet. The estimation for the second phase assumes that the
magnetic reconnection, leading to a large solar flare, is
already fully developed.
In the first, initial stage of the evolution, the magnetic

reconnection has not started yet, and the entire energy is
related to the shock wave, which itself forms as a result of
AQN entering the solar atmosphere from the outer space.
In this case a typical timescale when AQN completely
annihilates its baryon charge is of order of τ ∼ 10 sec;
see [39,41]. A typical length scale is determined by the
initial velocity of the AQN which is of order vAQN ∼
ð600–700Þ km=s such that L ∼ vAQN · τ ∼ 5 × 103 km. At
the same time, a typical radius R of the cone formed by the
shock wave is determined by the speed of sound cs, such
that R∼M−1L, where Mach numberM is estimated in (13).
For numerical estimates below we take M ≃ 10. The
affected area A due to the shock wave (where the magnetic
reconnection starts) is estimated as A ∼M−1L2. We sum-
marize the parameters of the initial stage as follows:

τ ≈ 10 sec; L ≈ vAQN · τ ≈ 5 × 103 km;

R ≈M−1L ≈ 10−1L; A ≈ R · L ∼ 10−1L2: ð16Þ

We are now in position to estimate the typical energetic
characteristics of the system during this initial stage. The
key element is the observation that the temperature T
experiences a large discontinuity resulting from the shock
according to (14). Therefore, we estimate a typical internal
temperature of the nugget T2 as follows:

T2

T1

≈ M2 ≈ 102; T2 ≈ M2T1 ≈ 108 K; ð17Þ

where T1 ∼ 106 K corresponds to unperturbed temperature
of the solar corona before the shock passage through the area.
An important comment here is that formula (17) shows

that the AQN’s internal temperature could reach very high
values on the level T ∼ 108 K. As a result, the AQNs could
be the source of the ð1–10Þ keV x rays. Interestingly
enough, the x rays’ emission had indeed been recorded
for many large flares a few moments (precursor) before the
flare starts [54]. Furthermore, one can explicitly see that
preflare enhancement propagates from higher levels of the
corona into the lower corona and chromosphere [54]. It is
difficult to explain such x rays’ emission pattern within
conventional magnetic hydrodynamics (MHD). In our
framework the x ray’s emission before the large flare starts
is a natural consequence of the proposal when the AQNs

(moving from the outer space to the surface) generate the
shock and play the role of the triggers initiating and igniting
large flares. We further comment on similarity of the x ray’s
emission from the solar corona during the flare and from
the NS in Sec. VIII.
The second stage of the flare (after the initial stage

described above ends) in this framework is represented by
the magnetic reconnection ignited by the shock wave. We
have nothing new to say about this conventional phase of
the evolution. We present the corresponding estimate below
for the total flare’s energy for completeness and following
discussions,

Wflare ∼
B2Vflare

8π
∼ 3 × 1030

�
B

300 G

�
2
�

Vflare

1013 km3

�
erg;

ð18Þ

where Vflare ≈ L2⊥L with L ∼ 5 × 103 km being a typical
length scale (16) where shock waves develop in the solar
corona,6 while L2⊥ is the area within active region (sun-
spots) which eventually becomes a part of the magnetic
reconnection producing the large flares. Numerically L⊥ ∼
ð103–104Þ km for microflares, and it could be as large as
L⊥ ∼ 105 km for large flares. It is assumed that precisely
this region of volume Vflare ¼ L2⊥L with large average
magnetic field B ∼ 300 G feeds the solar flare as a result of
magnetic reconnection. It is also known that the magnetic
reconnection is always accompanied by the presence of
nontrivial topological structures which manifest a variety of
complex processes during the flare; see [40] for references.
It is quite obvious that the energy (18) of a fully

developed flare is many orders of magnitude larger than
the initial energy of the AQN which serves as a trigger of
a large flare. Nevertheless, this initial stage in the flare
evolution plays a key role in future development of the
system because it provides a very strong impulse with
ΔT=T ≫ 1 and Δp=p ≫ 1 in a very small and very
localized area for a very short period of time (16) in the
region where the magnetic reconnection eventually devel-
ops. Precisely the presence of a trigger explains a large
number of puzzles related to dramatically different time-
scales which are known to exist in the system; see [40] for
references.
We conclude this section on the solar corona heating

puzzle with the following remark. Our main topic of this
work is the analysis of possible effects which may occur
when the AQNs hit a NS’s surface. We shall use many
lessons from the present section as the magnetic reconnec-
tion in a NS triggered and initiated by AQNs may generate
many profound effects as we will discuss in the next section.

6To simplify the estimates we assume the nugget trajectory is
perpendicular to the solar surface such that L is oriented along the
z direction.
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V. WHEN AQN HITS THE NS

A. Energy injection due to the AQN’s annihilation

First of all, we would like to estimate a total power being
injected as a result of AQN hitting the NS’s surface and get
annihilated along its path close to the surface. For sim-
plicity we ignore the DM velocity distribution and assume
that v∞ ≃ 10−3 c is a typical velocity of the nuggets at a
large distance from the NS. In this case the impact
parameter for capture and consequent annihilation of the
AQNs by the NS can be estimated as follows:

bNScap
RNS

≃
c
v∞

·

�
106 cm
RNS

�
1=2

·

�
MNS

2M⊙

�
1=2

ð19Þ

which replaces formula (10) estimated for the Sun. The
total energy being injected due to the complete annihilation
of the nuggets in the NS is as follows:

LAQN
NS ∼ ðπb2capÞ · v∞ · ρDM ≃ 1023

erg
s
; ð20Þ

which replaces formula (11) with estimate for the Sun; see
also footnote 4 with a comment. The estimate (20) of
course gives the same order of magnitude for the AQN
model as for any other DM model; see e.g. [10] where only
kinetic energy of a DM particle contributes to the heating. It
should be contrasted with our case when entire energy due
to the annihilation will be released. The numerical differ-
ence, however, is a very minor effect as all DM particles on
the NS’s surface become relativistic objects irrespective
of the models. As a result, the difference in equilibration
temperatures on the surface does not lead to any qualitative
observable effects in comparison with previous analysis.
In particular, instead of T ≈ 1750 K from WIMP type
models [10] we would get T ∼ 3000 K from the AQN
model, if all released energy is thermalized.
Now we would like to make few comments on com-

parison of (20) with analogous estimates for the solar
corona (11) where the same annihilation events of the
AQNs in the solar atmosphere generate fundamentally new
phenomenon representing the resolution of the solar corona
heating puzzle within the AQN framework as explained in
Secs. IVA and IV B.
The dramatic differences in luminosities (4 orders in

magnitude) between (11) and (20) is related to the fact that
the impact parameters are very different for these two cases.
Indeed, factor 104 between (11) and (20) can be understood
as the ratio

�
b⊙cap
bNScap

�
2

∼
�
106 km
104 km

�
2

∼ 104: ð21Þ

As a result, the luminosity (∼1027 erg · s−1) radiated from
the corona (11), though represents only ∼10−6 fraction of

the total luminosity of the Sun, nevertheless produces the
profound observable effects in the form of the EUV and
x ray’s emission from the corona. In contrast, the obser-
vation of the emission (20) from the NS is unlikely to be
directly observed anytime soon.
Indeed, the value for the surface temperature T ≈

3 × 103 K as estimated above is way below the present
observational capabilities, and we shall not elaborate on
this effect of heating due to the direct AQN annihilations in
the NS’s atmosphere and the crust in the present work. Pre-
cisely this effect (heating of the very old stars due to the
direct energy injection by DM particles in form of WIMPs)
was the main subject of the analysis in most of previous
studies [1–12,15]. This is precisely the main conclusion of
Sec. II C that DM accretion cannot play any role in heating
of the NS to temperatures in the range T ∼ 105 K as
observed. This conclusion was entirely based on canonical
assumption within the 40-year-old paradigm that DM is
represented by a fundamental field in the form of a micro-
scopical particle such as WIMP.
In contrast, the AQN is a complex macroscopical object,

outside of this canonical paradigm. Therefore, it may play
another role (as a trigger, see below) along with the effect
mentioned above.
This work is focused precisely on another consequence

of the AQN framework when the nuggets play the role of
the triggers which may ignite and initiate much larger
events similar to the flares in the Sun as discussed in
Secs. IV C and IV D. This effect is not shared by any other
DM models when the DM particles are represented by
fundamental local quantum fields, such as WIMPs.
When AQN serves as a trigger of a large event such as a

flare in the Sun, the dominant portion of the energy feeding
such event is coming from a strong magnetic field of the NS
(not from the AQN itself) converting its energy into the
radiation in broad frequency bands. If this happens there
could be many dramatic observable effects, which precisely
represents the topic of the present studies.

B. Mach number and shock waves

The goal of the present section is to argue that the AQNs
can serve as the triggers which may initiate the magnetic
reconnection similar to our discussions in Secs. IV C and
IV D in the context of the solar flare physics. Our argu-
ments are based on estimation of different parameters such
as β and the Mach number M for a NS environment.
In what follows it is convenient to parametrize the

velocity of an AQN when it enters the NS’s atmosphere
in terms of the proper ημ velocity and 4-momentum pμ

defined in the usual way:

ημ ¼ γðc; v⃗Þ; γ ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − v2=c2

p ; pμ ¼ MN · ημ;

ð22Þ

NEUTRON STARS AS DARK MATTER DETECTORS PHYS. REV. D 109, 063018 (2024)

063018-11



where MN ≃mpB is the AQN’s rest mass expressed in
terms of the proton mass as reviewed in Sec. III A.
The key observation here is that the Mach number

M ≫ 1 is always very large for a typical AQN entering
the NS’s atmosphere,

M≡
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
v2⊥þv2k

q
cs

≃6×103 ·

�
105 K
T

�
1=2

·

�
106 cm
RNS

�
1=2

·

�
MNS

2M⊙

�
1=2

ð23Þ

which is much larger than one. The shock wave may initiate
a large event similar to solar flares considered in Secs. IV C
and IV D.
Another important parameter which determines impor-

tance of the magnetic pressure in comparison with kinetic
pressure is dimensionless parameter β:

β≡8πp
B2

∼10−18
�

n
1010 cm−3

��
T

106 K

��
1010 G
B

�
2

; ð24Þ

where for numerical estimates we use typical parameters
for a NS. The crucial difference with the solar corona here
is that β ≪ 1 is very small everywhere on the NS’s surface.
It is not the case for the solar corona, where β ≪ 1 only in
active regions, while β ≫ 1 in quiet regions of the solar
surface. As a result, the solar flares occur only in active
regions with β ≪ 1 when magnetic reconnection could in
principle take place as discussed in Secs. IV C and IV D,
while in the NS the magnetic reconnection could occur
everywhere at any given moment, and may occupy the
entire NS’s surface as condition β ≪ 1 holds everywhere.
One more parameter which characterizes the NS’s

atmosphere is the electron number density ne where the
AQN-induced shock wave may propagate. The uncompen-
sated charge density of electrons and ions in the NS’s
atmosphere is not vanishing due to the so-called Goldreich-
Julian (GJ) effect when the magnetic field spinning through
a very good conductor produces the electric field which
separates the charges. To be more precise the GJ number
density is proportional to nGJ ∝ Ω · B. Numerically, it can
be estimated as follows (see e.g. [55]):

ne ≈
2B
ecP

R3
NS

r3
∼
1010

cm3

�
1 s
P

��
B

1010 G

��
R3
NS

r3

�
; ð25Þ

where P is the pulsar period, and r the distance from the
center of the star.
If we assume that magnetic reconnection indeed occurs

as a result of the AQN triggering event, what could be the
energy injection rate in this case? Is it sufficient to heat the
old NS to the high temperatures such as T ∼ ð105–106Þ K
as observed? The corresponding energy is determined by
the energy of the magnetic field as a result of successful

reconnection. This injected energy is dramatically larger in
comparison with the energy released due to the direct
annihilation events of the AQNs in the NS’s atmosphere
discussed in Sec. VA. The corresponding estimates will be
presented in the next section.

VI. MAGNETIC RECONNECTION AS THE
HEATING SOURCE OF NS

We are now prepared to present our order of magnitude
estimates to argue that the heat being released as a result of
the AQN-induced magnetic reconnection events is suffi-
cient to heat the old NS to high temperature T ∼ 105 K as
observed. First, we estimate the total hitting rate Ṅ of the
NS by AQNs. It can be estimated by dividing formulas (4)
to MN , i.e.

dN
dt

≈ πb2∞v∞

�
ρDM
MN

�
≈
10

s

�
1025

hBi
�
·

�
MNS

2M⊙

�
; ð26Þ

where ρDM is the local DM density in the vicinity of the NS
and MN ≈mpB is the mass of the AQN; see Table I.
Our next task is to estimate the minimal required energy

to heat the NS’s surface to the temperature T ≈ 105 K. The
required energy rate to be injected to heat the NS’s surface
has been estimated previously in (6) and is given by

L ¼ 4πR2σT4
s ≈ 1029

�
Ts

105 K

�
4 erg

s
: ð27Þ

The next task is to estimate the total available magnetic
energy above the NS’s surface. After that one can estimate
the portion of the energy which should be converted to the
heat to equalize the radiation loss (27). The total magnetic
energy Etot

magðAÞ above the NS’s surface can be estimated as
follows:

Etot
mag ≃

1

8π

Z
r≥RNS

d3xB2 ≃ 1036 erg

�
Bsurf

1010 G

�
2

; ð28Þ

where we used a simple dipole formula B ≃ BsurfR3
NSr

−3 for
the estimate.7

To make further progress with our computations we
assume that every hit by the AQN of the NS triggers and
initiates a shock wave which consequently generates the
magnetic reconnection. This assumption is very reasonable
as a similar assumption for solar flare gives very reasonable
estimates for the rate and strength of solar flares as
reviewed in Secs. IV C and IV D. Indeed, in both cases
the relevant parameters M ≫ 1 and β ≪ 1 and the shock

7One should mention here that the estimate (28) represents in
fact a lower bound as the relevant magnetic field could be much
stronger than a simple dipole formula would suggest; see also
comments in Sec. II B.
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waves are very likely to be formed. The difference between
the Sun and NS is, of course, that flares in the Sun can be
generated in active regions only (which accounts for a very
tiny portion of the solar surface), while in the NS the shock
wave may develop anywhere on the entire NS’s surface.
With this assumption we introduce parameter ϵ ≪ 1

which describes a small portion of the total magnetic
energy (28) which will be converted to heat after AQN
strikes the NS and triggers the shock wave leading to the
magnetic reconnection with consequent heating of the
surface, i.e. Eheat ≡ ϵEtot

mag. The corresponding parameter
ϵ is estimated from the following condition:

ϵEtot
mag ·

dN
dt

¼ L ⇒ ϵ ≈
L

ṄEtot
mag

; ð29Þ

where parameters Ṅ, and L are given by (26) and (27)
correspondingly. Numerically, parameter ϵ can be esti-
mated as follows:

ϵ≡ Eheat

Etot
mag

; ϵ ≈ 10−8
�

Ts

105 K

�
4
�
1010 G
Bsurf

�
2
� hBi
1025

�
;

ð30Þ

which implies that the total magnetic energy is more than
sufficient to heat old NS to explain the puzzling observa-
tions reviewed in Sec. VI. In fact, only a very tiny portion of
the magnetic energy (∼10−8) needs to be converted to heat
at each event of the magnetic reconnection triggered by the
AQN. In fact the numerical value for ϵ is expected to be
even smaller because the relevant magnetic field is likely
to be much stronger than a simple dipole formula would
suggest; see footnote 7. In what follows we shall argue that
this condition can be indeed naturally satisfied.
At this point one could wonder what went wrong with

the old (and naively, very generic) argument from Sec. II,
suggesting that the magnetic field cannot play any role in
heating of the old NS according to (2). The answer is
related to two new elements which were completely missed
in the naive estimate (2). First, the magnetic field locally
could be much stronger than a simple dipole formula would
suggest as we already mentioned in footnote 7. Further-
more, as we argue below in Sec. VII, the energy which is
powering the magnetic reconnection is related to the mag-
netic helicity H; see Appendix A for definition and basic
features of the magnetic helicity H. Another novel element
is the relevant timescale which enters (26) and which is
dramatically different from the timescale entering the naive
estimate (2). This portion of the magnetic energy could be
quickly restored after every AQN-induced event of recon-
nection with rate (26). A possible mechanism for such
“refill” of the magnetic helicity is discussed in items 10
and 11 in the next section and in Appendix A.

VII. MAGNETIC RECONNECTION IN A NS: BASIC
INGREDIENTS

In this section we want to formulate the basic ingredients
of the proposal supporting our main result formulated in the
previous section. It suggests that the magnetic reconnection
triggered by the AQN may indeed heat the old NS. In
this sense we suggest an alternative mechanism, which we
claim is capable to generate enough energy to heat the old
NSs to explain the puzzling observations listed in Sec. II.
First of all, we would like to note that the computation of

the parameter ϵ defined by (30) from the first principles is
not feasible at this point due to very complicated dynamics
of the strongly coupled system AQN-NS. In particular, it
includes the evolution of the shock waves, developing of
the turbulence, and many other accompanied phenomena
when the energy transfer occurs from a body moving with
enormous Mach number as estimated by (23).
Nevertheless, there are many systems where the mag-

netic reconnection is known to occur and is believed to
power very energetic events such as solar flares discussed
in Secs. IV C and IV D. One can use the corresponding
observations to support or refute some of the assumptions
on dynamical features of the magnetic reconnection in a NS
based on experience with the solar flare events.
Another system where magnetic reconnection is believed

to play a crucial role (see e.g. [55]) is the magnetars where
the so-called fast radio bursts (FRB) are erupted as a result
of the magnetic reconnection, see recent review on the
topic [56]. While the idea that FRBs are powered by the
magnetic field transferring an enormous energy to the radio
emission is commonly accepted in the community, the
suggested triggering mechanisms which could initiate
the magnetic reconnection dramatically vary: from a crust
cracking at the NS’s surface to sudden triggers from an
external event; see [56] for review.
Our proposal [52] that the DM particles in the form of the

AQNs play the role of the triggers for FRBs is exactly from
the last category when an external object initiates the FRB.
In our case the external object is the AQN. In many respects
our present proposal that the AQNs could be the triggers of
the magnetic reconnections in an old NS which may heat
the NS’s surface to explain the puzzling observations, as
reviewed in Sec. VI, is very similar to proposal [52] in the
context of FRBs.
There are many quantitative differences between these

two cases, of course: the magnetars from proposal [52] are
much younger, have a much stronger magnetic field, and
have a much higher surface temperature than the old NS
which is the topic of the present work. However, the basic
fundamental concept in these two cases is the same: the
AQNs can serve as the triggers to ignite and initiate the
magnetic reconnection which may feed the very energetic
explosions in both cases.
The two systems mentioned above (flares in the solar

corona and FRB in magnetars) will be considered as a
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toolbox which allows us to test the main proposal of the
present work. Indeed, by comparing one or another
assumption from the present proposal with similar (analo-
gous) studies of the flares in the solar corona or FRB in
magnetars one can support or refute a corresponding
assumption. This is precisely the approach we are advocat-
ing in this section.
We present below the basic elements of our proposal,

item by item. In many items we explicitly point out some
similarities between our present system and previously
considered systems—flares in the solar corona and FRB in
magnetars. Therefore, our assumptions can be confronted
with available observations.
(1) The basic conditions such as M ≫ 1 and β ≪ 1 are

satisfied according to (23) and (24), similar to
analysis in active regions in the Sun and FRB.

(2) As a result of these conditions the AQNmay serve as
the trigger to initiate the magnetic reconnection
as the environment in all cases is also very similar.
Indeed, the density of highly ionized plasma esti-
mated as (25) is close to the density of the solar
corona.

(3) Therefore, we expect a strong shock wave generated
by propagating AQN, such that the pressure p and
temperature T experience strong discontinuities
according to (14). This very strong impulse in a
very small and very localized area (determined by
the AQN’s path) for a very short period of time τ
may lead to a successful magnetic reconnection.

(4) A typical timescale τwhere the shock wave develops
is determined by the velocity vAQN of the AQN in the
vicinity of the NS’s surface, which is close to c.
Therefore,

τ ∼
d
c
∼
10 km

c
∼ 0.3 × 10−4 s; ð31Þ

where distance d ∼ 10 km is determined by the
region where the density of the ionized gas is
sufficiently large (25).

(5) The timescale τ determines the size of the cone where
the shock wave develops and where the pressure p
and temperature T experience strong discontinuities,
similar to the solar flare analysis (17).

(6) This AQN-induced shock will trigger the magnetic
reconnection in the area A estimated as

A ≈ dcsτ ≈
d2

M
∼ 10−4d2; ð32Þ

which represents a small portion ∼ð10−4–10−5Þ of
the NS’s surface. This area has the same physical
meaning as estimate (16) for the solar flare which
defines the area for the initial stage of the magnetic
reconnection. The difference with the solar flare is
that the magnetic reconnection could only occur in a

small active region of the Sun where the magnetic
field is large and the condition β ≪ 1 is satisfied,
while the reconnection in the NS may occur any-
where on the surface as condition β ≪ 1 is satisfied
everywhere.

(7) Therefore, if magnetic reconnection starts in one
location, it may quickly sweep out (potentially) an
entire NS’s surface. In this case the total energy of
the event in the NS [ second stage in the classi-
fication (18) in the context of solar flares] represents
a finite portion of the integral (28). It must be
contrasted with the solar flare estimate (18) which
represents a very tiny portion of the surface in
comparison with the total surface of the Sun (the
so-called active regions, the sunspots).

(8) The speed of magnetic reconnection is governed by
dimensionless parameter βin in notations [52,55],
where “in” in βin stands for inflow speed. It must be
sufficiently high for fast successful reconnection,
but it must be much slower than the speed of light
βin ≪ 1. If we formulate this condition in terms of
the reconnection typical timescale τin ≡ d · β−1in the
following hierarchy scales must be satisfied8:

τ≪ τin ≪ Ṅ−1 → 0.3×10−4 s≪ τin ≪ 0.1 s; ð33Þ

where parameter τ is determined by the AQN
serving as a trigger, see (31), while timescale Ṅ−1

is a typical timescale between two independent
consecutive events according to (26).

(9) The dynamics of magnetic reconnection studied in
the context of FRB suggests that the energy power-
ing FRB is the magnetic helicityH; see Appendix A
for the definition and short introduction into the
subject. We assume that this feature on the dominant
role of the H holds for the present proposal as well.
The basic argument for this assumption is that the
environments of NSs and magnetars are very similar.
The magnetic reconnection implies that the elec-

tric field Ek during the reconnection time τin will be
induced; see [52,55]. Its direction should be parallel
to the original static magnetic field B with the
coefficient proportional to βin, i.e.

EkðinducedÞ ∝ βinB: ð34Þ

8Parameter βin was estimated in [55] in the context of FRB
physics. It determines the duration of the magnetic reconnection
as τFRB ∝ β−1in ≈ 10−3 s. Parameter τFRB plays the same role as τin
in (33). A similar parameter (duration of the large flare) in the
context of solar physics could be as long as a few hours, while the
duration of the initial stage of the flare lasts about 10s, see (16).
In all cases the ratio between the duration of the trigger event
(due to the AQN) and the magnetic reconnection itself is
about ∼1%.
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The condition (34) unambiguously implies that very
specific electromagnetic (E&M) configuration with
∼E⃗ · B⃗ ∝ βinB2 must be generated during the re-
connection. The main feature of this configuration is
that it enters the formula (A2) which describes the
dissipation of the magnetic helicity H. Precisely
the dissipation of the magnetic helicityH powers the
magnetic reconnection. Assuming βin ∼ 1% [which
is within the window (33)] one can infer that every
event of the magnetic reconnection will convert
∼1% of its magnetic helicity into the heat along
with other radiation losses such as x rays. Such a
relatively high efficiency rate is obviously more than
sufficient to generate energy heating the NS’s sur-
face according to (30) even if one assumes that only
a small finite portion of the surface (rather than the
entire NS) will be experiencing the magnetic re-
connection.

(10) It is very likely that there are some mechanisms
which restore the energy associated with magnetic
helicity dissipation (due to the magnetic reconnec-
tion) and restore its equilibrium value. Indeed, there
are some observations in the FRB context suggesting
that frequency of some FRB repeaters is enormously
high. For example, rFRB 20121102A emitted a
total amount of energy ∼3.4 × 1041 erg in the radio
band from 1652 bursts detected in 59.5 hours in
a 47-day time span [56,57]. Assuming that this
activity represents a typical behavior of the FRB
repeaters, one could infer that there must be a
mechanism which restores the magnetic source of
the energy.9

Based on this observation (in a FRB context) we
assume that there should be an operational mecha-
nism which restores the energy reservoir (28) by
equilibrating the system after the events of recon-
nection which heat the NS’s surface; see also foot-
note 7 on numerical value for the relevant value of B
entering formula (28).

(11) A possible mechanism of equilibration which could
potentially restore the magnetic energy had been
discussed previously in a very different context
in [58]. Important conclusion of these studies was
that the magnetic helicity H which is powering the
magnetic reconnection (see item 9) is a very generic
feature of the NS, and in fact there are many
observational evidences suggesting that the mag-
netic helicity H must be present in the NS. We

overview the basic results of these studies below and
refer the reader for details to Appendix A.

(12) The basic argument presented in [58] is that the so-
called topological nondissipating currents will be
induced in the NS as a result of quantum anomalies
in high density QCD. These currents might be
responsible for many observed phenomena such
as a NS’s kicks, toroidal magnetic field, and the
magnetic helicity, to name just a few. This is a very
generic and well-known phenomenon in QCD. It is
related to the asymmetry between left-handed and
right-handed chemical potentials which could be
generated by P-odd weak interactions. Formally, it
could be expressed as generation of the so-called
axial chemical potential μ5 ≡ 1=2ðμR–μLÞ.
The μ5 ≠ 0 in context of the heavy ion physics in

QCD leads to a number of P odd effects, such as
chiral magnetic effect, chiral vortical effect, and
charge separation effect, to name just a few. This
field of research initiated in [59] became a hot topic
in recent years as a result of many interesting
theoretical and experimental advances; see recent
review papers [60,61] on the subject.
In the context of the present work of NS physics,

one should mention that there is strong observational
evidence, see e.g. [62] and references therein,
supporting the presence of the toroidal magnetic
field which unambiguously suggests that the mag-
netic helicity H must be nonzero in neutron stars.
We consider this as an indirect observational evi-
dence supporting the claim that P-odd topological
currents [58] had been induced at some early mo-
ment in the star’s evolution.

(13) If one assumes that the magnetic helicity H is
present in the system at the moment of magnetic
reconnection, it is expected from (34) that the energy
feeding the magnetic reconnection comes from the
magnetic helicity H, which is directly related to the
toroidal magnetic field in the system; see Appen-
dix A for additional comments. One should empha-
size that the toroidal magnetic field is generated by
nondissipating topological current (A7), in contrast
with a typical dipole type field (28) which is gene-
rated by usual dissipating currents satisfying the
conventional Ohm’s law (A6) in the core of the NS.

(14) In order to understand what happens when the mag-
netic reconnection event occurs, one should recall
that the NS’s system (which includes the dipole type
magnetic field, the toroidal magnetic field, the mag-
netic helicity H, and the nondissipating topological
current with many other conventional components)
is a very complicated dynamical self-interacting
and self-equilibrating system. It implies that if some
elements of the system suddenly get changed, the
other elements of the system will adjust their values
to restore the equilibrium of the system.

9The total energy emitted would exceed 6.4 × 1045 erg assum-
ing a radio efficiency 10−4, which we consider is already too high.
This is a substantial fraction of the available magnetic energy
from a magnetar [56]. This estimate again strongly suggests that
there must be a mechanism restoring the magnetic energy after
the eruptions as example of the rFRB 20121102A already pose
significant energy budget issues [56].
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In context of the reconnection events it implies that the
removing (due to reconnection) some value of the magnetic
helicity H will result in modification of the currents and
chemical potential μ5 to restore its equilibrium values. This
equilibration is formally expressed by (A5).
The reservoir of the chemical potential μ5 is truly enor-

mous as estimate (A11) suggests. Therefore, we propose
that the mechanism of equilibrating the magnetic helicityH
as suggested above, in principle, is capable of restoring the
energy associated with magnetic helicity after the events of
reconnection; see Appendix A with additional comments
and clarifications.
We conclude this section with the following comment.

All analytical expressions as presented above should be
taken very cautiously as they had been derived from com-
parison with a different system with dramatically different
parameters. Nevertheless, the basic fundamental principles
(the magnetic reconnection triggered by an external object)
are very much the same. As a result we expect that our
estimates give a qualitatively correct big picture. The
magnetic reconnection, its evolution, and the triggering
mechanisms are obviously the prerogative of numerical
simulations which can support or refute the hypothesis
advocated in this work. Therefore, we strongly advocate
the researchers in relevant fields to consider this picture
seriously. A hope is that the recent advancements in the
field can successfully attack these complicated technical
problems and test the heating mechanism as advocated in
this proposal.
Another option to test this proposal (which is compli-

mentary to numerical tests mentioned above) is to measure
some specific observables which always accompany the
magnetic reconnection. This is the topic for the next
section.

VIII. X RAYS AS THE INDICATORS
OF THE MAGNETIC RECONNECTION IN NSs

First, we start by mentioning that it has been known for
quite some time that the solar flares are normally accom-
panied by strong x-ray radiation, see e.g. [54] for a review
of the last complete solar cycle No -24. Furthermore, the
x rays are considered to be a good indicator for large flares
because the x ray’s intensity dramatically increases few
moments before a flare starts.
In addition to that, it has been pointed out in [54] that the

solar preflare enhancement in the form of the x rays
propagates from higher levels of the corona into a lower
corona and chromosphere; see Fig. 8 in [54]. This preflare
enhancement is a very puzzling and unexpected phenome-
non as preflare propagates from top to bottom. Never-
theless, these unusual temporal and spatial patterns of
propagation have a very natural explanation within the
AQN framework (reviewed in Sec. IV D in the context of
solar flares) because the AQNs propagate (and ignite the
magnetic reconnection) from the outer space to the surface.

Now we return to our main topic of the NS. The leitmotif
of the proposal advocated in this work is that of two naively
very different phenomena (in dramatically different
systems):
(1) the heating mechanism of relatively old NS, and
(2) the solar flares

are in fact very similar as they are both powered by the
same mechanism of the magnetic reconnection (according
to the proposal) triggered and initiated by the dark matter
AQN particles. Therefore, we expect that a number of
accompanying effects associated with magnetic reconnec-
tions must also manifest themselves in very similar ways in
both cases. One such profound accompanying effect of
large solar flares is the x ray’s emission; see first paragraph
of this section. Therefore, we expect that a similar x-ray
emission must be also present in the NS if the NS’s heating
is indeed powered by magnetic reconnection as advocated
in this work.
The main goal of this section is to estimate the x-ray’s

intensity from the NS by using (for normalization) the
observed and well-recorded intensity of the x ray’s radi-
ation during the solar flares. In this estimate we use the
same logical steps as in Secs. V–VII by comparing one and
the same phenomenon in two different systems.

A. X rays from solar flare as normalization point

The starting point of our estimates is as follows. The
peak of the x rays in the band 0.1–0.8 nm of the flare of 9
August 2011 is recorded as follows (see Fig. 8 in Ref. [54]):

F⊙
X ≈ 10−3

W
m2

≈
erg

s · cm2
;

E∈ ð1.5–12.4Þ keV; ð35Þ

while the average hF⊙
Xi of the x ray’s emission during the

flare can be estimated as hF⊙
Xi≈ 10−2 erg · s−1 · cm−2 which

is almost 2 orders of magnitude smaller than the peak
value (35). At the same time the total flux from the flare
emitted from all frequency bands can be estimated as

F⊙
tot ≈ 10

�
Etot

1032 erg

�
erg

s · cm2
;

ξ≡ hF⊙
Xi

F⊙
tot

≈
�
10−2–10−3

� ð36Þ

assuming that the flare lasts about 1 h and the total released
energy Etot during a large flare was between 1031 erg and
1032 erg. The order of magnitude estimate (36) suggests
that the x-ray’s flux represents less than a 1% portion of a
large flare. We use this ratio ξ to estimate the x-ray’s flux
from the NS due to the magnetic reconnection in the next
subsection.
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B. X rays from NSs originated from magnetic
reconnection

In our estimates which follow, we assume that the
observed temperatures of sufficiently old NSs are entirely
saturated by the magnetic reconnection mechanism as
advocated in this work. This is obviously a strong assump-
tion. However, as reviewed in Sec. II, any common
mechanisms such as rotochemical heating cannot explain
many observations; see Sec. II A. In particular, the so-
called magnificent seven stars cannot be explained by this
mechanism with reasonable changes of the parameters;
see Fig. 3 in [23]. There are many similar cases when the
observed temperature of a NS dramatically exceeds the
theoretical estimates and is inconsistent with the cano-
nical picture of cooling, including additional mechanisms
reviewed in Sec. II.
With this assumption in mind, and assuming the black-

body radiation spectrum, we estimate the total flux of E&M
radiation (powered by magnetic reconnections, as pre-
sented in Sec. VII) as follows:

FNS
tot ¼

L
4πr2

∼
7 × 1032

4πr2

�
Ts

106 K

�
4 erg

s

∼ 6 × 10−10
�

Ts

106 K

�
4
�
0.1 kpc

r

�
2 erg
s · cm2

; ð37Þ

where r is the distance to the NS, while the luminosity L is
estimated in (6).
We need two more elements to complete our estimate for

hFNS
X i analogous to hF⊙

Xi entering (36). First, we assume
that the ratio ξ ∼ 10−3 defined by (36) is the same for the
solar flares and NSs because (according to our proposal)
two different phenomena are originated from the same
physics of the magnetic reconnection as argued above.
Another element which is also important for our estimate of
hFNS

X i is the ratio of two different timescales: first, the τin is
the reconnection timescale, which represents the duration
of the magnetic reconnection, while Ṅ−1 is a typical time-
scale between two independent consecutive events as
defined in (33). As a result, we arrive at the following
estimate for the x ray’s flux from the NS due to the mag-
netic reconnection10:

hFNS
X i ∼ ξ ·

�
τin
Ṅ−1

�
· FNS

tot ∼
�
10−4–10−5

�
FNS
tot

∼
�
10−13–10−14

�� Ts

106 K

�
4
�
0.1 kpc

r

�
2 erg
s · cm2

;

ð38Þ

where for the numerical estimate we use τin ∼ 10−3 s
(motivated by the FRB analysis) and Ṅ−1 ≃ 0.1 s; see
footnote 8 with some comments.
One should emphasize that this is really an order of

magnitude estimate—it is very hard to improve it as the
estimate (38) includes a large number of elements with
unknown physics. Furthermore, many NSs are known to be
emitters of x rays due to many other reasons (for example,
due to the conversion of the spin-down power into the
x rays). Therefore, our estimation (38) should be consid-
ered as an additional contribution to the x ray’s emission.
It obviously implies that it is very hard to discriminate the
x ray’s emission flux as given by (38) from many other
canonical astrophysical mechanisms. However, there are
known special cases when conventional astrophysical
mechanisms produce a very tiny contribution to the x ray’s
radiation, in which case (38) could play the dominant role,
and in principle could be discriminated from other mech-
anisms, see example below.
It is instructive to present a numerical value of the flux

hFJ1856
X i for J1856 from magnificent seven (M7) stars

which are the closest to Earth. These NSs belong to the
category when the star’s temperature greatly exceeds an
anticipated value as reviewed in Sec. II A. The correspond-
ing flux hFJ1856

X i is estimated from (38) as

hFJ1856
X i ≈ �

4 × 10−15–4 × 10−16
� erg
s · cm2

½estimation�;
ð39Þ

where we use r ≈ 0.123 kpc and Ts ≈ 0.5 × 106 K for the
numerical estimates. It is quite remarkable that the x ray’s
emission has indeed been observed [63] from this star with
5σ excess in a (2–8) keV energy range with result

hFJ1856
X i ¼ �

1.5þ0.7
−0.6

�
× 10−15

erg
s · cm2

½observations�:
ð40Þ

According to [63] it is difficult to explain this excess of
x-ray radiation by any conventional astrophysical sources
or any systematic effects. This observation nicely falls into
the interval (39). We consider this result as a highly non-
trivial consistency check for the application of the AQN
framework to the NSs heating problem as the parameters
entering the estimate (38) are based on dramatically
different physics describing enormous ranges of scales in
drastically different contexts, from DM distribution to solar

10The timescale τin enters the formula (38) because x rays can
be emitted exclusively during the reconnection period according
to our proposal, similar to discussions of the x ray’s radiation
during the solar flare from Sec. VIII A. At the same time the τin is
normalized by a typical timescale Ṅ−1, which represents a
timescale before the next AQN hits the NS when new recon-
nection starts and new portion of the energy is injected into the
NS’s atmosphere. We assume that the energy will be eventually
thermalized, which justifies our formula for luminosity (37) with
the blackbody radiation spectrum.
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physics. All of the corresponding parameters had been
fixed long ago in applications to different systems, without
any attempt to modify or fit them to match the present
observations. Therefore, (38) could be potentially many
orders of magnitude off from the observed value (40).
In many aspects the similarity of the numerical values

between (39) and (40) is analogous to the similarity
between the observed solar corona luminosity Lcorona ∼
1027 erg s−1 in EUVand the AQN-induced luminosity (11)
which is entirely determined by the DM parameters, not
related to the solar corona. Therefore, we think it is very
hard to interpret the numerical agreement between (39)
and (40) as simply an “accidental numerical coincidence.”
We think it should be interpreted, similar to mysterious
solar corona EUV radiation, as a result of some deep
roots and connections between DM physics and NSs
physics, which is naturally incorporated by the AQN
framework.

IX. CONCLUDING COMMENTS AND FUTURE
DEVELOPMENTS

The presence of the antimatter nuggets in the system
implies, as reviewed in Sec. III, that therewill be annihilation
events (and continuous injection of energy at different
frequency bands) leading to a large number of observable
effects on different scales: from early Universe to the
galactic scales to the Sun and the terrestrial rare events.
In the present work we focus on manifestations of these

annihilation events on physics of the NS. We proposed that
DM in the form of the AQNs may serve as the triggers
igniting the large explosive events powered by the magnetic
reconnection. The released energy as a result of these
events may serve as the heater of NSs as suggested in
Sec. VI. This is precisely the additional source of energy
which may resolve the mysterious and puzzling observa-
tions as reviewed in Sec. II when the NS’s temperature is
inconsistent with canonical cooling mechanisms.
One should emphasize once again that a precise meas-

uringof the NS’s surface temperature is a very subtle point
such that all recorded values should be taken with some
scepticism; see footnote 2 with a comment. Nevertheless,
we believe that the observed discrepancy between mea-
sured and predicted temperatures is a real physical effect,
and we propose a specific mechanism which could be
responsible for the excess of the heating.
We do not need to repeat the key elements on physics

of the magnetic reconnection triggered by the AQNs as
presented in Sec. VII in this conclusion. Instead, we want to
mention below several phenomena which should accom-
pany the proposed mechanism of the excess of heating of
old NSs. As such these additional emissions should be
considered as possible tests and predictions for a proposed
mechanism of heating.
In Sec. IX A we list some possible new tests which can

substantiate or refute our proposal. Finally, in Sec. IX B

we describe several other mysterious and puzzling obser-
vations (outside the NS’s system), which can be understood
within the same AQN framework. We consider this as
indirect support for our proposal as the computations are
based on the same set of parameters of the AQN model
reviewed in Sec. III.

A. Possible tests of the proposal

As mentioned at the very end of Sec. VII there are several
tests which can substantiate or refute this proposal on a
heating mechanism of the old NSs. One of them is a
numerical study of evolution of the magnetic reconnection,
its evolution, and the triggering mechanisms which are
obviously the prerogative of numerical simulations.
Another, complimentary approach (which represents the
topic of the present section) is the analysis of the radiation
in very broad frequency bands (from radio to hard x rays,
and likely to gamma rays) which always accompany the
heating mechanism suggested in Secs. VI and VII.
There is an enormous energy reservoir (A11) which

could be converted to the magnetic helicity and eventually
to the heat and E&M radiation. We specifically focus on
hard x-ray radiation in Sec. VIII because we consider this
frequency band to be the most promising channel where
this heating mechanism can be directly tested. Another
possible radiation in the radio frequency bands which also
accompanies the magnetic reconnection is expected to be
less promising as the estimates in Appendix B imply.
Essentially we suggest to study the hard X ray emission

from other M7 stars as estimation (38) applies to all of
them. As we mentioned in Sec. II all M7 stars have the
temperatures which greatly exceed the expectations. We
interpret this inconsistency as the presence of the additional
heating mechanism in the form of the magnetic reconnec-
tion for all M7 stars in spite of subtleties related to the
measured surface temperature as mentioned in footnote 2.
Therefore we predict that all M7 stars should emit the hard
x rays which always accompany the reconnection with
flux being estimated in (38). As mentioned in [63] the
observation of the hard x ray from J1856 with 5σ excess
(and not observations of a similar signal in other M7 stars)
could be related to the fact that J1856 has the most
exposure time across all of the x-ray cameras that were
considered in [63].
Another possible class of NS where a proposed heating

mechanism could manifest itself is represented by very old
pulsars. As mentioned in Sec. II the observed temperatures
(well exceeding Ts ≳ 105 K) of many old pulsars with
t≳ 108 yr cannot be explained by conventional mecha-
nisms; see review [23] with details. At the same time, there
are many cases where such high (and even much higher)
surface temperatures have been observed. As an illustrative
sample from this class, one could consider PSR J0108-
1431 which is a nearby (r ≃ 0.13 kpc), 170 Myr old
pulsar. Its surface temperature is known to be very high:
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ð1–5Þ × 105 K and it is hard to explain even with additional
heating mechanisms [23].
It is also interesting to note that this pulsar is observed in

an x ray with flux hFJ0108
X i ¼ ð9� 2Þ × 10−15 erg

s·cm2 in the
(0.3–8) keV band. It is very similar in value to (40)
observed in (2–8) keV band, if one excludes the soft x-ray
segment from hFJ0108

X i representing its dominant portion as
the corresponding spectrum has a power law with index
γ ≃ 2.2, see [64]. This similarity between two different
cases is consistent with our formula (38) as the temper-
atures and distances for both NSs are almost the same.
One should note that in the original paper [64] the

relatively large flux hFJ0108
X i was entirely attributed to a

spin-down mechanism with enormously high x ray effi-
ciency ηX ≃ 0.4 × 10−2, while for typical younger pulsars
similar x ray efficiency is 2 orders of magnitude smaller:
ηX ≃ ð10−5–10−4Þ. In our view it is very hard to justify such
dramatic increase of the x ray’s efficiency for older pulsars
from the theoretical side. We are more inclined to interpret
a sufficiently high x-ray flux hFJ0108

X i as a manifestation
of the magnetic reconnection which powers the heating of
this old pulsar, and accompanied to this heating the x-ray
emission as estimated in Sec. VIII.
Another possible test of the proposed heating mechanism

is a study of thermal pattern on the NS’s surface. The main
observation here is that the magnetic reconnection is
powered by magnetic helicity H (on large and small
scales). Consequently, the toroidal magnetic field is expec-
ted to play an essential role in the dynamics and heating
of the NSs as discussed in Sec. VII. It implies that the
thermal pattern on the NS’s surface must be very different
from a canonical poloidal dipolar magnetic field (in which
case the cold region is always localized along the equator
while the hot regions are always localized around the
poles). These topics are obviously a prerogative of numeri-
cal simulations which can support or refute the hypo-
thesis advocated in this work. It can be only accomplished
with comprehensive numerical simulations of a magneto-
thermal coupled evolution which includes such elements as
the magnetic reconnection, its evolution, and the triggering
mechanisms.
In addition, an observation of the magnetic field during

the solar flares in active regions which always demonstrates
very complex topological structure as mentioned in
Sec. IV D supports the complex structure of the field as
a consequence of this proposal. Therefore, an observation
of any correlations between the complex thermal pattern,
higher than expected average temperature of a NS, and the
excess of the hard x ray could (implicitly) support the
proposed heating mechanism. In fact, some recent studies
apparently indicate, see review [65] for references, that the
thermal patterns of the NSs very often display a compli-
cated structure, dramatically different from a canonical
poloidal dipolar magnetic field pattern.

B. Other (indirect) evidences for DM in the form
of the AQN

There are many hints (outside the NSs physics which
represent the topic of the present work) suggesting that
the annihilation events, which are an inevitable feature of
this framework, may indeed have taken place in the early
Universe as well as in present epoch at very different scales.
In particular, in the early Universe the AQNs do not affect
BBN production for H and He, but might be responsible for
a resolution of the “primordial lithium puzzle” due to its
large electric charge Z ¼ 3; see [35] for details.
The very same interaction of the visible-DM components

may lead to many observable effects during the galaxy
formation epoch. Indeed, while the cold dark matter model
works very well on large scales, a number of discrepancies
have arisen between numerical simulations and observa-
tions on subgalactic scales; see e.g. recent review [66] and
references on original papers therein. Such discrepancies
have stimulated numerous alternative proposals including,
e.g. self-interacting dark matter, self-annihilating dark
matter, decaying dark matter, and many others; see [66]
and erences therein. Our comment here is that the AQN
model represents a specific example of a strongly interact-
ing chameleonlike model: the AQNs do not interact with
the surrounding material in a dilute environment, but
strongly interact with baryonic material in a sufficiently
dense environment at the galactic scale, which helps one to
resolve many observed discrepancies during the structure
formation epoch [67].
The very same interaction of the visible-DM components

may lead to a large number of observable effects also
at present epoch. In particular, trecent studies [68–70]
suggest that there is a strong component of the diffuse far-
ultraviolet (FUV) background which is very hard to explain
by conventional physics in terms of the dust-scattered
starlight. As argued in [71] the mysterious and puzzling
observations of the diffuse FUV could be directly related
to the annihilation events of the AQNs propagating in the
galactic media. There are numerous similar examples in
many frequency bands (from radio to optical bands to UV
to x rays) when the observations require an additional
energy injection into the system. The AQN annihilation
events may provide this required (by observations) addi-
tional source of radiation.
We conclude this work with the following final com-

ment. We advocate the idea that study of specific features of
NSs as mentioned in Sec. IX A could shed some light on
the nature of DM. It is a most unexpected turn of our studies
as it allows (implicitly) study the nature of DM by
analyzing some subtle features of NSs.
The new paradigm on the nature of cold DM (when it is

represented in the form of macroscopical large objects
as reviewed in Sec. III instead of commonly accepted
WIMPs) has many consequences which are mentioned
above, and which are consistent with all presently available
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cosmological, astrophysical, satellite, and ground-based
observations. In fact, it may even shed some light on the
long-standing puzzles and mysteries (outside of NSs
physics) as mentioned above and in Sec. IV.
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APPENDIX A: MAGNETIC HELICITY H AND
ITS ROLE IN MAGNETIC RECONNECTION

The main goal of this appendix is to overview some
important results on the magnetic helicity which is a topo-
logical invariant, and represents the observable which
characterizes the dynamics of the magnetic reconnection.
Needless to say, the magnetic reconnection, according to
our proposal, plays a crucial role in transforming the static
magnetic energy into the flare type events (similar to the
solar flares) which could heat the old NSs.
There are several elements which we would like to

overview in this appendix. First of all, we would like to
explain why magnetic helicity H plays a key role in re-
connection. Secondly, we want to argue that the magnetic
energy related to the helicity H could be potentially
restored as a result of coupling the helicity H with a
reservoir of the chirality which could be generated when the
NS was sufficiently hot. Finally, we also want to argue that
the chirality reservoir is truly enormous in a NS.
We start with a definition11 of the magnetic helicity in

volume V which can be represented as follows [72]:

H≡
Z
V
A⃗ · B⃗ dV; ðA1Þ

where A⃗ is the vector potential corresponding to the

magnetic field B⃗ ¼ ∇⃗ × A⃗. It is known that the magnetic
helicity H in general is not a gauge invariant observable

because the gauge potential A⃗ is not a gauge invariant
object. However, if one requires that the magnetic field is

tangent on the surface boundary ∂V of V, i.e. B⃗ · n⃗j
∂V ¼ 0,

the magnetic helicity becomes a well-defined gauge invari-
ant object, see e.g. [72].
In the simplest case when the magnetic configuration can

be represented in the form of two interlinked (but not
overlapping) tubes with fluxes Φ1 and Φ2, the magnetic
helicity H counts its linking number, i.e. H ¼ 2Φ1Φ2 is
proportional to an integer linking number if fluxes Φ1 and
Φ2 are quantized. This is precisely the reason why the
magnetic helicity is the topological invariant and cannot be
easily changed during its evolution. In fact, the crucial
property of the magnetic helicity H is that it is exactly
conserved during the time evolution in ideal MHD [72]. It
is also known that the magnetic helicityH is odd under the
P symmetry corresponding to x⃗ → −x⃗ transformations.
This implies that the magnetic helicity can be only induced if
there are P violating processes producing a large coherent
effect on macroscopic scales. We refer to one of the propo-
sals [58] with specific estimates on how it could happen.
In what follows we also need the expression for the

temporal variation of magnetic helicity as it is directly
related to the dissipation rate. Differentiating Eq. (A1) one
arrives to

dH
dt

¼ −2
Z
V
E⃗ · B⃗ dV; ðA2Þ

where we ignored the surface boundary term, see
e.g. [73,74] with explicit derivations. A key observation
here is that the dissipation term in (A2) is proportional to

∼E⃗ · B⃗ which is precisely the E&M configuration which
emerges as a result of the magnetic reconnection as
formula (34) states. As explained in the text the induced
electric field parallel to the original static magnetic field is
absolutely a required feature for the successful magnetic
reconnection. The relation (A2) answers the question
of why the magnetic helicity H is the key player of the re-
connection.12

There is one more important element here on the relation
between the magnetic helicity and the chirality which needs
to be explained. In the chiral limit the axial current is not
conserved as a result of quantum anomaly, see e.g. review
papers [60,61] on the subject, i.e.

∂μJ
μ
5 ¼

e2

2π2
E⃗ · B⃗; ðA3Þ

where Jμ5 is the density of the axial current. In the integral
form the same equation can be written as

dQ5

dt
¼ 2

Z
V

e2

4π2
E⃗ · B⃗ dV where Q5 ≡

Z
V
J05 dV; ðA4Þ

11In particle physics literature the magnetic helicity is defined
with additional coefficient e2=ð4π2Þ in front of the integral (A1).
This normalization factor becomes obvious from Eq. (A5).

12An important observation here is that the integrand entering
(A2) which describes the dissipation of the magnetic helicity H
identically vanishes in ideal MHD where E⃗ ¼ −v⃗ × B⃗.
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where the surface term has been ignored. Comparing (A2)
and (A4) one arrives at the following result (see e.g. review
papers [60,61] on the subject)

d
dt

�
Q5 þ

e2

4π2
H
�

¼ 0; ðA5Þ

which implies that the magnetic helicity (A1) in combi-
nation with the axial charge (A4) becomes a conserved
quantity, while they are not conserved separately. An
important element to note here is that the axial current is
the combination of right- and left-handed currents, i.e.
Jμ5 ¼ JμR − JμL, while μ5 is the chemical potential for Jμ5. The
significance of μ5 is explained in item 12 in Sec. VII. One
comment here is that μ5 ≠ 0 is not a true chemical potential
as it is not associated with any exactly conserved charges
(in contrast with μ which corresponds to the conserved
baryon charge).
The significance of Eq. (A5) is that the Q5 and H are

strongly coupled with each other such that the decrease of
Q5 will lead to an increase of H and vice versa. This
implies that the magnetic helicity H can be refilled and
restored (in principle) after the reconnection, and the source
of the refill of the magnetic helicity H is the chiral charge
Q5 determined by parameter μ5.
Now we want to make several comments on the currents

and their properties which could generate the chiral asym-
metry and consequently the magnetic helicity H, which
obviously belong to the class of topological effects.
Normally, the topological phenomena are also associated
with the topological features of the sources, such as non-
dissipating currents. A well-known example of such a
relation is the quantization of the magnetic flux and
associated with the quantized flux the nondissipating
supercurrent.
It is very instructive to explain the differences between

the currents by analyzing their symmetric properties. We
start with analysis of the conventional Ohm’s law

J⃗ohm ¼ σE⃗; ðA6Þ

where σ is the Ohmic conductivity. Both electric current J⃗
and electric field E⃗ are normal vectors (P odd) under P
symmetry. Therefore, the σ has to be P even. If we consider
the time reversal symmetry T ∶ t → −t we observe that the
current J⃗ohm is T odd, while the electric field E⃗ ¼ −∇⃗V is
T even. Therefore, the Ohmic conductivity σ has to be odd
under the T reversal for Ohm’s law (A6) to make sense.
This is an anticipated result since the Ohmic conductivity
describes processes of dissipation that produce entropy, and
entropy production by the second law of thermodynamics
is an irreversible process which generates an arrow of time.
In fact, all conventional transport coefficients are odd under
T reversal being consistent with the presented argument.

Now we consider the so-called chiral magnetic effect
(CME) when the electric current is induced due to the chiral
asymmetry expressed in terms of the chemical potential μ5
(see reviews [60,61]):

J⃗top ¼ σ5B⃗; σ5 ¼
e2

2π2
μ5: ðA7Þ

The difference with the previous case of Ohm’s law (A6) is

that the magnetic field B⃗ ¼ ∇!× A⃗ is T odd because the

vector potential A⃗ is T odd. From (A7) we infer that σ5 has
to be T even, and the topological current J⃗top entering (A7)
is expected to be nondissipating.
It is very instructive to compare this analysis with

another type of nondissipating current which is induced
in superconducting materials. This is also important from a
phenomenological viewpoint as the NS is believed to
be a large superconductor.13 The corresponding physics
is captured by the London relation between the electric
current and gauge potential

J⃗London ¼ λ−2A⃗; ∇⃗ · A⃗ ¼ 0; ðA8Þ

where λ is the penetration length. The vector potential A⃗
as well as J⃗London are T odd functions, which suggests that
the London current J⃗London is nondissipating. Indeed, the
magnetic flux through an Abrikosov vortex for type II
superconductor is quantized. This means that the circulat-
ing supercurrent is topologically protected—it is not
allowed to dissipate as the flux is quantized.
The nondissipating nature of the topological current (A7)

is also supported by analysis [58] where it has been argued
that the conventional P- and T -even QED processes
(which are normally incorporated in MHD analyses) cannot

eliminate the current (A7). Indeed, the correlation hJ⃗top · B⃗i
is a P-odd correlation which cannot be changed by
conventional P-even QED processes.14 The P-odd weak
interactions are capable of diminishing the induced current
(A7) which was generated by weak interactions when the
NS’s temperature was sufficiently high; see [58] for details.
The surface effects can also play a role as helicity may leak
through the surface. However, these surface effects are
expected to be subdominant, and not considered here.
We finish this appendix with an order of magnitude

estimate of the total energy reservoir which potentially can

13It remains to be a matter of debate whether superconductivity
realized in NSs is a type I or type II superconductor [75].

14We emphasize that the claim is not that the transitions L → R
and R → L do not occur all the time. These transitions of course
occur in QED as for example, the mass term flips the chirality.
The claim is that the expectation value hJ⃗top · B⃗i in equilibrium
(including the magnetic portion of the helicity H) cannot be
washed out without P-odd weak interactions.
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refill the magnetic helicity. As we mentioned after (A5) the
strength of helicity H can be restored after every event of
reconnection by conversion of the energy from Q5. By
definition, J05 ¼

R
VðJ0R − J0LÞ dV is the difference between

right- and left-handed densities. The source of this asym-
metry is μ5, which was estimated in [58]. The most
important parameters for the present estimate from [58]
is the asymmetry parameter Pasym and the Fermi momenta
ke ∼ μ for electrons numerically assume the following
values:

Pasym ∼
μ5
μ
≈ 2 × 10−5; μ ≈ 100 MeV: ðA9Þ

From (A9) one can estimate the total difference between
right- and left-handed electrons in the entire NS as follows:

�
μ3R
3π2

−
μ3L
3π2

��
4πR3

3

�
≈
μ2μ5
π2

�
4πR3

3

�
∼ 1051: ðA10Þ

The total energy reservoir which is available to refill the
magnetic helicity H can be estimated as follows. One
should multiply Eq. (A10) to a typical energy of electrons,
which is determined by μ. Therefore, we arrive at the
following estimate for the total available energy:

Etot
ðR−LÞ ∼ μ ·

�
μ2μ5
π2

�
·

�
4πR3

3

�
∼ 1047 erg: ðA11Þ

It is instructive to compare this total energy (produced at
early times due to the generation of the right-left asym-
metry) with total magnetic energy as given by (28). It is
clear that the total energy reservoir (A11) is enormous. This
amount of energy is more than sufficient to refill the
magnetic helicity H after each magnetic reconnection to
heat the NS’s surface, which is precisely the proposal
mentioned in items 11–14 in Sec. VII. As we mentioned
above this asymmetry cannot be washed out by conven-
tional QED P-even processes incorporated into MHD.
Only the P-odd weak interactions are capable of diminish-
ing this asymmetry. But these processes are very slow at
low temperatures [58], and unlikely to play a role.

APPENDIX B: RADIO BANDS AS INDICATOR
OF THE MAGNETIC RECONNECTION

It is known that the magnetic reconnection is also
accompanied by emission in radio frequency bands as the
solar flare observations suggest. Therefore, one could

expect that the search in radio frequency bands could be
an alternative way to study the heating mechanism due
to the magnetic reconnection in NSs along with x ray as
suggested in Sec. VIII. The main goal of this appendix is to
make an order of magnitude estimate for the expected radio
signal from NSs which accompanies the magnetic recon-
nection. We follow the same logic in these estimates as we
used previously for the x ray analysis in Sec. VIII.
It is known that along with x rays there is another

indicator for solar flares, the so-called F10.7 flux which
reflects the solar activity in a radio wave band with wave
length 10.7 cm. Typical enhancement during the solar flare
is about 200 sfu (solar flux units); see Fig 2 in Ref. [54].
Converting sfu to conventional units we arrive at the
following estimate for the radio emission during the solar
flare,

hF⊙
radioi ≈ 6 × 10−8

erg
s · cm2

; sfu≡ 10−22
W

m2 Hz

ξ2.7 GHz
radio ≡ hF⊙

radioi
hF⊙

X i
≈ 6 × 10−6: ðB1Þ

We assume that this ratio ξradio holds for NSs as well.
Therefore, assuming the flat spectrum we arrive at the
following estimate for hFNS

radioi:

hFNS
radioi∼ ξ1.4 GHzradio · hFNS

X i

∼ 3 · ð10−19–10−20Þ
�

Ts

106 K

�
4
�
0.1 kpc

r

�
2 erg
s · cm2

;

ðB2Þ

where we use our estimate for hFNS
X i from (38).

It is instructive to present a numerical value of the flux
hFJ1856

radio i for J1856 from M7 stars where x-ray flux is
recorded according to Eq. (40),

hFJ1856
radio;1.4 GHzi ∼ 4 × 10−21

erg
s · cm2

; ½prediction�; ðB3Þ

while the observed upper limit for this star in 1.4 GHz band
is 10−4 ðmJyÞ ðkpc2Þ, which is almost 2 orders of magni-
tude higher than (B3); see Fig. 14 in [63]. Therefore, we
are not optimistic with possible observations of the radio
signals from NSs which always accompany the magnetic
reconnection, but we are quite optimistic with possible
observations in a hard x-ray energy band as discussed in
the main body of the text in Sec. VIII.
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