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A primordial black hole (PBH) is thought to be made of the regular matter or ordinary mass (M) only,
and hence could have already been decayed due to the Hawking radiation if its initial ordinary mass were
≲5 × 1011 kg. Here, we study the role of a gravitomagnetic monopole for the evaporation of PBHs, and
propose that the lower-energy PBHs (equivalent to ordinary massM ≪ 5 × 1011 kg) could still exist in our
present Universe, if it has a gravitomagnetic monopole. If a PBH was initially made of both regular matter
and a gravitomagnetic monopole, the regular matter could decay away due to the Hawking radiation.
The remnant gravitomagnetic monopole might not entirely decay, which could still be found as a PBH
in the form of the ‘pseudomass-energy’. If a PBH with M ≳ 5 × 1011 kg is detected, one may not be able
to conclude if it has gravitomagnetic monopole, but, a plausible detection of a relatively low-energy
(equivalent to 2.176 × 10−8 kg < M ≲ 5 × 1011 kg) PBH in future may imply the existence of a
gravitomagnetic monopole PBH, which may or may not contain the ordinary mass.
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I. INTRODUCTION

From the classical field equation point of view, the matter
is classified into two categories; gravitoelectric matter
(regular matter or ordinary mass) and gravitomagnetic
matter (gravitomagnetic monopole or magnetic mass)
[1,2]. Due to their different gravitational features, the
concept of ordinary mass does not have any significance
for the gravitomagnetic matter [1]. The ordinary mass M
and gravitomagnetic monopole (GMM) n are usually
defined by the Komar formula (in G ¼ c ¼ 1 unit) as [3,4]

M≡ 1

8π

Z
S2∞

�dk ð1Þ

and,

n≡ 1

8π

Z
S2∞

dk; ð2Þ

respectively, where, k ¼ ð∂tÞb ¼ g0μdxμ is the one-form of
the timelike Killing vector ð∂tÞ and the integral is taken
over a spacelike 2-surface (S) at spacelike infinity. � is the
well-known Hodge dual. As the gravitomagnetic charge is
the duality of gravitoelectric charge (ordinary mass), it is

also termed as the ‘dual mass’ as well as NUT (Newman-
Unti-Tamburino) charge [5].1 The source of the NUT
parameter (n) is the angular-momentum 2n unit per unit
length uniformly distributed along an axis [6]. Bonnor [6]
physically interpreted this NUT charge as ‘a linear source
of pure angular momentum’ [3,7]. This specific angular
momentum is not like the intrinsic angular momentum of
a rigid body, or a Kerr black hole (BH). For instance, this
specific angular momentum may not decrease due to the
Penrose process, as there is no ergosphere at all in the
absence of intrinsic spin/angular momentum [8].
If the Schwarzschild spacetime contains the GMM also

know as the NUT charge, it is considered as the Taub-NUT
spacetime. The Taub-NUT spacetime is described by the
two parameters: ordinary mass (M) and GMM (n) or NUT
charge. The NUT spacetime is a vacuum solution of the
Einstein equation. Here the vacuum is defined by the
vanishing of the symmetric part of the Einstein tensor.
The antisymmetric part of the Einstein tensor of the NUT
spacetime does not vanish along the axisymmetric pole [9].
This makes the Taub-NUT spacetime asymptotically
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1Although the NUT charge is called in different names, such
as, gravitomagnetic matter, gravitomagnetic monopole, gravito-
magnetic charge, dual mass, or magnetic mass, it is needless to
say that all these are the same thing. Similarly, it should also be
noted that the gravitoelectric matter, regular matter, ordinary mass
or gravitoelectric charge are also the same thing.
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nonflat, despite the fact that the Riemann tensor vanishes
[Rμναβ ¼ Oð1=r3Þ] for r → ∞ as the Schwarzschild case
[10]. The nonvanishing gtϕ term leads to the anisotropy at
r → ∞ due to the presence of n. This is the reason that the
Taub-NUT metric describes a homogeneous and aniso-
tropic model of the Universe [10]. As the Universe is
considered homogeneous and isotropic, other astrophysical
objects may also contain the GMM to reduce or nullify its
effect [9] to make the Universe ‘homogeneous and iso-
tropic’. Another intriguing feature of the Taub-NUT space-
time is that it includes the string singularity [11]. To avoid
this string singularity, Misner [10] imposed the time
periodicity, which raises the causality violation issue
[11] due to the presence of the closed-timelike curve
(CTC). It has recently been shown [12,13] that the
Taub-NUT spacetime is free from causal pathologies for
freely falling observers if the time periodicity is not
imposed, and hence, some longstanding obstructions to
accept the Taub-NUT solution as physically relevant are
removed [12]. It is also possible to formulate [14,15] a
consistent thermodynamics of Taub-NUT spacetime in the
presence of Misner string. Regarding CTC, one can also
apply the Novikov self-consistency principle/conjecture
(only self-consistent trips back in time would be permitted
[16,17]) to avoid the causality violation issue [9] for the
phenomena occurring in the Taub-NUT black holes.
It was suggested in [18] that the signatures of GMMmight

be found in the spectra of supernovae, quasars, or active
galactic nuclei (see also [19–21]). In a recent paper, the first
observational indication of GMM has been reported [22]
based on the x-ray observations of an accreting astrophysical
collapsed object (GRO J1655–40), which could be better
described by the Kerr-Taub-NUT spacetime [23] instead of
the Kerr spacetime. In another work [9], it has been shown
that the observational constraints (proposed by the Event
Horizon Telescope Collaboration) on the size and circularity
of the M87* shadow do not exclude the possibility that this
collapsed object can contain GMM. In this paper, we study
the role of such a GMM for the evaporation of primordial
black hole (PBHs).
The paper is organized as follows: In Sec. II, we discuss

the possible formation scenario of the Taub-NUT PBHs.
Sections III and IV study the evaporation of spinning PBHs
and Taub-NUT PBHs, respectively. We conclude in Sec. V.

II. POSSIBLE FORMATION OF TAUB-NUT
PRIMORDIAL BLACK HOLES

A GMM has a gravitational effect [24], as its energy is
nonzero. For instance, a wire without ordinary mass and
carrying electric current can also show the gravitational
effect, as the energy of the magnetic field generated by the
current contributes to the gravitational (ordinary) mass of
the system [25]. Moreover, given that the vacuum is a
perfect fluid, the gravitoelectric field (i.e., the Newtonian
field of gravity) produced by the gravitoelectric charge

(ordinary mass) of the vacuum quantum fluctuations is
exactly canceled by the gravitoelectric field due to the
induced current of GMM of the vacuum quantum fluctua-
tions [1]. Similarly, the gravitomagnetic field produced by
the GMM of the vacuum quantum fluctuations is exactly
canceled by the gravitomagnetic field due to the induced
current of the gravitoelectric charge (ordinary mass current)
of the vacuum quantum fluctuations [1]. In fact, the GMM
primordial black holes could be formed due to the energy
density fluctuations in the radiation-dominated era in the
very early Universe. This is similar to the mechanism of
forming an ordinary PBH with the ordinary mass. As
Hawking mentioned that a sufficient concentration of the
electromagnetic radiation (which is also an example of
the ‘source of pure angular momentum’) can cause the
gravitational collapse [26], the similar mechanism could
form the GMM PBHs, with or without ordinary mass.
Specifically, the high densities of ‘a linear source of pure
angular momentum’ of GMM and heterogeneous conditions
could have led sufficiently dense regions of the GMM to
undergo gravitational collapse, forming GMM PBHs in the
early Universe.Wemay presume that some specific null dust
solutions [27] could be physically described as the ‘source of
pure angular momentum’ field or the Taub-NUT spacetime.
For example, itmight be like theBonnor beam [28] ofGMM,
or, a beam of neutrinos, surrounded by a vacuum region. The
original Bonnor beam [28]models an infinitely long, straight
beam of light2 which is gravitationally stable.

III. EVAPORATION OF SPINNING PRIMORDIAL
BLACK HOLES

Considering the regular matter, Hawking showed [26,29]
that the black holes (BHs) create and emit particles as if
they are hot bodies with a nonzero temparature. This
thermal emission leads to a slow decrement of the ordinary
mass of BH and its eventual disappearance. Later, in a
series of papers, Page [30,31] calculated the particle
emission rates from a spinning BH and showed that the
angular momentum is emitted several times faster than the
(ordinary mass-)energy. Therefore, a rapidly spinning Kerr
BH should slow down to a nearly nonspinning state before
its entire ordinary mass evaporates. Page [31] showed that a
nonspinning PBH with an initial ordinary mass of ∼5 ×
1011 kg would have just decayed away due to the Hawking
radiation. Similarly, an initially maximally spinning PBH
of ordinary mass ∼7 × 1011 kg would have just evapo-
rated [31].

2Although an infinitely long, straight beam of light implies ‘a
linear source of pure angular momentum’, it cannot be relevant
for a Taub-NUT spacetime. This is because the Taub-NUT metric
is the stationary and spherically symmetric vacuum solution of
the Einstein equation, whereas the Bonnor beam of light is the
electrovacuum solution of the same. Therefore, the Bonnor beam
of GMM should be unique, and could not be the beam of light.
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Now, in case of a Kerr BH, the spin is fully associated
with the ordinary mass, and hence the spin cannot exist
without the ordinary mass. But, this is not true for Taub-
NUT BHs. In this case, the specific angular momentum
related to the GMM, which is fundamentally different from
the specific angular momentum of a Kerr BH, does not
depend on the ordinary mass. Thus, this specific angular
momentum or GMM can exist, and can have its corre-
sponding energy, even without the presence of ordinary
mass or regular matter. In this paper, we study the role of
such GMM for the evaporation of PBHs. For this purpose,
we consider nonspinning (the Kerr parameter a ¼ 0) Taub-
NUT BHs with nonzero ordinary mass and GMM values.

IV. EVAPORATION OF TAUB-NUT
PRIMORDIAL BLACK HOLES

Here, we investigate the plausible evaporation of Taub-
NUT PBHs in a simple way. The mathematical calculation
related to the evaporation of a Taub-NUT PBH and a pure
GMM PBH are given in Appendix A and Appendix B,
respectively.
With the additional contribution from the Misner strings,

Hawking et al. [32] reproduced the entropy calculated from
the action by the usual thermodynamic relations, and showed
that the entropy is not just equal to the quarter of the area
of bolt, as this is for BHs [33]. Later, Kerner et al. [34]
calculated the Hawking temperature for a special subclass of
hyperbolic Taub-NUT-AdS solutions. However, the insta-
bility of the Taub-NUT spacetime at the linear level against
generic perturbations may be responsible for so far unsuc-
cessful attempts to define a reasonable thermodynamics [35]
for the Taub-NUT spacetime. Thismay be the reasonwhy the
Hawking radiation for this case has not been studied yet in a
direct way, despite the possibility to formulate later [14,15], a
consistent thermodynamics in the Taub-NUT spacetime.
In a very recent paper, Foo et al. [36] proposed to study

the Hawking radiation in a different way, which is some-
what similar to the Unruh effect [37]. They [36] inves-
tigated an accelerated boundary correspondence which
mimics the outgoing Hawking radiation produced by a
general class of Taub-NUT BHs. It has been shown [36]
that if a BH contains the GMM (n) along with the regular
matter, the particle production is suppressed by the GMM.
Considering the particle spectrum of the frequencies of the
outgoing and incoming modes ω and ω0 respectively, Foo
et al. [36] showed that the particle number decays to zero
for large values of n (i.e., n close to 1 in G ¼ c ¼ M ¼ 1
unit) for both the regimes: ω ∼ ω0 and ω ≪ ω0. The particle
number also vanishes in the limit of small n (i.e., n close to
0 in G ¼ c ¼ M ¼ 1 unit). For the intermediate values of
n, the particle number grows, the peak value of which
depends on the ordinary mass (M) of BH. Figure A5(a) of
[36] exhibits that the particle number in the peak value is
proportional to the ordinary mass M of BH. Thus, if the
ordinary mass decreases, the particle number in the peak

also decreases. Overall, this interesting research [36]
reveals that the particle number decays to zero depending
on various parameter values, and, most importantly, n is
responsible for that. Now, as the Misner strings are trans-
parent for geodesics, there seems no opportunity for them
to hide any information and store entropy [15]. Thus, no
entropy is associated to the Misner string [15], and, one
could not expect the Hawking radiation from the Misner
string. Note that, the Misner string is solely associated with
the presence of n. If n is absent, the Taub-NUT spacetime
reduces to the Schwarzchild spacetime which may
Hawking radiate, as Hawking proposed. Therefore, one
can conclude from the above discussion that the presence of
a small n can suppress the Hawking radiation of M too in
case of a Taub-NUT PBH, and the evaporation rate of such
a PBH could be decayed to zero, depending on the various
parameter values. Hence, Taub-NUT PBHs could exist at
present even if their initial ordinary mass(-energy) were less
than or about 5 × 1011 kg.
Conforming with the standard scenario, one may con-

sider that a Taub-NUT PBH of a sufficiently low initial
(ordinary) mass may have been fully Hawking radiated.
But as discussed above, n may not be completely evapo-
rated. This can happen if the GMM evaporation rate is
negligible compared to the ordinary mass evaporation rate,
and one can roughly estimate the Hawking temperature
[Eq. (A4) of Appendix A] and the evaporation time
[Eq. (A8) of Appendix A] of a Taub-NUT PBH. This
scenario does not appear to violate the conclusion drawn in
Foo et al. [36], and hence it may be reasonable to consider
that, after the evaporation of the entire mass M in time tev
[see Eq. (A8) of Appendix A], an almost unchanged value
of n of PBH could exist. This remnant PBH with a GMM n
is a pure GMM PBH. Note that such a Taub-NUT solution
with M ¼ 0 is perfectly well-defined [11] (also see, for
example, the appendix to [3]).
If the GMM evaporates like the ordinary matter, one

can calculate the Hawking temperature [Eq. (B3) of
Appendix B], evaporation time [Eq. (B7) of Appendix B],
etc. following the same procedure to derive the Hawking
radiation for an ordinaryPBHformedwith the regularmatter.
Comparing Eq. (A10) of Appendix A and Eq. (B8) of
Appendix B, one may not be able to distinguish between the
PBHs made with an ordinary mass and a GMM of the same
energy E ¼ EM ¼ En, as the order of magnitude of the
evaporation times can be the same.

V. DISCUSSION AND CONCLUSIONS

Here, we propose that the lower-energy PBHs (equiv-
alent to the ordinary mass M ≪ 5 × 1011 kg) could still
exist in our present Universe, if they contain GMM. This is
because either pure GMM PBH could have been formed, or
while the regular matter decayed away due to the Hawking
radiation the evaporation rate of the GMM could be
negligibly small. It may also be possible that, in the presence
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of theGMM, the ordinarymass of even anM ≪ 5 × 1011 kg
PBH is not entirely evaporated. Therefore, the remnant
pure GMM PBHs and/or PBHs having both ordinary mass
and GMM with a relatively low energy (equivalent to
2.176 × 10−8 kg < M < 1011 kg) could still exist.
Note that the Planck unit of GMM is nP ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
ℏc3=G

p
¼

6.525 kg:m:s−1. Thus, the available PBHs with the mini-
mum GMM could be 6.525 kg:m:s−1, which is equivalent
to the ordinary mass(-energy) MP ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

ℏc=G
p ¼ 2.176×

10−8 kg, i.e., the Planck (ordinary) mass. The radius of the
horizon of a PBH with Planck (ordinary) mass is
rh ¼ 2GM=c2 ¼ 3.23 × 10−35 m, whereas for a PBH with
Planck GMM is rh ¼ Gn=c3 ¼ 1.615 × 10−35 m. As the
energies of both the Planck relics, having the ordinary mass
or the GMM, are same, one cannot distinguish between
them in principle. However, the detection of PBHs with
energy equivalent to M < 5 × 1011 kg could suggest the
existence of GMM. Note that the Hawking radiation
of such low GMM PBHs are expected to be negligible
(otherwise they would have entirely evaporated), and hence
they should interact only through the gravitational effect.
As the GMM should have the gravitational effect, the
GMM PBHs could contribute to the dark matter.
Low-energy PBHs being constituents of the dark matter,

at least partially, is not generally ruled out by observations.
If their ordinary mass (but not GMM) has been evaporated
over the cosmological time, then for an initial ordinary
mass in the range of ∼106–1012 kg, β may be less than
10−18 [38]. Here, β is the fraction of the Universe collapsed
to form PBHs. But this constraint may not be applicable for
a lower initial ordinary mass, and/or if the ordinary mass
did not evaporate substantially. Such plausible low-energy
PBHs could have observable effects, such as a seismic
signature of PBHs passing through the Sun and other stars
[39]. Note that low-energy PBHs are expected to pass
through a star more frequently, and while the signal would
be weaker than that for more massive PBHs, such a signal
could be detected with future instruments and techniques.
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APPENDIX A: A ROUGH ESTIMATION
OF HAWKING RADIATION FROM

TAUB-NUT BLACK HOLES3

ATaub-NUT BH has two parameters; ordinary mass (M)
and GMM or NUT charge (n). In this paper, we use the S.I.

unit instead of the geometrized unit (G ¼ c ¼ 1) unless it is
specifically mentioned in some places. The S.I. unit of n
(angular momentum per unit length [6]) is “kg:m:s−1”. To
convert it to the geometrized unit, one has to multiply nwith
G=c3, and its unit reduces to the unit of length in meters.
Therefore, the location of the outer horizon (rh) is [40]

rh ¼
GM
c2

þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
GM
c2

�
2

þ
�
Gn
c3

�
2

s
ðA1Þ

¼ G
c2

½M þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

q
�: ðA2Þ

The area (A) of a Taub-NUT BH is expressed as

A ¼ 4π

�
r2h þ

�
Gn
c3

�
2
�
¼ 8πG

c2
rh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

q
: ðA3Þ

The Hawking temperature (TH) is calculated as

TH ¼ ℏc
4πkBrh

ðA4Þ

and, the Hawking luminosity ðLHÞ is

LH ¼ σAT4 ¼ ℏc6

1920πG2
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

p
ðM þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

p
Þ3

ðA5Þ

where σ ¼ π2k4B
60ℏ3c2 is a constant.4

If the evaporation rate of the GMM is negligible
compared to the ordinary mass evaporation rate (see
Sec. IV), we can write

dðn=cÞ
dt

≪
dM
dt

: ðA6Þ

If the energy (E) dissipates due to the Hawking radiation,
one obtains the following from Eqs. (A5) and (A6),

−c2
dM
dt

¼ ℏc6

1920πG2
:

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

p
ðM þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

p
Þ3
: ðA7Þ

Integrating the above equation, we obtain the ordinary mass
evaporation time (tev) as

Z
tev

0

dt ¼ −
1920πG2

ℏc4

Z
0

M

ðM þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

p
Þ3ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

M2 þ n2=c2
p dM

⇒ tev ¼
640πG2

ℏc7

h
4M3c3 þ 3Mn2c − n3

þcð4M2c2 þ n2Þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2 þ n2=c2

q i
: ðA8Þ

3Note that this is not the exact Hawking radiation estimation
for Taub-NUT BHs, which has so far been unsuccessful (see
Sec. IV for details).

4G is the gravitational constant, ℏ is the Planck constant, kB is
the Boltzmann constant and c is the speed of light in vacuum.
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For n ¼ 0, Eq. (A8) reduces to

tevjn¼0 ¼
5120πG2

ℏc4
M3; ðA9Þ

which is the well-known expression of the Hawking
radiation for the evaporation of a nonspinning BH. In
terms of the energy (i.e., EM ∼Mc2), Eq. (A9) can be
written as

tevjn¼0 ∼
5120πG2

ℏc10
E3
M: ðA10Þ

APPENDIX B: EVAPORATION OF A
PURE GRAVITOMAGNETIC
MONOPOLE BLACK HOLE

Using Eqs. (A2)–(A5) we obtain the radius of the
horizon of a pure GMM black hole as

rhn ¼
Gn
c3

; ðB1Þ

with area

An ¼
8πG2n2

c6
; ðB2Þ

and the Hawking temperature is

THn ¼
ℏc4

4πkBGn
ðB3Þ

and, the Hawking luminosity

LHn ¼ σAT4 ¼ ℏc8

1920πG2n2
: ðB4Þ

As the energy of the GMM is En ∼ nc, we obtain

−c
dn
dt

¼ ℏc8

1920πG2n2
: ðB5Þ

Solving Eq. (B5) we obtain the evaporation time (tevn) of a
Taub-NUT BH with GMM as

Z
tevn

0

dt ¼ −
1920πG2

ℏc7

Z
0

n
n2dn ðB6Þ

⇒ tevn ¼
640πG2

ℏc7
n3; ðB7Þ

in case, the evaporation of n is permitted. In terms of the
energy (i.e., En ∼ nc), Eq. (B7) can be written as

tevn ∼
640πG2

ℏc10
E3
n: ðB8Þ
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