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Gravitational lensing of massive particles in the charged NUT spacetime
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In astronomy, gravitational lensing of light leads to the formation of multiple images, arcs, Einstein rings,
and, most important, the shadow of black holes. Analogously in the vicinity of a massive compact object
massive particles, following timelike geodesics, are gravitationally lensed. So far gravitational lensing of
massive particles was mainly investigated in the weak and strong field limits. In this paper we will, for the
first time, investigate exact gravitational lensing of massive particles using the example of the charged
Newman-Unti-Tamburino (NUT) metric (and its special cases) which contains three physical parameters,
the mass parameter m, the electric charge e, and the gravitomagnetic charge n. We will first discuss and solve
the equations of motion for unbound timelike geodesics using elementary and Jacobi’s elliptic functions and
Legendre’s elliptic integrals. Then we will introduce an orthonormal tetrad to relate the z component of the
angular momentum and the Carter constant to the energy E of the particles along the timelike geodesics and
latitude-longitude coordinates on the celestial sphere of a stationary observer in the domain of outer
communication. We will use these relations to derive the angular radius of the particle shadow of the black
hole, to formulate an exact lens equation, and to derive the travel time of the particles in terms of the time
coordinate and the proper time. Finally, we will discuss the impact of the physical parameters and the energy
of the particles on observable lensing features. We will also comment on how we can use these features alone
and in a multimessenger context together with the corresponding features for light rays to determine if an

astrophysical black hole can be described by the charged NUT metric or one of its special cases.
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I. INTRODUCTION

In the recent decades gravitational lensing of light
celebrated huge successes. First correctly predicted by
Albert Einstein in 1915 in the form of the deflection of
light by the Sun, for a thorough version of his original
calculation see Ref. [1], and later confirmed by an expedi-
tion to Principe lead by Eddington in 1919 [2] it served as
one of two initial tests of Einstein’s theory of general
relativity. Nowadays we regularly observe multiple images
as well as arcs and Einstein rings. In addition, as a result of
recent technological advances in radio astronomy the Event
Horizon Telescope Collaboration was able to observe the
shadows of the supermassive black holes in the centers of
the galaxy M87 [3] and the Milky Way [4]. Gravitational
lensing of massive particles on the other hand has received
far less attention so far. This has mainly two reasons. First,
for being able to detect particles emitted by distant sources
on Earth they have to be stable on long timescales and they
should not or only weakly interact with other matter.
Second, the weak interaction with other matter has as
consequence that they are very difficult to detect. The result
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is that current particle detectors only have a very low
angular resolution of a few square degrees.

Currently we only know one type of particle which meets
both requirements. This type of particle is the neutrino.
However, the detection of neutrinos is rather difficult
because of two main reasons. The first reason is their weak
interaction with other matter and thus their low detection
rate in concurrent neutrino detectors. The second reason is
much more important. In space, outside the Solar System,
currently we can only identify very few strong, individually
detectable and characterizable neutrino sources. In addition,
the emission events of some of these sources, the so-called
burst sources, mainly supernovae, tidal disruption events,
and also, predicted although not yet detected, binary neutron
star mergers, are rather short-lived which further limits the
probability of detecting lensed neutrino signals. However,
within a multimessenger approach the detection of gravi-
tationally lensed massive particles may provide supplemen-
tary information to characterize the nature of their source
and the lens. In particular in the case that the lens is a black
hole it may help to place constraints on the physical
parameters characterizing the black hole spacetime and to
reduce their uncertainties. Therefore, the main aim of this
paper is to investigate gravitational lensing of massive
particles by black holes.
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However, real astrophysical settings are very compli-
cated. Black holes do not exist in isolated environments
and, in particular in the vicinity of supermassive black
holes, smaller objects, e.g., stars, white dwarfs, neutron
stars, or stellar mass black holes, can lead to microlensing.
Furthermore, currently we only have an upper bound for
the sum of the neutrino masses; see, e.g., Palanque-
Delabrouille et al. [5]. However, we know that neutrinos
travel at velocities close to the speed of light and, using
modern neutrino detectors like Super-Kamiokande [6,7]
and IceCube [8], we can now detect neutrinos in the TeV
and even PeV range [9,10]. Therefore, for the remainder of
this article we make two simplifying assumptions. First,
we assume that we have an isolated, nonrotating black
hole; i.e., microlensing does not occur. Second, we assume
that the lensed particles can be described by uncharged test
particles without spin and with fixed energies E (note that
here we a priori assume that the particles can have
arbitrary energies and we do not limit ourselves to the
high-energy range predominantly observed for neutrinos).

In this paper we want to approach this problem from a
spacetime perspective in general relativity. Therefore, we
restrict our discussion to one of the most simple axisym-
metric and stationary spacetimes in general relativity,
the so-called charged Newman-Unti-Tamburino (NUT)
metric. It belongs to the Plebanski-Demianski class of
spacetimes of Petrov type D [11] and is an exact solution
to Einstein’s electrovacuum field equations without cosmo-
logical constant. The NUT metric was originally discovered
in two steps. In 1951, Taub [12] derived the nonstationary
part, which was originally interpreted as a cosmological
solution [13]. About 12 years later Newman et al. [14] used
the Newman-Penrose formalism to derive the stationary part
of the spacetime. They also realized that their solution is an
extension of Taub’s solution. The whole spacetime is
commonly referred to as Taub-NUT spacetime; however,
because in this paper we focus on investigating gravitational
lensing of massive particles in the stationary part we will
refer to it as NUT metric throughout the remainder of this
paper. The charged NUT metric was first found by Brill [15]
in 1964 (therefore it is sometimes also referred to as Brill
solution or Brill spacetime).

The charged NUT metric contains three different physical
parameters: the mass parameter m, the electric charge e, and
the gravitomagnetic charge n. The latter is a gravitational
equivalent to a hypothetical magnetic charge in classical
electrodynamics. In addition, the charged NUT metric
contains a fourth parameter C. It was first introduced by
Manko and Ruiz [16] and is related to the existence of
conical singularities in the spacetime. Misner [13] was the
first to notice the existence of these singularities in the
original NUT metric and concluded that either the metric
tensor or the time coordinate ¢ has a singularity on the axis
& = z. For this historic reason the conical singularities are
commonly also referred to as Misner strings. The nature of

this singularity was first investigated by Bonnor [17] and
later by Sackfield [18]. As a result of his investigations
Bonnor drew the conclusion that the singularity can be
interpreted as a semi-infinite massless rotating rod which in
addition serves as source of angular momentum [17]. While
the original form of the NUT metric only contained one
conical singularity the parameter C generalizes the original
NUT solution and allows one to control the number (one or
two) and location (8 = 0, 9 = =z, or on both axes) of the
singularities. One important aspect of the existence of the
conical singularities is that the charged NUT metric is only
asymptotically flat in the sense that for » — oo the Riemann
tensor vanishes but it does not become asymptotically
Minkowskian [13]. The charged NUT metric can have
two different interpretations. In the standard interpretation it
contains up to two horizons and is usually interpreted as a
black hole. When the electric charge e exceeds a critical
value the spacetime does not contain any horizons and,
since the charged NUT metric does not possess a curvature
singularity at r = 0, it can be interpreted as a wormhole;
see, e.g., Clément et al. [19].

The charged NUT metric is usually considered to be a
rather exotic solution to Einstein’s electrovacuum field
equations. This has two main reasons. The first reason is
the existence of the Misner strings. The second reason is that
close to the Misner strings the spacetime contains closed
timelike curves. Closed timelike curves violate causality
and thus they are considered to be unphysical. Misner [13]
demonstrated that the conical singularities on the axes
can be removed via a periodic coordinate transformation
of the type 7 = 1 + 2nCep; however, after the transformation
the spacetime contains closed timelike curves everywhere.
From the physical aspect this is even less desirable and thus
it is a common convention to keep the Misner strings.

In fundamental physics the existence of a gravitomagnetic
charge is still an open question. Therefore, when we exclude
the regions containing closed timelike curves the charged
NUT metric may still serve as a good approximation for a
spacetime realizing a gravitomagnetic charge. This paper has
now two main goals. The first goal is to extend the exact
gravitational lensing investigation of Frost [20] from
light rays to massive particles. For this purpose we will
first exactly solve the equations of motion for unbound
massive test particles using elementary as well as Jacobi’s
elliptic functions and Legendre’s elliptic integrals. In the
second part of this paper we will then use the obtained
solutions to investigate gravitational lensing of massive
particles. The second goal of this paper will then be to
discuss how we can observe the electric and gravitomagnetic
charges using gravitational lensing of massive particles in
three different scenarios (note that commonly one can
assume that in astrophysical environments the electric
charge of a black hole is negligibly small; however, under
the special circumstance that the black hole is embedded in a
plasma with strong magnetic fields it can accumulate a
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significant electric charge [21]). In the first scenario we will
only consider particles with a fixed energy. In the second
scenario we will consider a spectrum of particles with
different energies and in the third scenario we will consider
a spectrum of particles in combination with the emission of
electromagnetic radiation.

For the NUT metric timelike geodesic motion was first
discussed by Zimmerman and Shahir [22]. They first
performed a potential analysis and wrote down a time integral
for radial timelike geodesics. In addition, Zimmerman and
Shahir investigated timelike circular and elliptic bound orbits
and showed that in the NUT metric all geodesics, lightlike
and timelike, lie on spatial cones. Jefremov and Perlick [23]
investigated the positions of circular timelike geodesics with
particular focus on the innermost stable and marginally
bound circular orbits. The most thorough investigation of
lightlike and timelike geodesic motion in the NUT metric
was carried out by Kagramanova et al. [24]. In their paper the
authors first classified the motion along lightlike and timelike
geodesics into five different types of orbits (transit, escape,
crossover escape, bound, and crossover bound; for the exact
definitions please refer to [24]). In the second part of their
paper Kagramanova et al. [24] used Weierstral3’ elliptic ¢
and Weierstral3’ { and o functions to solve the equations of
motion for lightlike and timelike geodesics. While in the NUT
metric (and due to their similar structure also in the charged
NUT metric) the types of motion are well known and it is
straightforward to calculate the solutions to the equations of
motion due to the existence of the Misner strings whether or
not the spacetime is geodesically complete is still an open
question. While many authors advocate that there is sufficient
evidence to assume that the NUT metric is geodesically
incomplete [24-26], Clément et al. [27] investigated this
question and concluded that all geodesics can be smoothly
continued through the Misner strings. However, recent
gravitational lensing results from Frost [20] show that travel
time maps for the NUT metric as well as the charged NUT
metric contain discontinuities for lightlike geodesics crossing
the Misner strings. Thus for lightlike geodesics crossing the
Misner strings the time coordinate is not continuous.

Gravitational lensing of light by (charged) NUT black
holes has already been investigated by several authors. For a
recent summary of the existing literature on gravitational
lensing of light we refer the interested reader to Frost [20].
Here we will only provide a short summary of the main
results. As mentioned above in the NUT metric all geodesics
lie on spatial cones [22]. On these cones we can calculate the
bending angle of light using the same approach as for
spherically symmetric and static spacetimes [22,28-32].
Nouri-Zonoz and Lynden-Bell [28,29] showed that in the
weak field limit the presence of the gravitomagnetic charge
leads to a twist in the lens map. Grenzebach et al. [33,34]
investigated the shadow of Kerr-Newman-NUT-de Sitter
black holes and found that the size of the shadow grows
with increasing gravitomagnetic charge (an exact analytic

formula for the angular radius of the shadow of charged
NUT-de Sitter black holes can be found in Frost [20]).
Frost [20] confirmed the twist for the exact lens map and also
found the existence of the aforementioned discontinuities in
the travel time maps for lightlike geodesics crossing the
Misner strings.

In this paper we will see that a lot of the concepts well
known from gravitational lensing of light rays can be easily
transferred to gravitational lensing of massive particles.
Indeed, in spherically symmetric and static spacetimes
gravitational lensing of massive particles has already
received some interest for quite some time. According to
Zakharov [35], Mielnik and Plebanski [36] were the first to
introduce the concept of a particle sphere, the equivalent of
the photon sphere for massive particles. Kobialko et al. [37]
were the first to transfer the concept of a photon surface
originally introduced by Claudel er al. [38] to massive
particles. In their work they first defined what they refer
to as the massive particle surface and then they discussed
several examples, among them the Schwarzschild metric,
the Reissner-Nordstrom metric (as part of the Reissner-
Nordstrom dyon), and the NUT metric. In the late 1980s
Zakharov [39] derived the effective particle capture cross
section of a Schwarzschild black hole for particles with
arbitrary velocities at spatial infinity. A few years later he
revisited his work for the Schwarzschild metric and also
extended it to the Reissner-Nordstrom metric for particles
with £ =1 [40]. In 2002, Accioly and Ragusa [41]
calculated the deflection angle of unbound, relativistic,
massive particles up to the second post-Newtonian order
under the assumption that the gravitational field of the
Sun can be described by the Schwarzschild metric. About
ten years later Tsupko [42] was the first to investigate
gravitational lensing of massive particles in the strong
deflection limit in the Schwarzschild metric. He first wrote
down the exact deflection angle in terms of Legendre’s
elliptic integral of the first kind. Then he continued his
investigation by deriving four different versions of the
strong deflection limit. Two years later Liu et al. [43]
derived the bending angle for unbound massive particles
in the weak and strong deflection limits for low (v < ¢)
and ultrarelativistic (v = c¢) particle velocities. In the case
of ultrarelativistic particles they also calculated the mag-
nification. Crisnejo and Gallo [44] were the first to apply
the Gauss-Bonnet theorem to derive the deflection angle
of massive particles in the Schwarzschild metric up to
second order using the approach originally developed by
Gibbons and Werner [45]. In 2019 Jia and Liu [46] derived
exact and approximative relations for the travel time in the
Schwarzschild metric using elementary functions and
Legendre’s elliptic integrals of the first, second, and third
kind. However, their exact result has the disadvantage that
it explicitly contains the imaginary unit. In the weak field
limit they also wrote down a simple lens equation and
derived the time delay between two particle beams with
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different velocities on the same and opposite sides of the
lens. In the same year Pang and Jia [47] investigated
gravitational lensing in the Reissner-Nordstrom metric.
They first derived the deflection angle in terms of
Legendre’s elliptic integral of the first kind. In the second
step, they derived approximations for the weak and strong
field limits and calculated the magnification for particles with
velocities close to the speed of light. In the strong deflection
limit they also extended their calculations to images of higher
orders and estimated the size of the shadow of the super-
massive black hole associated with the radio source Sgr A*.
One year later He er al. [48] derived the deflection angle for
massive particles in the Schwarzschild—de Sitter metric up to
the second post-Minkowskian order.

In most of these works the calculation of the deflection
angle was limited to an observer and a particle source in the
equatorial plane at spatial infinity. Therefore, except for the
work of Jia and Liu [46] in the exact gravitational lensing
formalism observers and particle sources at finite distances
to the lens have not been considered. In addition, to the best
of our knowledge, in the charged NUT metric gravitational
lensing of massive particles has not been investigated so far.
Therefore, the main goal of this paper will be to set up the
mathematical formalism for exact gravitational lensing of
massive particles for the charged NUT metrics including the
Schwarzschild metric, the Reissner-Nordstrom metric, and
the NUT metric for observers and particle sources in the
domain of outer communication at finite distances to the
black hole (note that whenever we use the plural we refer to
the metric itself and all its special cases in the following).
For this purpose in the first part of this paper we will discuss
and analytically solve the equations of motion for the
Schwarzschild metric, the Reissner-Nordstrom metric, the
NUT metric, and the charged NUT metric using elementary
and Jacobi’s elliptic functions and Legendre’s -elliptic
integrals of the first, second, and third kind following the
procedures described in Gralla and Lupsasca [49] and Frost
[20]. Note that we can also use Weierstral3’ elliptic g and
Weierstral3’ ¢ and o functions to solve the equations of
motion (as described in Kagramanova et al. [24]); how-
ever, they have the disadvantage that we have to manually
adjust the branches of the natural logarithm in the travel
time integrals along the whole geodesic because we do not
a priori know how many branch cuts occur. Using Jacobi’s
elliptic functions and Legendre’s elliptic integrals on the
other hand has the advantage that we only have to consider
the turning points and all relations can be written in forms
which are explicitly real. In addition, some authors claim
that using Jacobi’s elliptic functions and Legendre’s
elliptic integrals has the advantage that their evaluation
can be faster than numerical calculations when they are
appropriately implemented [50]. In the second part of the
paper we will then investigate gravitational lensing in the
charged NUT metrics. For this purpose we will assume that
we have a stationary observer and stationary particle

sources in the domain of outer communication. At the
position of the observer we will then introduce an ortho-
normal tetrad to define latitude-longitude coordinates on the
observer’s celestial sphere following the approach of
Grenzebach e al. [51]. In the next step we will transfer
the approach of Perlick and Tsupko [52] for gravitational
lensing of light rays in a plasma to unbound timelike
geodesics. We relate the constants of motion to the latitude-
longitude coordinates on the observer’s celestial sphere. In
addition, we derive the total energy of a particle as measured
by the stationary observer. Then we will derive the angular
radius of the shadow for massive particles with constant
energy and write down a lens equation. We will discuss the
observed lensing features for sources that emit particles with
a constant energy, sources that emit a spectrum of particles,
and sources that emit a spectrum of particles in combination
with electromagnetic radiation. Finally, we will discuss two
different travel time measures. The first is the travel time in
terms of the time coordinate ¢ and the second is the travel
time in terms of the proper time of the particles 7. We will
discuss how we can combine travel time differences
between “images” of different orders generated by particles
with the same and different energies and light rays to
determine the physical parameters of the charged NUT
metric, namely the electric and gravitomagnetic charges. In
addition, we will also discuss the possibility of directly
determining the traveled proper time using particle decay or
neutrino oscillations.

The remainder of this paper is structured as follows. In
Sec. I we will briefly introduce the charged NUT metrics
and discuss their physical properties. Then, in Sec. III we
will discuss and solve the equations of motion. In Sec. IV
we will discuss different lensing features in the charged
NUT metrics. For this purpose we will write down a lens
equation and discuss three different lensing observables.
These are the angular radius of the shadow and the travel
times in terms of the time coordinate ¢ and the proper time
of the particles 7. We will discuss differences with respect
to light rays and how they can be used to identify effects
arising from the presence of the electric and gravitomag-
netic charges. In addition, we will also comment on how we
can combine gravitational lensing of light rays and massive
particles in a multimessenger approach. In Sec. V we will
summarize our results and conclusions. Throughout the
paper we will use geometric units such that c = G = 1. The
metric signature is (—, +, 4+, +).

II. THE CHARGED NUT SPACETIME

The charged NUT metric is an electrovacuum solution of
Einstein’s field equation without cosmological constant. It is
axisymmetric and stationary and belongs to the Plebanski-
Demianski family of spacetimes of Petrov type D [11]. In
Boyer-Lindquist-like coordinates the most general form of
the line element of the charged NUT metric reads (for a full
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discussion of the spacetime structure see, e.g., pp. 213-237
in Griffiths and Podolsky [53])

o(r)

g dst = =5 (d1 + 2n(cos 8+ C)dg)’
+ g((rr)) dr? + p(r)(d8? + sin? 9dg?), (1)
where
O(r) = 12 = 2mr + ¢ — n? 2)
and
o) = P 4 1. G)

The spacetime contains three physical parameters. The
first is the mass parameter m, the second is the electric
charge e, and the third is the so-called gravitomagnetic
charge n, the gravitational equivalent to a hypothetical
magnetic charge in classical electrodynamics. In addition,
the spacetime also contains a fourth parameter C, com-
monly referred to as Manko-Ruiz parameter [16]. We will
further discuss it below. For e = n = 0 the metric reduces
to the Schwarzschild metric. For n = 0 it reduces to the
Reissner-Nordstrom metric and for ¢ = 0 it reduces to the
NUT metric.

In theory the four parameters m, e, n, and C can take any
arbitrary real value. However, we can limit them using
physical reasoning and the symmetries of the spacetime as
follows. In nature we only observe positive masses and
thus we have m > 0. In (2) and thus the line element (1) the
electric charge only occurs as square. Thus the sign of the
electric charge does not have any effect on the spacetime;
only its absolute value has and since in this paper we
will only consider uncharged particles we can choose
0 < e < ec. Note that here ec is an upper bound for the
electric charge which has to be chosen based on the desired
nature of the spacetime. Similarly, we can easily see that
when we replace n - —n and C — —C and perform the
coordinate transformation 9 — 7 — 9 the line element (1)
remains invariant and thus we can choose 0 < nand C € R.

The main structure of the spacetime is strongly influ-
enced by the existence of conical singularities on the axes.
While the original Taub-NUT spacetime [12,14] only
contained one conical singularity at 9 =z [13] in its
general form given by (1) the number of conical singular-
ities and their strength depend on the choice of the Manko-
Ruiz parameter. For C =1 the spacetime has a conical
singularity at 9 =0. For C = —1 the spacetime has a
conical singularity at 9 = z. When |C| # 1 the spacetime
contains conical singularities on both axes; however, only
for C = 0 both singularities have the same strength. Due to
the presence of the Misner strings the charged NUT metric is
asymptotically flat in the sense that for » — oo the Riemann
tensor vanishes but the spacetime does not become

asymptotically Minkowskian [13]. The most common inter-
pretation [17] of the Misner strings is that they represent
semi-infinite massless rotating rods which serve as source of
angular momentum and give rise to the gravitomagnetic
charge n. Close to the Misner strings the charged NUT
metric possesses regions in which g,,,, < 0 [17] and thus in
these regions closed timelike curves exist. The existence of
closed timelike curves is problematic since particles moving
on these curves violate causality, which according to our
current knowledge is physically not possible. When we look
at the line element (1) we can see that we can remove the
Misner strings by introducing a periodic time coordinate via
the periodic transformation 7 = ¢ + 2nCep [13]. This trans-
formation removes the Misner strings; however, it is only
valid locally because we usually assume that the ¢ coordinate
is periodic while the time coordinate ¢ is not (as a conse-
quence charged NUT spacetimes with different C are locally
isometric [33]). Furthermore, when we introduce a periodic
time coordinate the spacetime contains closed timelike
curves everywhere, which is physically even less desirable.
Therefore, in this paper we retain the Misner strings.

The only question left to answer is the choice of the
coordinates ¢, r, 9, and ¢. As already discussed above in
this paper we retain the Misner strings and thus we have
t € R. In addition, we choose the angular coordinates 9 and
@ such that they represent angular coordinates on the two
sphere S?. Therefore, we have 9 € [0, z] and ¢ € [0, 27).
Here, we have to note another interesting aspect of the
charged NUT metric. Although the spacetime is only
axisymmetric it retains some degree of rotational sym-
metry. While for the NUT metric spherical symmetry is
clearly broken it was shown by Newman et al. [14] and
Halla and Perlick [30] that the spacetime possesses four
linearly independent Killing vector fields. Three of these
Killing vector fields now generate isometries which are
isomorphic to the rotation group SO(3, R). Thus the NUT
metric and consequently also the charged NUT metric are
symmetric with respect to rotations about any arbitrary
radial direction (for more information we would like to
refer the interested reader to the original works).

Now the only coordinate range left to discuss is that for
the r coordinate. For this purpose let us have a look at the
roots associated with Q(r) = 0 and the curvature singular-
ities of the metric tensor. The real roots of Q(r) = 0 are all
coordinate singularities and thus they correspond to hori-
zons. They can be removed using appropriate coordinate
transformations. Figure 1 shows the horizon structures of the
Schwarzschild metric [Fig. 1(a)], the Reissner-Nordstrom
metric [Figs. 1(b) and 1(c)], the NUT metric [Fig. 1(d)], and
the charged NUT metric [Figs. 1(e) and 1(f)]. We will start
our discussion by recapitulating the well known horizon
structures of the Schwarzschild and Reissner-Nordstrom
metrics. Both metrics have a curvature singularity at r = 0
and thus we have 0 < r. For the Schwarzschild metric this
singularity is spacelike while for the Reissner-Nordstrom
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(a) Schwarzschild metric
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FIG. 1. Positions of the horizons (coordinate singularities) in (a) the Schwarzschild metric, the Reissner-Nordstrom metric with

(b) 0<e<m and (¢c) e =m, (d) the NUT metric, and the charged NUT metric with (e) 0 < e < ec = Vm?> 4+ n’> and
(f) e = ec = Vm?* + n*. Note that for panels (a)—(c) the spacetimes end at » = 0 and for panels (d)—(f) large parts of the region
r < 0 are not shown. Also note that the angular coordinates are suppressed and any additional singularities are not shown.
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metric it is timelike. In addition, the Schwarzschild metric
has a coordinate singularity at ry = 2m which marks the
position of a horizon. For 0 < r < ry the vector field 0, is
spacelike and the vector field 0, is timelike and thus this part
of the spacetime is nonstatic. For ri; < r the vector field 0, is
timelike and the vector field 0, is spacelike and thus this part
of the spacetime is static. Similarly, for 0 < e < m the
Reissner-Nordstrom metric has two coordinate singularities
at ry =m—vVm?>—e* and ry, = m+ Vm? — ¢, Here,
the first coordinate singularity marks the position of an inner
horizon and the second coordinate singularity marks the
position of an outer horizon. For 0 < r < ry, and ry, <r
the spacetime is static while for ry, < r < ry the spacetime
is nonstatic. For e = m both horizons coincide and we only
have one horizon at riy = m separating two static regions.
For m < e the spacetime does not possess coordinate
singularities and thus we have a naked singularity (not
shown in Fig. 1).

Because we have p(r) > 0 for all r the NUT metric and
the charged NUT metric do not possess curvature singu-
larities at » = 0. Thus for the NUT metric and the charged
NUT metric we have r € R. However, both spacetimes can
have up to two coordinate singularities marking the posi-
tions of horizons. The horizons of the NUT metric are

located at ry, = m — Vm?* + n* and ry, = m + Vm? + n*.
We can easily see that ry, <0 < ryg . Forr < ry and ryy, <
r the spacetime is stationary while for ry, < r < ry  the
spacetime is nonstationary. For the charged NUT metric the

horizons are located at ry = m — Vm? 4+ n? —e* and
ry, =m~+Vm? +n? — ¢* and the spacetime structure is

similar to that of the NUT metric. For e = v/m? + n? both
horizons coincide and the spacetime has only one horizon at
ry = m separating two stationary regions. For v'm? + n”> <
e the spacetime does not possess horizons and we only
have a single stationary region (not shown in Fig. 1). Thus
some authors interpret this case as a wormhole; see, e.g.,
Clément et al. [19]. Throughout most of the remainder
of this paper we want the metrics to represent black
hole spacetimes. For the Reissner-Nordstrom metric and
the charged NUT metric this is only possible when
O<e<ec=m and 0<e <ec=vVm?>+n?, respec-
tively. Furthermore, we will follow the convention to refer
to the domain outside the (outer) black hole horizon as
domain of outer communication.

III. SOLVING THE EQUATIONS OF MOTION

We start with writing down the equations of motion for
timelike geodesics in the charged NUT metric. For massive
particles moving along timelike geodesics we have four
constants of motion. These are the Lagrangian £ = —1/2,
the energy of the particles E, the angular momentum
about the z axis L_, and the Carter constant K. Using

the constants of motion the equations of motion can be fully
separated. They read

dr _ p(r)?
di ()

L.+ 2n(cos 9+ C)E
sin? 9 '

E —2n(cos 9+ C)

(&) =rtre = plnot - o)k )

<dl9>2 _x (L, + 2n(cos 8 + C)E)?
dA

; (6)

sin? 9
dp L,+2n(cos 8+ C)E
di sin? 9

; (7)

where the parameter 4 is the so-called Mino parameter [54],
sometimes also referred to as Mino time. It is related to the
proper time 7 via

R )
t p(r)

In this paper we choose the proper time and the Mino
parameter such that they increase for future-directed time-
like geodesics and decrease for past-directed timelike geo-
desics. This requires that the energy parameter E is positive.
In this paper we are mainly interested in unbound timelike
motion. This requires an even more strict constraint because
in the charged NUT metric unbound timelike geodesics only
exist for E > 1. Note that (4), (6), and (7) are structurally the
same as for lightlike geodesics; see Egs. (5), (7), and (8) in
Frost [20]. In the following we will now proceed to discuss
and analytically solve the equations of motion for timelike
geodesics using elementary and Jacobi’s elliptic functions
as well as Legendre’s elliptic integrals of the first, second,
and third kind. We will also explicitly derive analytic
expressions for the proper time z. For this purpose we will
for now assume that we have arbitrary initial conditions
(x;) = () = (ti. ri. 9:, ;) and 7(4;) =17;. In the
next section we will then use the obtained solutions to
discuss exact gravitational lensing of massive particles in
the Schwarzschild metric, the Reissner-Nordstrom metric,
the NUT metric, and the charged NUT metric. Therefore,
we will limit our discussion to timelike geodesics in the
domain of outer communication outside the (outer) black
hole horizon.

Before we proceed we would like to note that many of the
results presented in this section are very similar to the results
for lightlike geodesics presented in Frost [20]. However, we
still provide a thorough discussion for two reasons. First, the
equations of motion for timelike geodesics, in particular for
the r motion and the time coordinate ¢, have some distinct
differences which do not occur for lightlike geodesics.
Second, for a reader, who is interested in understanding the
mathematical technicalities required to solve the equations
of motion, it is more convenient to find all results in one
paper. In addition, for keeping comparability to our earlier
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paper we will largely keep the same notation and also
heavily lean on the structural outline.

A. The r motion

1. Potential and the particle sphere

We start our discussion with the r motion. Let us first
rewrite (5) in terms of a potential Vg (r). It reads

b <d’>2 L V(r) =K, 9)

0(r) \d
where the potential V(r) is given by
r rE? = Q(r
vy 2P0

Unlike for lightlike geodesics the potential for unbound
timelike geodesics depends on the particle energy along the
timelike geodesics E. We can easily read from (6) that
geodesic motion can only occur for K > 0. Therefore, in the
domain of outer communication the left-hand side of (9) is
required to be positive or zero. From (9) we can read that
this requirement is only fulfilled when V£ (r) > 0 and thus
all unbound timelike geodesics in the domain of outer
communication of the charged NUT metrics have to fulfill
this criterion.

Va(r Schwarzschild Metric
i
I/
v
V4 P S i
L 1 100
/ [P - P
‘ e Bi=
K &
Vi(rpa,)
0
o Ty r
Vi(r NUT Metric
/
[ 101
By = /15
......... B—
i \
S g By =2
K fod
Vi(rpa,)
0

0 TH, Tpay r

Figure 2 shows plots of the potentials Vy(r) for the
Schwarzschild metric (top left), the Reissner-Nordstrom
metric with e = m (top right), the NUT metric with n =
m/2 (bottom left), and the charged NUT metric with e = m

and n = m/2 (bottom right) for the three energies E; =
+/101/100 (solid line), E; = /5/2 (dotted line), and E5 =
/2 (dashed line). We start our discussion with the potential

for E; = /101/100 for the Schwarzschild metric. The
potential approaches the limits V(r) — oo for r — ry and
r — oo. In addition, the potential has a minimum at ry, .
This minimum marks the position of what we will refer to
as particle sphere (a more formal definition and discussion
of the particle sphere will follow below). When we now
increase the energy E the value of the minimum at rp,
increases and the potential’s width around the minimum
decreases. When we turn on the electric charge e the whole
potential structure is shifted to lower radius coordinates r
and the minimum values of the potentials at the radius
coordinates of the corresponding particle spheres decrease.
The contrary happens when we turn on the gravitomagnetic
charge n. In this case the whole potential structure shifts to
larger radius coordinates r while the minimum values of the
potentials at the radius coordinates of the corresponding
particle spheres increase.

Ve(r ) Reissner-Nordstrom Metric
l/ -
— B=,/u
......... B-¥
- B3 =2
K
|
|
\ -
Vi(rpa,) Si=
0 ™ Tpay r
Vi(r Charged NUT Metric
/
/
/
l/
I//
— B- o
......... B =
""" Ey=V2
K
'\‘ e
Vi(rpm,) k :
0

FIG. 2. Potential V(r) of the r motion for the Schwarzschild metric (top left), the Reissner-Nordstrom metric (top right), the NUT
metric (bottom left), and the charged NUT metric (bottom right) for e = m and n = m/2 for three different energy values E, =

4/101/100 (solid line), E, = V5 /2 (dotted line), and E; = V/2 (dashed line). The vertical lines mark the positions of the particle
spheres for the three energy values, respectively. The unlabelled dashes on the horizontal and vertical axes mark the positions of r,, and

rpa3

as well as Vg(ry,,) and Vg (ry, ), respectively. The axes have the same scale in all four plots.
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While we discussed the potential structures for timelike
geodesics above we already used the term particle sphere;
however, we did not yet explain what it is. We recall that in
the charged NUT metrics for lightlike geodesics we always
have a photon sphere in the domain of outer communi-
cation. For massive particles on timelike geodesics the
particle sphere is now the equivalent to the photon sphere
for light rays on lightlike geodesics. Like the photon
sphere for black hole spacetimes the particle sphere in the
domain of outer communication is unstable in the sense
that if we slightly perturb a particle moving on a timelike
geodesic on the particle sphere in the radial direction the
particle either falls into the black hole or escapes to
infinity. Note that in this paper only the particle sphere
in the domain of outer communication is of particular
relevance. However, we will see that for the characteriza-
tion of the r motion knowledge about the existence of all
potentially existing unstable particle spheres is required.
Therefore, in the following we will provide a thorough and
general discussion of the particle spheres for particles with
energies E > 1. Here, our discussion will mainly focus on
the existence and stability of particle spheres in black hole
spacetimes; however, for the sake of completeness we will
also discuss these points for the horizonless Reissner-
Nordstrom and charged NUT metrics.

We can calculate the radius coordinates of the particle
spheres from the conditions dr/dA = d?r/dA> = 0. Combi-
ning both conditions we get as determining equation for the
radius coordinates of the particle spheres

m(1-3(E*-1)) 2((e? = n?)(E* = 1) —2m?)

5 4 3
! P-1 7 BT -1 !
n 2m(2(e? —znz) - n?E?) 2
E -1
222 E? — 30t E2 — (02 — &2)2 4p2
n‘e n2 (n* —e*) r+m;1 —0. (1)
E-—1 E-—1

Equation (11) can have up to five real solutions. As long as
n # 0 (11)is a polynomial of fifth order and cannot be solved
analytically. In the Schwarzschild limit (¢ = 0 and n = 0)
Eq. (11) effectively reduces to a polynomial of second order
and we have two real roots. Only one of these roots is positive
and lies outside the black hole horizon. It reads

_ m(3E* —4 4+ VIE* — 8E?)

s (E) = 20E2 1)

(12)

The radius coordinate of the particle sphere depends on the
particle energy E [note that in terms of an (energy-dependent)
parameter or the particle velocity at spatial infinity it was
already derived in a more complicated way by Zakharov [39]
and by Liu et al. [43], respectively, and that when rewritten in
terms of the particle energy the result of Liu ef al. is

equivalent to (12)]. It decreases with increasing particle
energy E and for £ — oo we recover the radius coordinate
of the photon sphere rp,. = 3m. In the Reissner-Nordstrom
limit (n = 0) Eq. (11) reduces to a polynomial of fourth
order. We can derive the roots using Ferrari’s method (note
that Pang and Jia [47] used a slightly more complicated
approach to calculate, in terms of the particle velocity at
spatial infinity, the radius coordinate of the particle sphere;
however, their discussion only focused on the unstable
particle sphere in the domain of outer communication and
not all potential unstable and stable particle spheres). In the
general case we can have up to three real positive roots. Let
us label these roots ry, , rpa, , and rp, and sort them such
that in the case of a black hole spacetime we have
0 <rpa <ry S rpa, Sy, <Tp. As long as we have a
black hole spacetime r,, is located between the horizons
in the nonstatic region and thus it cannot mark the position
of a particle sphere. rp, lies in the interior static domain
between curvature singularity and inner black hole horizon
ry,. As long as we have a black hole spacetime we have
VE(rpa) <0 and thus a negative Carter constant. As a
consequence r,, does not mark the position of a particle
sphere. Thus only r,, marks the position of a particle sphere
and this particle sphere is unstable. When we exceed the
critical value ¢ = m both horizons disappear and now we
have an unstable particle sphere at r,,, and a stable particle
sphere at rp, . When we keep E constant and further
increase the electric charge e ry,, approaches rp,,. When we
exceed a second critical value ec, both particle spheres
disappear (for ¢ = ec, we have ry,, = rp,). This is analo-
gous to the photon sphere; however, for timelike geodesics
the exact value ec, beyond which the particle spheres
disappear does not only depend on the electric charge e but
also on the particle energy E.

In the case of the NUT metric (11) commonly has three
real roots. Similarly, for the charged NUT metric (11) can
have up to five real roots. According to our investigations
when (11) has five real roots, two of these roots seem to be
associated with Vg(r) <0 and thus a negative Carter
constant K. As was already mentioned above in this case
we cannot have angular motion and thus at these radius
coordinates particle spheres cannot exist. Also for the
remaining three roots the answer to the question how
many of them actually represent real particle spheres
depends on the choice for e, n, and E. For analyzing
how many particle spheres can exist let us first have a look
at (5) for geodesics with K = 0 (we will see below that
these are radial timelike geodesics). In this case we can
write the right-hand side of (5) in terms of p(r) and a
polynomial of second order. As p(r) = r> +n*> > 0 the
associated roots are complex conjugate and purely imagi-
nary. The roots of the polynomial of second order on
the other hand can be real or complex conjugate. For
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distinguishing both cases we now define a new quantity
A=m?+e*(E?—1)—n*(E*-1), (13)

which allows one to classify the nature of the roots and
determines the number of particle spheres that can exist. If
A > 0 for the NUT metric and the charged NUT metric the
polynomial has two distinct real roots. When we have a
black hole spacetime we only have one unstable particle
sphere at the radius coordinate ry, < rp,. In the case of the
charged NUT metric we can have three more cases. For
Vm? +n? < e < ec, we have a stable particle sphere at
Ipa, and an unstable particle sphere at r,, > rp, . When we
have e = ec, we have r,, = r,, and when we have ec, <
e the charged NUT metric does not possess particle
spheres. When A = 0 the polynomial has a real double

root. When we choose 0 < e < vm? + n? the NUT metric
and the charged NUT metric represent a black hole and we
have two unstable particle spheres at the radius coordinates
pa. < ry, and ry, < rp,. When A < 0 the polynomial has
a pair of complex conjugate roots. When we choose 0 <
e < vVm? + n? for both, the NUT metric and the charged
NUT metric, we again have a black hole spacetime. Also in
this case we only have two unstable particle spheres at the
radius coordinates ry, < ry, and ry, < rp,. Again in the
case of the charged NUT metric for both, A = 0and A < 0,

we can have three more cases. When we have vVm? + n* <
e < ec, we have two unstable particle spheres at the radius
coordinates r,, < ry, and a stable particle sphere at the
radius coordinate r,, , where we have ry, < rp, < rp.

For e = ec, we have ry,, = ry,. For ec, < e the particle

6m 1 Schwarzschild metric
——n=7
...... n=7%5
— = n=m
!
5m |
!
\
@ :
& 4m
3m -
2m T
0 2 4 6 8 10
E
FIG. 3. Radius coordinate of the particle sphere at ry, < ry,

as function of the energy E. Left panel: r,

spheres at rp, and rp, disappear and only the particle
sphere at rp,, remains. Here, the exact value of ec, depends
on e, n, and E. Note that due to the possible number of
combinations of e, n, and E we could not test all potential
combinations and it is possible that also other cases may
occur. However, because the cases discussed above are
similar to the different cases for the photon sphere we are
convinced that they represent the majority of all realized
cases. In the following we will now restrict our discussion
to black hole spacetimes.

The left panel of Fig. 3 shows the radius coordinate
of the particle sphere r,, as function of E for the
Schwarzschild metric (black solid line) and the NUT metric
with n = m/4 (blue dashed line), n = m/2 (green dotted
line), and n = m (red dash-dotted line). The horizontal
lines with the same line styles mark the radius coordinates
of the corresponding photon spheres. We can see that in all
four cases for £ — oo the radius coordinates of the particle
spheres approach the radius coordinates of the correspond-
ing photon spheres. When we increase the gravitomagnetic
charge n and keep the energy E constant the radius
coordinate of the particle sphere increases. Similarly the
right panel of Fig. 3 shows the radius coordinate of the
particle sphere r,, as function of E for the Reissner-
Nordstrom metric (black solid line) and the charged NUT
metric with n = m/4 (blue dashed line), n = m/2 (green
dotted line), and n = m (red dash-dotted line). In all four
cases we have e = m. It basically shows the same features as
the left panel but shifted to lower radius coordinates.

The left panel of Fig. 4 shows the radius coordinate of
the photon sphere ry, (black solid line) and the radius

coordinates r,, of the particle spheres for £ = /101/100

6m —— Reissner-Nordstrom metric
n=m
—— n=4
—m
...... n=715

— = n=

5mA

g 4mA

3m

pa as function of E for the

Schwarzschild metric (black solid line) and the NUT metric with n = m/4 (blue dashed line), n = m/2 (green dotted line), and n = m
(red dash-dotted line). Right panel: r,,, as function of E for the Reissner-Nordstrom metric (black solid line) and the charged NUT metric
with n = m/4 (blue dashed line), n = m/2 (green dotted line), and n = m (red dash-dotted line). In all four cases we have ¢ = m. The
horizontal gray lines with the same line styles mark the radius coordinates of the corresponding photon spheres.
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FIG. 4. Radius coordinates of the photon sphere ry, and the particle spheres with ry < rpa(E) for three different energies E as
functions of the gravitomagnetic charge n. Left panel: radius coordinate of the photon sphere 7, (black solid line) and radius coordinates

of the particle spheres ry, for £ = /101 /100 (blue dashed line), E = NG /2 (red dotted line), and E = V2 (green dash-dotted line) as
function of n for the NUT metric. Right panel: radius coordinate of the photon sphere ry, (black solid line) and radius coordinates of the

particle spheres ry, for E=/101/100 (blue dashed line), E = NG /2 (red dotted line), and E = V2 (green dash-dotted line) as

functions of n for the charged NUT metric with e = m.

(blue dashed line), E =+/5/2 (red dotted line), and
E=2 (green dash-dotted line) as functions of the
gravitomagnetic charge n for the NUT metric. As already
indicated in Fig. 3 the radius coordinates of the photon
sphere and the particle spheres increase with increasing n.
In addition the radius coordinates of the particle spheres
decrease with increasing E. Similarly, the right panel of
Fig. 4 shows the radius coordinate of the photon sphere rp,
(black solid line) and the radius coordinates rp, of the

particle spheres for E = /101/100 (blue dashed line),

E =+/5/2 (red dotted line), and E = /2 (green dash-
dotted line) as functions of the gravitomagnetic charge n
for the charged NUT metric. We basically see the same
features as in the left panel; however, turning on the
electric charge shifted them to lower radius coordinates.
Note that in the rest of Sec. III we will assume that the
reader is aware that r,,_and rp, are functions of the energy
E and thus we will not explicitly write the energy
dependency.

2. Types of r motion

We can now use the radius coordinates of the unstable
particles spheres r,,, and rp,, the potential V(r), and the
Carter constant K for classifying seven different types of
motion (note that we count radial timelike geodesics in the
Schwarzschild metric and the Reissner-Nordstrom metric
as two different types of motion). These are as follows.
(i) Case 1-S.—This case covers radial timelike geo-
desics with K = 0 in the Schwarzschild metric. In

this case the right-hand side of (5) has four real roots.

(i)

(iif)

@iv)
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Three of these roots are equal and located at
ry = r, = r3 = 0. The fourth root is also real and
located at r, = —2m/(E? — 1). These geodesics do
not have turning points in the domain of outer
communication.

Case 1-RN.—This case covers radial timelike geo-
desics with K = 0 in the Reissner-Nordstrom met-
ric. In this case the right-hand side of (5) has four
real roots. The first root is positive and located at
r = (vV/m*+ e*(E* = 1) —=m)/(E* = 1). Then we
have a double root at r, = r; = 0. The fourth root is
negative and located at r, =—(y/m?+e*(E*—1) +
m)/(E*—1). Again these geodesics do not
have turning points in the domain of outer
communication.

Case 1-NUT-a.—This case covers timelike geode-
sics with A < 0 and 0 < K < Vg(rp, ) in the NUT
metric and the charged NUT metric. In this case the
right-hand side of (5) has two pairs of complex
conjugate roots. We sort and label them such that we
have ry = 7'2 :Rl +1R2 and ry = 7'4 :R3 +iR4,
where we choose the real and imaginary parts such
that R; < R3, and R, > 0 and R, > 0, respectively.
These geodesics do not have turning points in the
domain of outer communication.

Case I-NUT-b.—This case covers timelike geode-
sics with A <0 and K = Vg(rp, ) in the NUT
metric and the charged NUT metric. In this case
the right-hand side of (5) has a real double root and a
pair of complex conjugate roots. We label the real

roots such that r| =r, =ry, and we write the
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complex conjugate roots in terms of their real and
imaginary parts such that r3 =7, = R3 + iRy,
where we choose R, > 0. These geodesics do not
have turning points in the domain of outer commu-
nication.

(v) Case 2.—This case covers timelike geodesics with
three different combinations of A and K. For the
Schwarzschild metric and the Reissner-Nordstrom
metric it occurs when we have 0 < K < Vg(ry,)
(in this case we always have 0 < A). For the
NUT metric and the charged NUT metric it occurs
when 0 < A and 0 < K < Vg(ry,) or A<0 and
Vi(rpa) < K < VE(rp,). In this case the right-hand
side of (5) has two distinct real roots and a pair of
complex conjugate roots. We sort and label the real
roots such that r; > r,. As above we write the
complex conjugate roots in terms of their real and
imaginary parts such that r; = 7, = R3 + iR, where
we choose R, > 0. These geodesics do not have
turning points in the domain of outer communication.

(vi) Case 3.—This case covers timelike geodesics with
K = Vg(rp,). In this case the right-hand side of (5)
has four real roots, two of which are equal. We sort
the roots such that r; = ry = rp, > r3 > ry. These
are timelike geodesics on or asymptotically coming
from or going to an unstable particle sphere. They do
not have turning points in the domain of outer
communication.

(vii) Case 4.—This case covers timelike geodesics with
VE(rpa) < K. In this case the right-hand side of (5)
has four distinct real roots. We sort and label them
such that r; > r, > r3 > ry. For r, < r these geo-
desics can have a turning point at r| = ry;, (mini-
mum) and for ry, < r < rp, these geodesics can have
a turning point at r, = rp,, (Maximum).

Note that all four metrics have three common types of
motion (cases 2-4). For keeping them consistent we
classified the remaining four types of motion under case
1 (case 1-S and case 1-RN both cover the same type of
motion; however, because their root structure is different
we discussed them separately). In the following we will
now show how to solve the equation of motion for r using
elementary and Jacobi’s elliptic functions.

3. Solving the equation of motion

Case 1-S.—We start with radial timelike geodesics in the
Schwarzschild metric. These geodesics have K = 0 and
thus (5) reduces to

<g>2 = (B2 = 1)r* + 2m#. (14)

We separate variables and integrate from r(4;) = r; to
r(4) = r. We get

r dr
r PA/(E* = 1)r? +2mr’ '

A=A =1, (15)
where i, = sgn(dr/d4|,_, ). The right-hand side of (15)
has the same structure as /5 given by (A3) in Appendix A 1.

Now we use (A3) to rewrite (15) in terms of elementary
functions and solve for r. We get as solution for r(1)

=i (B =D 2= ) + 55 0= 2
(16)

r(4)

Case 1-RN.—Now we turn to radial timelike geodesics in
the Reissner-Nordstrom metric. These geodesics have
K = 0. In this case (5) reduces to

dry? 2 4 3 22
) = (E* = 1)r* +2mr’ — e*r*. (17)

We again separate variables and integrate from r(4;) = r; to
r(4) = r. This time we get

T dr’
i .
“Jr P (B2 = 1) 4 2mr = €2

A=2; = (18)

The right-hand side of (18) has the same structure as /5
given by (A7) in Appendix A 1. We use it to rewrite the
integral in terms of elementary functions. We solve for r
and get as solution for r(4)

2

r(d) =

m— /(E* = 1)e? + m? sin <arcsin (%) +i, le|(A— /1,-))

(19)

rin/ (E*-1

Case 1-NUT-a.—This case covers timelike geodesics with A < 0 and 0 < K < Vg(r,, ). It only occurs for the NUT
metric and the charged NUT metric. In this case we first rewrite the right-hand side of (5) in terms of the real and imaginary
parts of the roots. We integrate from r(4;) = r; to r(4) = r and get
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r dr
l_ii:ir» .
N e o e R
(20)

As second step we use the real and imaginary parts of the
complex conjugate roots to define two new constants of
motion [49,55]:

R= \/(Rz —Ry)* + (R, — R3)*, (21)
R = \/(Rz + Ry)* + (R; — R3)%. (22)
Now we use the substitution
go — tan y
=R —-R,—m—=, 23
r 1 21+ go tan y (23)
where g is given by
4R§ - (R-R)?
==, 24
PN R+ R —4R3 (24)

to transform the integral (20) into the Legendre form (C10).
Note that because of tany = tan(y + 7iz), where 7 is a
positive integer, (23) is valid for all 7 = y &+ niz. Now we
follow the steps outlined in Appendix C to derive the
solution for r(A). It is given in terms of Jacobi’s elliptic sc
function and reads

go—SC (i,i\/E2 - 1%1?(/1_/1:‘) Ak, ’k1>
14 gosc (z‘r,_\/E2 — 1R (=0 + A 1, ,k1>

(25)

’

r(A)=R,—R,

(R3 - rpa,)2 + Rézt

where in our case 4, ,, x; and the square of the elliptic
modulus k; are given, respectively, by

Arok, = Frri k), (26)
xi = arctan <r,~ _ZR') + arctan(gy)., (27)

and
1= (1?4—1&71%2 (28)

Case 1-NUT-b.—This case covers timelike geodesics
with A <0 and K = Vg(ry,_). They only occur for the
NUT metric and the charged NUT metric. We again rewrite
(5) in terms of the roots and integrate from r(4;) = r; to
r(4) = r. This time we get

o dr’
Y e N (e el

We can easily see that the right-hand side has the form of
the integral 7, given by (A12) in Appendix A 2. Now we
set ry = Ipa_ in (A12), insert, and solve for r. We obtain as
solution for r(4)

where the coefficient a_ reads

a_ = arsinh (rpa— B R3)(ri - rpa_) + (R3 - rpa_)z + Ri
) R4(ri - rpa,)

(31)

Case 2.—This case covers timelike geodesics with 0 <
K < Vg(rp,) in the Schwarzschild metric and the Reissner-
Nordstrom metric and timelike geodesics with 0 < A and
0<K < Vg(rpa)orA <0and Vg(rp, ) < K < Vg(ry,)in

Ry — 1y, + Rysinh <a_ — i, \/(EZ —1)((Ry —rpa )* + R} (A— z,-))

, (30)

[
the NUT metric and the charged NUT metric. We rewrite

(5) in terms of the roots and integrate from r(4;) = r; to
r(4) = r. We get
r dr
A==, / 4 .
o =D =) =) (Ry= 7P +RY)
(32)

Now we use the real roots and the real and imaginary parts
of the complex conjugate roots to define two new constants
of motion. They read [49,56]
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R=1/(Ry—r)*+Rj, (33)

R=1/(Rs—r)*+ R (34)

Now we use the transformation

. VIR — VZR + (rlk + rzR)cn(i,I_ (E2 — I)RR(A _A'i) +/1ri~k2’ kz)

rR—=r,R+ (riR+ rR) cos y (35)
r= = =
R—R+ (R+R)cosy

to transform the integral (32) into the Legendre form (C10).
Again we follow the steps outlined in Appendix C to derive
the solution r(4). This time it is given in terms of Jacobi’s
elliptic cn function and reads

r(4)

where 4, ;. , y; and the square of the elliptic modulus k, are
given, respectively, by

1= arccos((r" —ro)R = (ri - rl);), (38)

(R+R)* = (ry —rz)z.

k, = .
2 4RR

Case 3.—This case covers timelike geodesics with
K = Vg(rp,). These are timelike geodesics on or asymp-
totically coming from or going to an unstable particle
sphere. In this case we have a real double root at

- - = , 36
R—R+ (R + R)en(iy\/(E> = 1)RR(A = 2;) + Ay 1, ko) (36)
|
3(13
= —_—, 41
r r3 + 12y —a ( )
Ary = Frlxin ko). (37) where the two coefficients a, and a; read
_ 2 _1\,2 202 2
(= )R+ (1= 1) ay = 6(E* —1)r; + 6mry +2n°E* —e* — K, (42)
(39) ay = 4(E? - l)rg + 6mr§ +2(2n°E? — > — K)r3
+2m(n* + K). (43)
Now the integral reads
For timelike geodesics on an unstable A=A = _IL dy (44)

Fy =Ty = I
particle sphere we have r(4;) =r;, = rpa and thus the
solution reads r(4) = r,,. For all other geodesics we

now rewrite (5) in terms of the roots and integrate from
r(4;) =r; to r(4) = r. We get

—i, [ = '
A / VE =D =2 =) (=)

(40)

We immediately see that when we pull the term 7’ — r,,, out
of the root this is an elementary integral. Now we substitute

2 /yfy \/(y —y)

"= ) * (Y = 1)

where y,, and y; are related to rp, and ry by (41),
respectively. We can easily see that the right-hand side
can be rewritten in terms of the integral 7,4 given by (A14)
in Appendix A 3. Now we have to distinguish two different
cases. In the first case timelike motion takes place outside
the particle sphere and thus we have rp,, < r. In this case we
use (A18) to integrate (44). We solve for r and obtain as
solution for r(4)

(rpa —r3)(r3 —14)
= 15 = 1 = ruant? (awant (R0 =i, [ oD - )

In the second case we have timelike motion between (outer) black hole horizon and particle sphere ry, < r < rp,. Note that
in this paper we do not use this solution in our investigation of gravitational lensing of massive particles; however, we still
include it for the sake of a complete discussion of the exact solutions of the equations of motion for timelike geodesics. In
this case we use (A17) to integrate (44). Again we solve for r and get as solution for r(4)

r(A) =r3 —

(45)

(rpa —13)(r3 —14)

Toa =13 = (Fpa — r,4)coth? <arcoth ( %) +i /%(ﬂ - /1,-))

r(d) =r3— (46)

124019-14



GRAVITATIONAL LENSING OF MASSIVE PARTICLES IN THE ...

PHYS. REV. D 108, 124019 (2023)

Case 4.—This case covers timelike geodesics with
Vi(rpa) < K. The right-hand side of (5) has four distinct
real roots and we can have turning points in the domain of
outer communication. Again we rewrite (5) in terms of the
roots and integrate from r(1;) = r; to r(1) = r. We get

r dr
/1—/11‘:1-,_ .
/ VE =D =r)(r =) (7 =r3) (7 = r4)
(47)

Again we have to distinguish two different cases. In the
first case we have timelike geodesics with rp, < r. These

r(A) =r, +

(ri=ry)(ry—14)

geodesics can have a turning point at rp, < ry = ry,. We
use the substitution [49,56]

(ri=ry)(ry=r4)
ry—ry—(ry —ry)sin’y (43)

r=r,+

to transform the integral (47) into the Legendre form (C10).
Once more we follow the steps outlined in Appendix C to
derive the solution for (). This time the solution is given
in terms of Jacobi’s elliptic sn function and reads

, (49)

where 4, ;.. x;, and the square of the elliptic modulus k3 are
given, respectively, by

/Ir,-,k3 = FL()(h k3)’ (50)

-~ aresin \/(ri—rn(rz—m, 50

(ri=r2)(ri —r4)

k3:(”2—r3)(’"1 —1y) (52)

(ry = r3)(r2 = 74).

In the second case we have timelike geodesics between
(outer) black hole horizon and particle sphere ry, < r < ry,.
As for case 3 these geodesics are not relevant for inves-
tigating gravitational lensing and they are only included in
the discussion for the sake of completeness. These geodesics
can have a turning point at ry, < ry = rya < I'p,. In this
case we substitute [56]

ry—ry—(r — r4)SH2 (lj \/(E2 = D(ri=r3)(ry = ry)(A=4) +'1r,-,ks’k3>

(ri=ry)(ri = 13)

(ry=r)(r —r3)
ry—=ry—(r, —r3)sin2;(

(53)

r=ry—

to transform the integral (47) into the Legendre form (C10).
Note that on the first view Gralla and Lupsasca [49] use a
transformation which looks similar to (53); however,
because they sort and label their roots opposite to our
convention the transformations are not the same. In addition,
it is worth noting that the substitution used by Gralla and
Lupsasca has the disadvantage that when we integrate the
time coordinate ¢ below Legendre’s elliptic integral of the
third kind would diverge because we have to integrate over
the horizons. The substitution (53) has the advantage that it
completely avoids this problem.

One last time we follow the steps outlined in Appendix C
to derive the solution for r(4). Again the solution is given in
terms of Jacobi’s elliptic sn function; however, this time
it reads

, (54)

where 4, ;. and the square of the elliptic modulus k3 are
given by (50) and (52), respectively. y; on the other hand is
related to r; by

4~ aresin \/(rz—r»(rl—r_;)‘ 55)

(ry = ri)(ra —r3)

ry—ry—(r,— r3)sn2(—%\/(E2 = 1)(ri=r3)(r, —rs)(A—4;) +/1r,-,k3,k3>

Note that strictly seen the integral (47) is only valid up to
the first turning point; however, because of the periodicity
of the sn the solutions (49) and (54) are also valid beyond
the turning points. As a closing note for this subsection we
would like to point out that the cases 1-NUT-a—4 are
structurally the same as the cases 2—6 for lightlike geo-
desics in Frost [20].
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B. The 9 motion

Now we turn to the 9 motion. From (6) we can
immediately see that for K = 0 the right-hand side has
to vanish. This has as consequence that the right-hand side
of (7) has to vanish as well and thus all timelike geodesics
with K = 0 are radial timelike geodesics. As we already
noted above the equations of motion for 9 and ¢ are the
same for lightlike and timelike geodesics. Therefore, the
solutions derived in Frost [20,57] for lightlike geodesics
can be immediately transferred to timelike geodesics.
However, as most readers may not be familiar with them
we will briefly summarise the derivations here.

We start with transferring the concept of the individual
photon cone. As for lightlike geodesics timelike geodesics
on cones of constant d have to fulfill the conditions
d9/dA = d*9/dA> = 0. When we apply these conditions
to (6) we get from the condition d>9/dA> =0 for the
particle cone

(56)

2nE(2nEC + L
9y, = arccos (— nE(nEC + Z)>

K + 4n*E?

Inserting the obtained expression for ,, into the condition
dd/dA = 0 we get that for timelike geodesics on the particle
cone the constants of motion have to fulfill the relation

K +4n*E* — (2nEC + L.)* = 0. (57)

As for lightlike geodesics these particle cones depend on
the constants of motion and thus they are individual
particle cones. Note that for the Schwarzschild and the
Reissner-Nordstrom metric (n = 0) we get 8,,, = 7/2 and
K = L? which corresponds to timelike geodesics in the
equatorial plane. In the following we will now briefly
discuss how to solve the equation of motion for 9.

Although for the Schwarzschild metric and the
Reissner-Nordstrom metric we can always project the lens
equation to the equatorial plane, in Sec. IV we want to
compare the lens equations for the NUT metric and the
charged NUT metric with the lens equations for the
Schwarzschild metric and the Reissner-Nordstrém metric.
Therefore, in this paper we deviate from this common
approach and solve the equations of motion for arbitrary
timelike geodesics. In addition, we explicitly distinguish
between timelike geodesics in the spherically symmetric
and static Schwarzschild and Reissner-Nordstrom metrics
and the stationary and axisymmetric NUT and charged
NUT metrics and discuss them separately.

Case 1: Schwarzschild metric and Reissner-Nordstrom
metric.—For the Schwarzschild metric and the Reissner-
Nordstrom metric (6) reduces to

492 L2
<&> =K-Grs (58)

We can easily read from (58) that we have to distinguish
three different cases. In the first case we have K = L, = 0.
These are radial timelike geodesics. In the second case we
have d; = #/2 and K = L?2. These are timelike geodesics in
the equatorial plane. In both cases we have d9/dA = 0 and
thus the solution to (58) is given by 9(1) = 9;. The third
case includes all other timelike geodesics. These geodesics
oscillate between the two turning points [57]

2

O min = arccos - ?Z and
L2
9nax = arccos | —4/1 — fz . (59)

In this case we first substitute x = cos §. Then we separate
variables and integrate from x; = cos 9(4;) = cos 9; to
x(1) = cos 9(4) =cos 9. We solve for 9 and get as
solution for 9(4) [57]

L2
9(4) = arccos | /1 - ?z sin [ arcsin

+ig VK@i =2) ] |, (60)

where iy, = sgn(d9/dA[y_y ).

Case 2: NUT metric and charged NUT metric.—For the
NUT metric and the charged NUT metric we again have to
distinguish three different cases. In the first case we have
K = 0. As discussed above these are radial timelike geo-
desics. In the second case we have §; =9, and the
constants of motion fulfill (57). In both cases we have
dd/dA = 0 and thus the solution to the equation of motion
is given by 9(1) = 9;. The third case includes all other
timelike geodesics. These geodesics oscillate between the
turning points [20,57]

VK(K +4n*E* — (2nEC + L.)?) — 2nE(2nEC + L)

Xmin = COS 19min =

, 61
K + 4n*E? (61)
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VK(K +4n*E* — (2nEC + L.)?) + 2nE(2nEC + L)

Xmax = COS '9max =

62
K + 4n*E? (62)

Again we first substitute x = cos 9. In the next step we separate variables and integrate from x; = cos 9(4;) = cos 9; to

x(4) = cos 9(4) = cos 9 using the elementary integral

dx 1
Iy, :/ = — arcsin | ————
’ Vb2 b+ b; Vb («/b% —4byb,

2b,x + by ) ()

where by = —(K +4n*E?), by = —4nE(2nEC + L.), and by = K — (2nEC + L.)?. We solve for 9 and obtain as solution

for 9(1) [20,57]

K + 4n?E>

22 _ 2 22 )
8(4) = arocos <\/K(K T4 = QnECH L)) (arcsin <(K + 4n2E?) cos ; + 2nE(2nEC + LZ)>

K + 4n*E?

2nE(2nEC + L
+i,9i\/K+4n2E2(/1,-—/1)> _ZnEQrEC+L,)

Note that also here strictly seen the original integrals we
solved to derive (60) and (64) are only valid up to the first
turning point; however, due to the periodicity of the sine the
solutions are also valid beyond the first turning point.

C. The @ motion

As for the 9 motion the equations of motion for lightlike
and timelike geodesics have the same structure. As a
consequence the solutions to the equations of motion for
timelike geodesics have the same structure as the solutions
for lightlike geodesics derived in Frost [20,57]. Again we
will only briefly outline how to derive them.

Case 1: Schwarzschild metric and Reissner-Nordstrom
metric.—We start with the Schwarzschild metric and the
Reissner-Nordstrom metric. In this case we have n = 0 and
the equation of motion for ¢ (7) reduces to

dp _ L.
di  sin? 9’

(65)

Now we have to distinguish four different cases. In the
first case we have K = L, = 0. These geodesics are radial
timelike geodesics and thus we have d¢/dl=0.
Therefore, the solution to the equation of motion is given
by @(4) = ¢;. In the second case we have K # 0 and
L, = 0. These are timelike geodesics crossing the axes.
Since the Schwarzschild metric and the Reissner-
Nordstrom metric are both spherically symmetric and
static these geodesics form grand circles; however,
because we have dg/di = 0 and the ¢ coordinate has a
discontinuity when the geodesics cross the axes (65)
cannot be analytically solved. However, we can define
a solution such that (1) = ¢; + n(4)z, where n(A) is the
number of axis crossings. The third case covers timelike

VK (K 4 4n’E* — (2nEC + L,)?)

(64)

|

geodesics with §; = 8, = 7/2 and K = L?. These are
timelike geodesics in the equatorial plane. Since I is
constant the solution is easy to derive and reads

9(A) = @i+ L(A—4). (66)

The last case includes all remaining geodesics with
arbitrary constants of motion L, and K. In this case we
first replace sin?d =1 —cos’d and integrate from
p(A;) = @; to () = ¢. We insert (60) and evaluate the
integral. The obtained solution reads [57]

(p(ﬂ) - (p + l. arctan - i
i 9
' \/K_LZ —KCOS 191'

— arctan (% tan <a(,, + ilgi\/E(A,» - /1))) ) . (67)

where the coefficient a,, is given by

. cos 9;
a, = arcsin
2
J1 =Lk
K

Note that for the explicit evaluation of (67) the multi-
valuedness of the arctan has to be taken into account.
Case 2: NUT metric and charged NUT metric.—For the
NUT metric and the charged NUT metric we only have to
distinguish three different cases. In the first case we have
K = 0. These are radial timelike geodesics. In this case
we have de/dA = 0. Thus the solution reads ¢(1) = ¢;.
In the second case we have 9; = 9,, and K + 4n’E*-

(2nEC + L,)*> = 0. These are timelike geodesics on

(68)
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individual particle cones. The right-hand side of (7) is
constant. A simple integration gives for the solution ¢(1)

L, +2n(cos 8,, + C)E

)
sin” 9,

P(A) =i+ (A=4).  (69)

The third case includes all other timelike geodesics with
arbitrary constants of motion. In this case we first rewrite the
right-hand side of (7) in terms of cos &. Then we perform a
partial fraction decomposition and rewrite the result such

o(A) = @; + iy, (arctan (i <tan (M)
i 6'92 C195 2

that only terms with cos & in the denominator remain. We
insert (64) and integrate from ¢(4;) = ¢, to ¢(4) = ¢. Here,
we rewrite the integrals over 4 such that they have the form

di 2 tan(4
/ — = arctan m . (70)
1+asin i 1-42

V1—a?
We integrate and rearrange all terms. We then obtain as
solution for ¢(4) [20,57]

——"’)) — arctan <—c'9‘ (tan <@> —ﬁ>>
C,g] C192C195 2 6191

A2 A4
+ arctan <C93 (tan <<)> + c96>> — arctan ( 5 (tan( ( ’)) + cg“) > > (71)
Cy,Co, 2 Cy, C9,Co, 2 Cy,

where the six coefficients ¢y, cy,, ¢g,, Cg,, Cy,, and ¢y, read

cy, = K+ 4n’E* + 2nE(2nEC + L),
cyg, =2nE(1+C)+ L, (72)

¢y, = K +4n*E* = 2nE(2nEC + L),

cy, = an(] - C) -L,, (73)
6195 — K —|— 4l’l2E2,
€y = \/K(K +4n*E? — (2nEC + L.)?). (74)

The quantity A(1') is given by

A = arcsin (K +4n’E?) cos 9; +2nE(2nEC + L,)
VK (K +4n*E? — (2nEC + L.,)?)

+ l.‘9i V4 K + 47’[2E2(Al‘ - /1/) (75)

Note that also in this case for the explicit evaluation of (71)
the multivaluedness of the arctan has to be taken into
account.

D. The time coordinate ¢

Now we turn to the time coordinate f. The right-hand
side of (4) has an r-dependent and a 9-dependent part. In
the first step we integrate from #(1;) = ¢, to #(4) = 7. Now
the integral reads

t(A) = t; + t,(4) + t9(4), (76)

where 7,(1) and t4(4) are given, respectively, by

r )2 !
i) = [P (77
t9(1) =—2n A ‘l(cos o+t 2”;0;’23 ,919&/};) +OE
(78)

Note that these equations are structurally identical to those
for lightlike geodesics. We will now briefly outline how to
evaluate them.

1. Evaluating ty(A)

We start with evaluating r4(1). For the Schwarzschild
metric and the Reissner-Nordstrom metric we have n = 0
and the right-hand side vanishes. Thus in this case we
always have 7g(4) = 0. For the NUT metric and the charged
NUT metric we have to distinguish the same three cases as
for the ¢ motion. In the first case we have K = 0 (radial
timelike geodesics) and the right-hand side of (78) vanishes.
Thus in this case we have 79(1) = 0. In the second case we
have 9; = 9, and K + 4n?E? — (2nEC + L,)* = 0. These
are timelike geodesics on individual particle cones. In this
case the right-hand side of (78) is constant. A simple
integration gives for #4(4)

L, +2n(cos 8, + C)E

2
sin” 9p,

t9(1) = =2n(cos 9y, + C) (A=24).

(79)

The third case covers all remaining timelike geodesics with
arbitrary constants of motion. In this case we first rewrite the
integrand in terms of cosd and perform a partial fraction
decomposition such that only a constant term and two terms
with cos J in the denominator remain. We insert the solution
for 9(1) given by (64) and evaluate the obtained integrals
using (70). The final result reads [20,57]

124019-18



GRAVITATIONAL LENSING OF MASSIVE PARTICLES IN THE ...

PHYS. REV. D 108, 124019 (2023)

ty(A) = 4n*E(L = ;) + ig2n ((1 +0) (arctan <i (m(

C,92C,95

2(2)

2)-i)) e (G (= (5)-22)))

+(1-0) (arctan <% (tan <’~%’1)> + %’)) — arctan (& (tan <@) + Z—ZZ) ) ) ) . (80)

where the six coefficients ¢y, — ¢y, and (1) are given by
(72)—(74) and (75), respectively. Note that again for the
explicit evaluation of (80) the multivaluedness of the arctan
has to be taken into account.

2. Evaluating t,.(7)

Now we turn to ¢,(4). Here, we first rewrite (77) using
the root of (5) and obtain

() p(F)EdY

r A« — )

" Am PP E = p(7)0(7) - 07K
(81)

where the sign of the root in the denominator has to be
chosen in agreement with the direction of the » motion and
the dots in the limits shall indicate that we have to split the
integral at potential turning points. For the evaluation of this
integral we have to consider the same seven different types
of motion as for r. Note that due to the large number of cases
|

and the length of the resulting terms in the following we will
only explicitly present a few selected solutions, namely
those for radial timelike geodesics in the Schwarzschild and
Reissner-Nordstrom spacetimes and those for timelike geo-
desics on a particle sphere. In all other cases we will only
briefly outline the steps necessary for the derivation.

Case 1-S.—In this case we have radial timelike geodesics
in the Schwarzschild metric. These geodesics have K = 0
and thus (81) reduces to

r /3 /
() =i, / v r_Edr L (82)
i . Q(rl) r/2E2_Q(r/)

Now we rewrite the factor 3/Q(7’) in (82) such that only
terms with 7 in the nominator or the denominator remain.
The result contains three elementary integrals of the form of
the integrals /;, I,, and I, given by (A1), (A2), and (A4) in
Appendix A 1. We integrate and obtain as result for 7,(1)

2 _ -
() = i) E V(A)((E2 = 1)r(a +2m 1 Vri(E* = 1)r; +2m)
—2E2? E?-1) -1) 2
om 3 In V( Vi + /(B> =1)r; +2m
(E2=1) \V(E*=1)r(A) + /(E? A) +2m
4 ,
+% | arcoth [ E % —arcoth | E 5 r() . (83)
E (E* = 1)r;+2m (E> = 1Dr(d) +2m

Case [-RN.—In this case we have radial timelike geodesics in the Reissner-Nordstrom metric. Again these geodesics
have K = 0 and (81) reduces to (82). Now, using a partial fraction decomposition if necessary, we rewrite the factor
#3/Q(r) in (82) such that only terms with 7 in the nominator or the denominator remain. For 0 < e < m the resulting
expression contains three elementary integrals of the form of /s, I, and I given by (AS5), (A6), and (A8) in Appendix A 1.
We integrate and obtain for ¢,(4)

() \/P \/P(ri)+(E2—1)(rH —l—rH)—mln (EZ=1)P(r(2)) + (E*=1)r(A) +m
! E2—1 (E2—1): (E2=1)P(r))+ (E2=1)r;+m
. i, ma—mﬁ+m P(rw,) + ((E* = )r, +m)(r; = ru,) + /P, )P(r)
(ru, = ru,)\/P(ru,) ri—TH, P(ry,) + ((E* = Dry, +m)(r(4) = ry,) + /P(ry, ) P(r(2))
n h i, 4 P(ry,) + ((E* = Dry, +m)(r(d) — ry) + /P(ry, ) P(r
(ru, = ru,)/P(ru,) r(d) —ry, P( Hi)+((E2_1)rHi+m ri—ry,) ++/P(ra)P(r;) 7

(84)

124019-19



TORBEN C. FROST PHYS. REV. D 108, 124019 (2023)

where we defined

P(r') = (E?> = 1)r? + 2mr’ — . (85)
For e = m we proceed analogously. In this case the right-hand side of (82) contains four elementary integrals of the form of

Is, Ig, I3, and Iy given by (A5), (A6), (A8), and (A9) in Appendix A 1. Again we integrate and obtain as result for ¢,(4)

E*—1 Piry) \ ri—rqg  r(A)—ry

) _i_E<\/P(r(i))—\/P(ri)+ i (Wm_ﬁw»)

(E*2 = 1)P(r(A)) + (E?

2ry(E*2=1) —
n u( )3 mln
(B> =13

)r(A) + m)

-1
(E>=1)P(r;))+ (E*=1)ri+m

| 3P(rw) = R((E> = D+ m) (m (r(ﬂ) - )

P(VH>%

rp—ryg

P(ry)P(r;)

In P(ry) + ((E* = Dyry + m)(r; — ry) +
P(

ri) + (B2 = Dryg + m)(r(4) = ru) + /P(ra) P(r ﬂ))) > )

Case 1-NUT-a.—In this case we have timelike geodesics
with A <0 and 0 < K < Vg(rp,_) in the NUT metric and
the charged NUT metric. We recall that in this case the right-
hand side of (5) has two pairs of distinct complex conjugate

roots. For 0 < e < v/m? + n” we first use a partial fraction
decomposition and rewrite p(r')?/Q(r) such that only
terms with 7 in the nominator or the denominator remain.
Then we substitute using (23) and rewrite the obtained
expression in terms of Legendre’s elliptic integral of the first
kind and the two nonstandard elliptic integrals given by
Jr, (i x(2). ky,7t) and Jp, (xi x(4). k. 7t) given by (B6)
and (B7) in Appendix B. Now we use (B16)-(B18) to
rewrite (81) in terms of elementary functions and
Legendre’s elliptic integrals of the first, second, and third

kind. For e = v/m? + n” we proceed analogously; however,
we have to explicitly distinguish the case K = 0 from all
other cases. In this case we have ry = m = R,/gy + R, and
thus we rewrite (81) in terms of Legendre’s elliptic integral
of the first kind and the four nonstandard (pseudo)
elliptic integrals J; (y;.x(A). ki, ), Jp,(xix(4). ky, 72),
Jr,(isx(4), ki), and Jp, (x;, x(4), k;) given by (B6)—(B9)
in Appendix B. In this case we use Egs. (B16)—(B20) to
rewrite (81) in terms of elementary functions and
Legendre’s elliptic integrals of the first, second, and third
kind. For 0 < K < Vg(rp,_), with the exception of the
partial fraction decomposition, the integration procedure is
the same as before.

Case I-NUT-b.—In this case we have timelike geodesics
with A <0 and K = Vg(rp,_) in the NUT metric and the
charged NUT metric. We recall that in this case the right-
hand side of (5) has a real double root at ry =r, = ry,_
and a pair of complex conjugate roots. We again use a
partial fraction decomposition and rewrite p(r')>/Q(7)
such that only terms with 7 in the nominator or the

(86)

denominator remain. For 0 < e < vVm? + n> we rewrite
the resulting integrals in terms of the elementary integrals
Io, 11, and I, given by (A10)—(A12) in Appendix A 2.
We integrate and insert the results to rewrite #,(4) in terms
of elementary functions. For e = v/m? + n? we follow the
same procedure. The only difference is that this time we use
L9, 111, 112, and I3 given by (A10)—(A13) in Appendix A 2
to rewrite 7,(4) in terms of elementary functions.

Case 2.—In this case we either have timelike geodesics
with 0 < K < Vg(rp,) in the Schwarzschild metric or
the Reissner-Nordstrom metric or timelike geodesics with
0<Aand0 <K < Vg(ry)orA <0and Vg(r,, ) <K <
VE(7pa) in the NUT metric or the charged NUT metric. We
recall that in this case the right-hand side of (5) has two
distinct real roots and a pair of complex conjugate roots.
In this case the r motion does not have a turning point in
the domain of outer communication. We again rewrite
p(7)?/Q(#) such that only terms with 7 in the nominator
or the denominator remain. Now we substitute using (35).
For 0 < e < vm? + n* we rewrite the obtained expressions
in terms of Legendre’s elliptic integral of the first kind and
the two nonstandard elliptic integrals J;_(y;.x(4), ky. 1)
and J; (ri.x(4),ky,71) given by (B10) and (BIl) in
Appendix B. We use (B24), (B26), and (B27) to rewrite
t,(A) in terms of elementary functions and Legendre’s
elliptic integrals of the first, second, and third kind. Note
that again we have to consider a special case. When e =
vVm? +n* and K =0 we have ry =m = (r,R — r,R)/
(R—R). In this case we rewrite the right-hand side
of (81) in terms of Legendre’s elliptic integral of the
first kind and the four nonstandard (pseudo)elliptic

integrals JLS()(in(i)ka’ﬁ)s JLﬁ(){iJ((/l)’kz’fl), JL7()(1"
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x(4).ky), and J; (x;.x(4).ky) given by (B10)—~(B13) in
Appendix B. We now use (B24) and (B26)—(B29) to rewrite
t,(A) in terms of elementary functions and Legendre’s
elliptic integrals of the first, second, and third kind. In all

other cases with e = v'm? + n? the integration procedure is
the same as before.

Case 3.—In this case we have timelike geodesics with
K = Vg(rp,). We recall that in this case the right-hand side
of (5) has four real roots. Two of these roots form a double
root at r; = r, = ry,. These are timelike geodesics on or
asymptotically coming from or going to an unstable particle
sphere. They do not have turning points in the domain of
outer communication. In the case that we have a timelike
geodesic on an unstable particle sphere we have r(4) = ry,
and thus the integrand on the right-hand side of (77) is
constant. We integrate and get

p(rpa)zE

TN
pa

(A= 4). (87)

In all other cases we again rewrite p(#’)?/Q(r’) in (81) such
that only terms with 7 in the nominator or the denominator
remain. In the next step we substitute using (41). We rewrite
the right-hand side of (81) in terms of the two elementary
integrals given by /4 (A14) and /5 (A15) in Appendix A 3.
Now we rewrite them in terms of elementary functions
using 1,4, 114, (for the term with r, = r,, and only for
ru, <1 <Trp), L4, (for the term with r, = ry, only for

rpa <71), Iis,, and I;5, given by (A16)—(A20) in
Appendix A 3 and obtain 7,(4).

Case 4.—In this case we have timelike geodesics with
Vi(rpa) < K. Werecall that in this case the right-hand side of
(5) has four distinct real roots. For ry < r <ry, these
timelike geodesics can have a turning point at ry = ry,y
(maximum). For r,,, < r these timelike geodesics can have a
turning point at r; = rp;, (minimum). One last time we
rewrite p(#')?/Q(7') such that only terms with 7 in the
nominator or the denominator remain. For timelike geodesics
with ryy, < r < rp, wenow substitute using (53). For timelike
geodesics with rp,, < r we substitute using (48). We rewrite
the right-hand side of (81) in terms of Legendre’s elliptic
integrals of the first and third kind and the nonstandard elliptic
integral J;, (v;,x(4). ks, 1) given by (B14) in Appendix B.
We now use (B30) from Appendix B to rewrite #,(4) in terms
of elementary functions and Legendre’s elliptic integrals of

|

the first, second, and third kind. Note that for timelike
geodesics passing through a turning point we have to split
the integral at the turning point into two terms and for the
second term we have to change i, to —

E. The proper time 7

The last quantity related to the equations of motion we
have to discuss is the proper time. While for lightlike
geodesics the affine parameter s is not a physically meas-
urable quantity, this is different for the proper time 7. It
measures the time a clock moving with a particle along a
timelike geodesic would show and thus is another time
measure which in general differs from the time coordinate ?.
We can easily derive it from (8). We write r as function of the
Mino parameter 4 and separate variables. We integrate from
7(4;) = 7;to (1) = 7. Then we use the root of (5) to rewrite
the integral over A as integral over r (note that we can also
integrate using two fixed limits for r; however, in the most
general case, which we consider here, the upper limit still
depends on A and thus the result for 7 is also a function of 1).
The result reads

r p(rdr
/ V(P )2Er = p(r)O(r) -

A) =1+

o(rK
(88)

Again we have to choose the sign of the root in the
denominator such that it agrees with the direction of the r
motion and the dots in the limits shall indicate that we have
to split the integral at potential turning points. Again we have
to distinguish the same seven different types of motion as for
r. Again we will only explicitly present the solutions for
radial timelike geodesics in the Schwarzschild metric and
the Reissner-Nordstrom metric and for timelike geodesics
on a particle sphere while in all other cases we will only
outline the steps of their derivation.

Case 1-S.—Again we start with radial timelike geodesics
in the Schwarzschild metric. These geodesics have K = 0
and thus (88) reduces to

r/

,11+r/ 89
)=t r \/ /2—|—2mr (89)

We notice that the integral on the right-hand side has the
form of /; given by (A1) in Appendix A 1. We integrate and
obtain for 7(4)

t(A) =7, + i),

Vr(A)((E? = 1)r( +2m Vri(E* = 1)r; 4 2m)
B_1
2m \/(E2—1r+\/ —1r+2m
! V(E* = 1)r(2) ++/(E? A) +2m 0)

+
(E2-1)
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Case 1-RN.—We have radial timelike geodesics in the
Reissner-Nordstrom metric. Again we have K = 0. This
time (88) reduces to

r(4) 'dr’
f(/l)Zf,-+ir./ 7 .91
“Jr \/(E2 —1)r? +2mr - ¢?

The integral over 7 has the same form as /5 given by (A5)
in Appendix A 1. We use /5 to integrate the right-hand side
of (91) and get for (1)

VPOU) - /() m

) =1 +i
w2) ==+ 1 (E2—1)

De)

(E2=1)P(r) + (E>2=1)r; + m
(E2=1)P(r(2)) + (E* = 1)r(A) + m

(92)

X In

where P(r(4)) and P(r;) are given by (85).

Case 1-NUT-a.—In this case we have timelike geodesics
with A <0 and 0 < K < Vg(ry, ) in the NUT metric and
the charged NUT metric. We recall that in this case the
right-hand side of (5) has two distinct pairs of complex
conjugate roots and no turning points in the domain of
outer communication. We substitute using (23) and rewrite
the obtained expression in terms of Legendre’s elliptic
integral of the first kind and the two nonstandard elliptic
integrals J; (y;.x(4), k. 7i) and J; (y;. x(4). k. 7) given
by (B6) and (B7) in Appendix B. Then we use (B16)—
(B18) to rewrite (88) in terms of elementary functions and
Legendre’s elliptic integrals of the first, second, and
third kind.

Case I-NUT-b.—In this case we have timelike geodesics
with A <0 and K = V(ry,_) in the NUT metric and the
charged NUT metric. We recall that in this case the right-
hand side of (5) has a real double rootat ry = r, = rp,_and
two complex conjugate roots. We rewrite the right-hand
side of (88) in terms of the integrals /¢, /11, and /;, given
by (A10)-(A12) in Appendix A 2 and integrate. We use the
obtained expressions to write down z(4) in terms of
elementary functions.

Case 2.—In this case we either have timelike geodesics
with 0 < K < Vg(rp,) in the Schwarzschild metric or the
Reissner-Nordstrom metric or timelike geodesics with 0 <
A and 0 <K < Vg(ry,,) or A<0 and Vg(r,, ) <K <
VE(rpa) in the NUT metric or the charged NUT metric. We
recall that in this case the right-hand side of (5) has two
distinct real roots and a pair of complex conjugate roots but
no turning points in the domain of outer communication.
We substitute using (35) and rewrite the obtained expression
in terms of Legendre’s elliptic integral of the first kind and
the two nonstandard elliptic integrals J;_(y;,x(4). ky, 1)
and J; (ri»x(4). ko, 71) given by (B10) and (B11) in

Appendix B. Now we use (B24), (B26), and (B27) to
rewrite (88) in terms of elementary functions and
Legendre’s elliptic integrals of the first, second, and third
kind.

Case 3.—In this case we have timelike geodesics with
K = V(rp,). We recall that in this case the right-hand side
of (5) has four real roots, two of which form a double root at
ri = ry = ry,. These are timelike geodesics on or asymp-
totically coming from or going to an unstable particle
sphere. When we have a timelike geodesic on an unstable
particle sphere we have r(1) = r,, and thus the right-hand
side of (8) is constant. In this case we deviate from the
standard procedure and directly integrate over A4 and get

T(ﬂ> =17+ p(rpa) (ﬂ - /11‘)' (93)

In all other cases we substitute using (41) and rewrite the
obtained expression in terms of the elementary integrals /4
and /5 given by (Al4) and (A15) in Appendix A 3. We
rewrite the right-hand side of (88) in terms of the expres-
sions 14, 114, (for ry, < r <ry,), I4, (for ry, <r), and
I;s, given by (A16)-(A19)in Appendix A 3 and obtain 7(4)
in terms of elementary functions.

Case 4.—In this case we always have timelike geodesics
with Vg (r,,) < K. We recall that in this case the right-hand
side of (5) has four distinct real roots. Timelike geodesics
with ry < r < ry, can have a turning point at r = rpay
(maximum) while timelike geodesics with rp,, < r can have
a turning point at r; = r;, (minimum). For the former we
substitute using (53), while for the latter we substitute using
(48). We rewrite the resulting expressions in terms of
Legendre’s elliptic integrals of the first and third kind and
the nonstandard elliptic integral J;, (v;. ¥(4). k3, 1) given by
(B14) in Appendix B. In the next step we use (B30) from
Appendix B to rewrite 7(4) in terms of elementary functions
and Legendre’s elliptic integrals of the first, second, and
third kind. Note that analogously to the r component of the
time coordinate ¢,(4) for timelike geodesics passing through
a turning point we have to split the integral at the turning
point into two terms and for the second term we have to
change i, to —i,.

IV. GRAVITATIONAL LENSING

A. The observer’s celestial sphere
and the particle’s energy

1. The observer’s celestial sphere: The orthonormal tetrad
and the celestial coordinates

When we observe a source on the sky we usually mark
its position using latitude-longitude coordinates on our
celestial sphere (or what is visible thereof). However,
a priori the coordinates on the celestial sphere are not
fixed. In astronomy the most common convention is that we
take a known reference source on the sky and then measure
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the positions of all other sources in relation to this
reference. We now transfer this approach to gravitational
lensing of massive particles by a black hole. We place a
stationary observer in the domain of outer communication
at the coordinates (xf)) = (tp,rp,90.90) and take the
black hole as reference direction. As in Frost [20] for
lightlike geodesics, we now follow the approach of
Grenzebach et al. [51] and introduce an orthonormal tetrad.
The four tetrad vectors ey, e, e,, and e3 read

p(r)
=251 94
eO Q(r) (xﬂ> ( )
€ = L019 ’ (95)

P(r) )
d, —2n(cos 9 + C)o,

= , 96
© v/ p(r)sind ) 6)

o(r)
= - . 97
“T0 7

Here, the tetrad vector ¢ is also the four velocity of the
observer. Having introduced the orthonormal tetrad we now
define the celestial latitude X and the celestial longitude ¥
on the observer’s celestial sphere as depicted in Fig. 5. The
celestial latitude X is measured from the direction of the

Observer at Xo

——»¢
£
e ~>Tangent
v
Ci
Particle
Beam
Black Hole
FIG. 5. [Illustration of the celestial sphere of a stationary

observer located in the domain of outer communication (green
dot) and the three tetrad vectors e;, e¢,, and e3. The observer
detects a particle beam (orange dotted line) at the event x,. The
celestial latitude X is measured from e and the celestial longitude
is measured from e; in the direction of e,.

tetrad vector e5. The celestial longitude W on the other hand
is measured from the tetrad vector e; in the direction of the
tetrad vector e,. Now let us consider the tangent vector to a
timelike geodesic of a particle detected by the observer:

dp dr dr. d9 . d
Lo+, + 20, + 20

. 98
di di di di da” (98)

We now use the approach of Perlick and Tsupko [52] for
lightlike geodesics in a plasma and transfer it to our test
particles. Using their notation and transferring it to Mino
parametrization the tangent vector to a timelike geodesic
ending at the observer reads in terms of the tetrad vectors,
the celestial angles £ and ¥, and two normalization
constants a and S

dn
d2

= —aey + B(sin X cos Pe; + sin X sin Pe,
(%)

+ cos Xe3). (99)

We now use (99) to rewrite f in terms of a via

dn
I\

Solving for f we get

B==\/a*=p(ro)*.

Note that here we originally had a sign ambiguity for the
root; however, we already fixed it such that for n = O the
sign of L, is consistent with the sign for lightlike geodesics
in Frost [20]. The remaining normalization constant @ can
now be calculated via

dn
(v d4

(%)

) =~ 2 = —plrp). (100)

(101)

dn
=g|— , . 102
ol s
Inserting (94) and (98) we get for a and f
3
Vo w
p(ro)E* = Q(ro)
= — . 104
[7) /)(r0>\/ Q(ro) ( )

Now we insert the tetrad vectors as well as the normali-
zation constants @ and g in (99) and sort all terms.
A comparison of coefficients with (98) now allows us to
rewrite L, and K in terms of the energy E and the celestial
latitude X and longitude ¥. We get
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sin 94 sin X sin ¥

Q(ro)
—2n(cos 99 + C)E,

L \/p<ro><p<r0>E2—Q<ro>>
(105)

p(ro)(p(ro)E* = Q(ro))
O(ro)

K= sin? X.

(106)

2. Particle energy measured by the observer

We solved the equations of motion and rewrote the z
component of the angular momentum as well as the Carter
constant in terms of the particle energy E along the
geodesic. However, the energy E is not the energy a
stationary observer (or better a detector) would measure
when the particle is detected. Let us for now assume a
particle with four-momentum (p.,) and a stationary
observer with four-velocity (uf)) at the coordinates
(xp) = (t0.70.90.90). In terms of (py,y,) and (uf) the
total energy E, of the particle measured by the observer can
now be calculated via (see, e.g., [58], p. 69)

E = _Ppartﬂ”ﬂO' (107)

In our case the four-velocity u,, is given by e, and thus we

have u}, = ul, = u? = 0. Consequentially, the only non-

vanishing component is

(108)

We now rewrite the four-momentum in terms of the metric
coefficients and the components of the tangent vector (98)
using the relation

dAdx”

Pu = gﬂvxy = 9w Ed_/l (109)
Using this relation and (8) we now get for E,
G dxj;an
Ey =— uy,. (110)
“ p(ro) di () ¢

In the next step we insert the metric coefficients, the four-
velocity of the particle, and the four-velocity of the observer
and obtain as relation between the total energy E,, of the
particle measured by the observer at (x%,) and the energy E
along the geodesic

Etot =

E. (111)

Analogously we can also calculate the total energy of the
particle at the position of a stationary particle source. Note
that for simplicity we continue to use the energy E along the
timelike geodesic to parametrize the timelike geodesics in
the following. The corresponding energy E,, in the frame of
the observer can simply be calculated using Eq. (111).

B. Angular radius of the particle shadow

In analogy to the shadow of a black hole for light rays we
can also define a shadow for massive particles. To dis-
tinguish between both in the following we will call the
former photon shadow while we call the latter particle
shadow (ignoring to some degree the particle-wave duality
for photons). For massive particles we construct the shadow
as depicted in Fig. 6. Let us assume that we have a black
hole and that we place a stationary observer (in our case
with a particle detector) in the domain of outer commu-
nication outside the particle sphere. Then we distribute

FIG. 6.

i

Detector/

Observer

llustration of the construction of the shadow of a black hole for massive particles with a fixed energy E. The black circle marks

the region hidden behind the (outer) horizon of the black hole. The orange dotted circle around the black hole marks the position of the
particle sphere with radius coordinate r,, (E) at the energy E. The orange dots with the dashed circles mark particle sources. The orange
dotted lines ending at the detector mark timelike geodesics asymptotically coming from the particle sphere.
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particle sources everywhere except between black hole and
observer. Now, for timelike geodesics with constant energy
E, the directions on the observer’s sky with particle sources
are associated with signals in the particle detector. On the
other hand the directions on the sky without particle
sources are associated with silence in the particle detector.
The boundary between both areas marks timelike geodesics
asymptotically coming from a particle sphere. Note that
since we have a particle sphere for each value of the energy
E the definition of the particle shadow is only valid for
particles with constant energy E. However, we can define a
collective particle shadow. It is simply the shadow which
remains when we superpose the shadows for all particle
energies and its boundary is infinitesimally close to the
photon shadow.

For each value of the energy £ we can now derive the
angular radius of the particle shadow analogously to the
angular radius of the photon shadow. For this purpose we
use the fact that timelike geodesics asymptotically coming
from a particle sphere have the same constants of motion as
timelike geodesics on this particle sphere. We recall that
these geodesics have a double root at ry = r, = rp,(E). We
evaluate (5) at r = rp,(E) and insert K given by (106). We
solve for X and get as result for the angular radius of the
particle shadow (note that r, is still energy dependent and
we only omit the energy E as argument for brevity)

— arcsin p(rpa)(p(rpa)Ez - Q("pa))Q(”o)
ZnlE) = \/ (o) P(ro) = 0(r0)) Q)

(112)

Schwarzschild metric

FIG. 7.

For n = 0 the obtained expression reduces to the angular
radius of the particle shadow for the Reissner-Nordstrom
metrics. It reads

Z,.(E) = arcsin Tpa \/(E2 — Q(rpa))QVO) ’
0 O(ry)

where we defined Q(r) = Q(r)/r?. For E — oo (112)
and (113) reduce to the angular radii of the photon shadows
for the charged NUT metrics [20,57]

. [ pren) [O(ro)
z = arcsin 114
P o) \otr | (MY
and the Reissner-Nordstrom metrics
Zohg = arcsin Toh ~Q(—r0) , (115)
ro \ O(r ph)

respectively.

Figure 7 shows the angular radius of the particle shadow
as function of the energy E. In the left panel we have the
results for the Schwarzschild metric (black solid line) and
the Reissner-Nordstrom metric with e = m/2 (blue dashed
line), e = 3m/4 (green dotted line), and e = m (red dash-
dotted line). In the right panel we have the results for the
NUT metric (black solid line) and the charged NUT metric
with e = m/2 (blue dashed line), ¢ = 3m/4 (green dotted
line), and e = m (red dash-dotted line) for n = m/2. For

10m
32

Angular radius of the particle shadow X, as function of the energy E. Left panel: Schwarzschild metric (black solid line) and

Reissner-Nordstrom metric with e = m/2 (blue dashed line), e = 3m/4 (green dotted line), and e = m (red dash-dotted line). Right
panel: NUT metric (black solid line) and charged NUT metric with ¢ = m/2 (blue dashed line), e = 3m/4 (green dotted line), and
e = m (red dash-dotted line) for n = m/2. For both panels the observers are located at r, = 10m. The gray horizontal lines with the
same line styles mark the corresponding angular radii of the photon shadows X
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NUT Metric

s
2 - -
. 7
e 7
e 7
e 7
L <
/, /'/
L -
Eus e e
8 -~ 7
e 7
o R
’ 7
g -
————— 7
R
— -
£z} R
= 4 7
2 -
I >
R
-
e
r — %
] ph
g
R e o — /0L
Tpa for B = /155
) L _ 5
...... Sy for B =4
— = S for E=v2
0

T T T
0 m 2m 3m 4m 5m
n

FIG. 8.

Charged NUT Metric
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Angular radius of the photon shadow X, and the particle shadow X, as function of the gravitomagnetic charge n for the NUT

metric (left panel) and the charged NUT metric with e = m (right panel). For both panels the observers are located at r, = 10m. The
black solid line represents the angular radius of the photon shadow. The blue dashed, green dotted, and red dash-dotted lines represent

the angular radii of the particle shadows for particles with the energies E = 1/101/100, E = v/5/2, and E = /2, respectively.

both panels the observers are located at rp = 10m and the
gray horizontal lines mark the angular radii of the corre-
sponding photon shadows. As already mentioned above in
both panels we see that for E — oo the angular radii of the
particle shadows asymptotically approach the angular radii
of the photon shadows.

Figure 8 shows the angular radii of the photon shadows
(black solid lines) and the particle shadows for E =

\/101/100 (blue dotted lines), E = v/5/2 (green dotted
lines), and E = v/2 (red dash-dotted lines) for the NUT
metric (left panel) and the charged NUT metric with e = m
(right panel) as function of the gravitomagnetic charge n.
Again for both panels the observers are located at
ro = 10m. For n =0 we have the Schwarzschild (left
panel) and Reissner-Nordstrom (right panel) limits. When
we turn on and slowly increase the gravitomagnetic charge
n the photon shadows and the particle shadows expand.
The reason behind this is simply that for increasing n the
photon spheres and the particle spheres expand and
approach the position of the observer. When we have ry, =
ro or 1y (E) = rg the corresponding shadows cover half of
the observer’s sky and thus we have X, =x/2 or
T (E) = m/2, respectively. When we turn on the electric
charge and, in the case of the particle spheres, keep the
energy E constant the angular radii of the photon shadow
and the particle shadows decrease. Therefore, when we
increase the gravitomagnetic charge n the photon shadow
and the particle shadows approach X, = 7/2 or X,(E) =
z/2 for slightly larger n.

When we compare the photon shadow with the particle
shadow for fixed spacetime parameters and particle energies

we see that both are circular and that the particle shadow is
always larger than the photon shadow. However, when we
have real astrophysical settings we usually do not only have
particles at one fixed energy but rather a large number of
different particles each of which can have a different energy
distribution. While the energy distributions vary for each
type of particle we can tendentially say that particles with
particularly high energies are less likely to occur than
particles with lower energies (note though that some
particles like neutrinos always move at velocities close to
the speed of light). As a consequence we will detect less
particles with particularly high energies and thus toward the
photon shadow we will observe a fading out effect of
particle detections; i.e., toward the photon shadow the
particle shadow becomes darker. Thus from the theoretical
perspective the size of the observable particle shadow is
determined by the particles with the highest energy.
Unfortunately, in astrophysics observing the particle
shadow has two caveats. On one hand currently the only
particles which could be effectively used to observe the
particle shadow are neutrinos. However, the observation of
neutrino emission events with an identified and well-
characterized source is quite rare. In particular currently
we do not have the technical abilities to identify and
continuously observe individual sources with a steady
emission of neutrinos and characteristic neutrino energy
spectra outside the Solar System. In addition, due to their
weak interaction neutrinos are difficult to detect and
neutrino detectors only have an angular resolution of a
few square degrees. Thus even with the recent advances in
technology it is questionable if we will be able to resolve the
particle shadow in the near future. In addition, when we
want to use the particle shadow to distinguish between the
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Schwarzschild metric, the Reissner-Nordstrom metric, the
NUT metric, and the charged NUT metric we encounter the
same difficulties as for the photon shadow. In all four cases
the particle shadow is circular. Its size does not only depend
on the spacetime parameters and the energy of the particles
but also on the spacetime coordinate of the observer ry. As
discussed in Frost [20,57] the photon shadow shrinks with
increasing distance between black hole and observer, and
the same holds for the particle shadow created by particles
with a fixed energy E (not shown). Therefore, as long as we
do not know the distance between observer and black hole
we have a degeneracy between the particle shadows for
different r, and different electric and gravitomagnetic
charges. The only effect which to some degree may be
able to help us to distinguish between different black hole
spacetimes is the darkening effect. When we have a closer
look at Fig. 7 we can see small variations in how fast the
angular radius of the particle shadow approaches the angular
radius of the photon shadow with increasing energy E for
different combinations of the electric charge e and the
gravitomagnetic charge n. However, while these variations
may allow one to distinguish different black hole space-
times, for the actual detection of these effects we need
particle detectors with very high angular resolution and
particle types which can have a broad energy spectrum.

Sphere of Particle Sources S»

QOr=T

FIG. 9.

C. The lens equation

For lightlike geodesics a general exact lens map or also
lens equation was first brought forward by Frittelli and
Newman [59]. It was later adapted to spherically symmetric
and static spacetimes by Perlick [60] and to the charged
NUT-de Sitter metrics by Frost [20,57]. While in its
original form it was only applied to lightlike geodesics it
can be easily transferred to timelike geodesics.

In this paper we set up the lens map as illustrated in Fig. 9.
We place a stationary observer with a particle detector in
the domain of outer communication at the coordinates
(x*(10)) = (X)) = (0. r0. 90, o) outside the particle
sphere. Then we distribute stationary particle sources on a
two-sphere S%, at a radius coordinate r, < rp. We follow
particles moving on timelike geodesics ending at the
observer backward in time. Here, we have to distinguish
two different types of past-directed timelike geodesics. The
first type of past-directed timelike geodesics will intersect
with the particle sphere and thus these geodesics will end in
the black hole. The second type of past-directed timelike
geodesics will intersect with the two-sphere of particle
sources S%. The latter now constitute a map from the
angular coordinates on the celestial sphere of the observer
to the spacetime coordinates on the two-sphere of particle
sources S%:

Black Hole

Detector/
Observer

Mlustration of the lens map. The black hole, in the figure depicted by a black dot, acts as gravitational lens. We place a

stationary observer with a detector at the coordinates (x,) = (¢o, 70,90, ®o) in the domain of outer communication between particle
sphere and spatial infinity. The celestial sphere is marked by the gray-shaded sphere around it. We then distribute stationary particle
sources on a two-sphere S% with r, < rp. We divide the two-sphere in four different quadrants and assign to each quadrant a color
following the color convention of Bohn et al. [62]: 0 < 9p < 7/2 and 0 < @p < 7, green; /2 < 9p <7z and 0 < @p < 7, blue;
0<9p <rm/2and n < @p <2x,red; 7/2 < 9p < mwand w < @p < 2, yellow. The colored dotted lines represent particles on timelike
geodesics emitted by particle sources on the corresponding quadrant of the two-sphere.
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(Z,%) = (9p(2.¥). 0p(Z, V). (116)
Because of the symmetries of the charged NUT spacetimes
and the fact that the Mino parameter is defined up to an
affine transformation we will choose 1o = 0 and ¢, = 0 in
the following. We now want to use the exact solutions to the
equations of motion for & and ¢ derived in Secs. I[II B and

|

III C to derive the lens maps. For this purpose we still have to
determine 1p < 1o = 0. In our setting we know the radius
coordinates of the observer and the two-sphere of particle
sources r, and rp and thus we can determine Ap by
separating variables in (5), inserting (106), and integrating.
The result reads

dr’

(117)

1 /...rp
P = ,
ro-- \/p(r’)zEz — p(r)O(F) — () Llro)elr)E=0lro)) 2 5,

where again the dots in the limits of the integral indicate that
we have to split the integral at potential turning points into
two terms. The sign of the root in the denominator has to be
chosen according to the direction of the » motion. We now
rewrite the integral in terms of elementary functions or
Legendre’s elliptic integral of the first kind. The computa-
tional evaluation of the lens equations for massive particles
(as well as the travel time measures, which will be discussed
in Sec. IV D) was carried out in the programming language
Julia [61]. The computational evaluation of the lens equations
(and the travel times) for lightlike geodesics was carried out
following the procedure described in Frost [20,57].

For the visualization of the lens maps we divide the two-
sphere of particle sources S into four quadrants as shown
in Fig. 9. To each quadrant we assign a color following a
slightly adapted version of the color convention of Bohn
et al. [62]. Here, we assign the colors as follows. The first
quadrant with 0 < 9p < z/2 and 0 < @p < 7 is colored
green. The second quadrant with 7/2 < 9p <7 and 0 <
@p < m is colored blue. The third quadrant with 0 < Jp <
/2 and & < @p < 27 is colored red. The fourth quadrant
with 7/2 < 9p <7 and 7 < @p < 27z is colored yellow.
Here, we adapt the color convention of Bohn et al. [62] as
follows. When we plot the lens maps we have images of
different orders. Here, we define images of first order as
timelike geodesics for which the covered angle Agp is
0 < |A@p| < 7. Analogously, we define images of second
order as timelike geodesics with 7 < |A@p| < 27 and so
on. In the visual representation of the lens maps we now
plot images of even order in slightly fainter colors than
images of odd order. In addition, for the discussion of the
lens maps and the travel time maps in Sec. [V D we agree
on the following conventions. We divide the visible part of
the observer’s celestial sphere into two halves separated
by the longitudinal lines ¥ = z/2 and ¥ = 37/2. We refer
to this line as celestial equator. In addition, we agree to
refer to all longitudes z/2 < ¥ < 3x/2 as northern hemi-
sphere and to all longitudes 0 < ¥ < z/2 and 37/2 < ¥ as
southern hemisphere. Note that because we divide along
longitudes this terminology is actually not correct; how-
ever, it will strongly simplify the discussion of the lens and
travel time maps. In addition, we divide the observer’s

0(ro)

|

celestial sphere along the lines marked by the longitudes
Y =0 and ¥ = x. For simplicity we will call the former
meridian and the latter antimeridian in the following. In
addition, we will refer to the longitudes 0 < ¥ < 7 as
western hemisphere and to the longitudes 7 < W < 27 as
eastern hemisphere. As last convention we agree on
referring to particle detections as images on the celestial
sphere although technically this is not correct since we
cannot really see these images.

We start with discussing the lens map for the
Schwarzschild metric. Figure 10 shows lens maps for
the Schwarzschild metric for observers at r, = 10m and
80 = /2. The first three maps are for massive particles
with E = /101/100 (top left), E = v/5/2 (top right), and
E = /2 (bottom left). The two-spheres of particle sources
S2 are located at rp = 15m. The bottom right panel shows a
reference lens map for light rays emitted by light sources
distributed on a two-sphere of light sources S? at
r;, = 15m. The observers look in the direction of the black
hole. At the center of each panel we see a black area which
is the shadow of the black hole (in the case of massive
particles for the respective energy E). We start with the

image in the top left panel with £ = /101/100. Images of
particle sources from the different quadrants on the two-
sphere of particle sources are clearly separated and form
rings around the shadow. At the outer boundary of the
image we have images of first order, on the eastern
hemisphere in green and blue and on the western hemi-
sphere in red and yellow. Then further in we have images of
second order, on the eastern hemisphere in faint yellow and
faint red, and on the western hemisphere in faint blue and
faint green. Further in we also have, well visible, images of
third and fourth order. In addition, when we zoom in we can
also see images of fifth and, in very close proximity to the
shadow, very faint and hard to recognize, images of sixth
order. The boundaries between the images of different
orders mark the positions of the critical curves. Because of
the ring structure of the images of different orders these are
circular. When we increase the energy to E = v/5/2 the
area covered by the shadow shrinks. The overall structure
remains the same but the rings with images of second, third,
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FIG. 10. Lens maps for massive particles and light rays in the Schwarzschild spacetime. For all four maps the observers are located at
the coordinates ro, = 10m and 8, = /2. The first three panels show the lens maps for massive particles (timelike geodesics) with
E = ,/101/100 (top left), E = NG /2 (top right), and E = /2 (bottom left). The bottom right panel shows a reference lens map for light
rays (lightlike geodesics). For all four plots the corresponding two-spheres of particle sources S and the two-sphere of light sources S7

are located at rp = rp = 15m.

and higher order shift to lower latitudes. In addition, the
apparent latitudinal width of the rings of images of second,
third, and higher order decreases. The images of fifth order
close to the shadow are now only barely visible and the
images of sixth order seem to not be visible anymore (it is
not clear if, close to the shadow, what might be an image of
sixth order is real or a plotting effect). When we increase
the energy to E = /2 the shadow shrinks further. Again the
overall structure remains the same. The rings of images of
second, third, and higher order shift to lower latitudes and
the apparent latitudinal width of the rings also appears to

shrink; however, the differences are not as pronounced as
before. In addition, images of fifth order close to the
shadow are now barely visible or, at least on three of the
four quadrants, not visible at all (note that the latter is very
likely a plotting effect since the images were created with
the same latitude range for all four quadrants). When we
now compare the lens maps for massive particles with the
lens map for light rays, we immediately see that the overall
structure is the same. The only difference is that for
lightlike geodesics the shadow is smaller and the images
of second, third, and higher order can be found at lower
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latitudes. In addition, images of fifth order or higher are
much more difficult to recognize than for massive particles.

Now let us turn to the NUT metric. Figure 11 shows lens
maps for the NUT metric with n = m/2 for observers
located at rp = 10m and 9, = n/2. The Manko-Ruiz
parameter is C = 1 and thus the Misner string is located
at 9 =0. Again the first three maps are for massive

particles with E = 1/101/100 (top left), E = 1/5/2 (top
right), and E = +/2 (bottom left). For these maps the

E = ,/101/100

Observer’s Sky

E=v3

Observer’s Sky

FIG. 11.

corresponding two-spheres of particle sources S% are
located at rp = 15m. The bottom right panel shows a
reference lens map for light rays emitted by light sources
distributed on a two-sphere $? at r;, = 15m.

Again the black circles at the centers of the maps are the
shadows of the black holes. As we can easily see the lens
maps for massive particles with fixed energy E and for light
rays show the same features. When we turn on the
gravitomagnetic charge n and compare the top left panel

E=+/5/2

Observer’s Sky
o

Light Rays

Observer’s Sky

Lens maps for massive particles and light rays for the NUT spacetime with n = m /2. For all four maps the observers are

located at the coordinates r, = 10m and 9, = z/2. The first three panels show the lens maps for massive particles (timelike geodesics)
with E = 1/101/100 (top left), E = v/5/2 (top right), and E = /2 (bottom left). The bottom right panel shows a reference lens map for
light rays (lightlike geodesics). For all four plots the corresponding two-spheres of particle sources S and the two-sphere of light
sources S? are located at rp = r; = 15m. The Manko-Ruiz parameter is C = 1 and thus we have a Misner string at 9 = 0.
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of Fig. 11 with the top left panel of Fig. 10

(E=+/101/100) we can easily see that the formerly
disconnected patches with images of first and second order
from the same quadrants on the two-sphere of particle
sources connect resulting in a twist in the lens map. In
addition, we see that close to the meridian and the
antimeridian images of first and second order from the
same quadrant on the two-sphere of particle sources are
separated by a sharp line. The longer lines east of the
antimeridian and west of the meridian mark timelike geo-
desics, which cross the axes at 9 = 0 (this is the position of
the Misner string as we have C = 1) and d = z, respec-
tively. As already discussed in Frost [20], although we see a
sharp transition between images of first and second order,
across the transition the ¢ coordinate is indeed continuous
(in another context this was also discussed in Clément
et al. [27]).

West of the antimeridian and east of the meridian we can
find regions with images of odd order. As already discussed
in Frost [20] for lightlike geodesics these are formally
images of first order; however, they are rather special
images. The particles associated with these timelike geo-
desics move on cones not enclosing one of the axes. Thus
for these particles the direction of the ¢ motion reverses.
Closer to the shadow we can also see images of third and
fourth as well as, when we zoom in, barely visible images
of fifth and sixth order (in Fig. 11 these are rather difficult
to distinguish). Images of first and second order are
separated from the images of third and fourth order by a
circular boundary (the same seems to hold for the boundary
between images of third and fourth order and images of
fifth and sixth order). As discussed for lightlike geodesics
in Frost [20] the circular boundaries between images of first
and second and images of third and fourth order as well as
images of third and fourth and images of fifth and sixth
order are very likely indicating the positions of critical
curves. This is also supported by the fact that the spacetime
retains an SO(3, R) symmetry and therefore it is very likely
that also for timelike geodesics the critical curves are still
circular. However, as for light rays from the lens map alone
it is rather difficult to determine the critical curves between
images of first and second order, between images of third
and fourth order, and between images of fifth and sixth

order. When we increase the energy to E = /5/2 (top right
panel) the shadow shrinks and all lens map features shift to
lower latitudes. As already observed for the Schwarzschild
metric the apparent latitudinal width of the single features
decreases. In addition, the lines marking the axes crossings
shift to longitudes closer to the meridian and the anti-
meridian. When we increase the energy to E = /2 the
effects become even more pronounced. As already noted in
Frost [20] the strength of the twist serves as a good
indicator for the magnitude of the gravitomagnetic charge;
however, because it is very difficult to construct a full lens
map for massive particles it will be very difficult to observe.

Figure 12 shows lens maps for the Reissner-Nordstrom
metric (left column) and the charged NUT metric with n =
m/2 (right column) for e = m/2 (top row), e = 3m/4
(middle row), and e = m (bottom row) for massive par-
ticles with E = /5/2 for the same particle source-observer
geometry as Figs. 10 and 11. For the charged NUT metric
the Manko-Ruiz parameter is C = 1 and thus the Misner
string is located at 9 = 0. When we compare the top right
panel of Fig. 10 with the top left panel of Fig. 12 we
immediately see that turning on the electric charge has the
effect that the particle shadow shrinks and the rings with
images of second, third, and higher order shift to lower
latitudes. When we now increase the electric charge first to
e = 3m/4 and then to e = m the particle shadow continues
to shrink and the rings with images of second, third, and
higher order shift to lower latitudes. However, we also
observe that with increasing electric charge the rings of
images of second, third, and higher order appear to broaden
in latitudinal direction. This effect was already observed for
light rays in Frost [57] and, although this is not surprising,
our results show that it also occurs for massive particles.
When we now turn on the gravitomagnetic charge the lens
maps show the same basic features as for the NUT metric.
In addition, when we increase the electric charge from
e = m/2 to e = m we observe the same latitudinal broad-
ening effect for the features around the shadow which we
already observed for the Reissner-Nordstrom metric.

So far we only discussed the lens maps for massive
particles for distinct energies E separately. Now the
interesting question is what happens when we consider a
spectrum of particles following an energy distribution. Let
us first discuss this for the spherically symmetric and static
Schwarzschild and Reissner-Nordstrom spacetimes. Let us
assume for now that we only have a single particle source
(point source) on the sphere of particle sources. In this case
for a distinct energy E we have a very well-defined image
on the observer’s sky. The image is simply a dot. When we
increase the energy FE this dot shifts toward lower latitudes
and thus when we combine the images for different
energies E the dots form a line along a constant longitude
and the innermost end of this line is marked by an image
generated by light rays (or when we have a source that also
emits gravitational waves and a supermassive black hole as
lens we will detect a gravitational wave signal from this
direction). Along this line the maximal particle flux can be
found for the image which is associated with the particle
energy at which the particle density distribution has its
maximum. The same effect also occurs for images of higher
order just that the overall particle flux at the position of
these images is lower. When we turn on the gravitomag-
netic charge and consider the (charged) NUT metric the
overall pattern for images of point sources is the same as for
spherically symmetric and static spacetimes. The images of
particles with low energy can be found at high latitudes
while images of particles with high energy can be found at
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Reissner-Nordstrom Metric e = m/2 Charged NUT Metric e = m/2
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FIG. 12. Lens maps for massive particles with E = 1/5/2 in the Reissner-Nordstrom spacetime (left column) and the charged NUT

spacetime with n = m/2 (right column) for e = m/2 (top row), e = 3m/4 (middle row), and e = m (bottom row). For the charged NUT
spacetime the Manko-Ruiz parameter is C = 1 and thus the Misner string is located at 4 = 0. For all six maps the observers are located

at the coordinates ro = 10m and 9, = /2 and the two-spheres of particle sources S% are located at rp = 15m.
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lower latitudes. The main difference will come from the
twist. Since the gravitomagnetic charge leads to a twist in
the lens maps we can assume that when we superpose the
images for particles with different energies E emitted by
the same point source we will observe a similar effect on the
combined image. The images will stretch along different
longitudes and most likely have an arcletlike shape. Note
that a line stretching along different latitudes and longi-
tudes is also possible but with view on the overall changes
due to the gravitomagnetic charge highly unlikely. Besides
the general lensing pattern for particles with constant
energies the exact shape of this arclet may also be a good

indicator for the strength of the gravitomagnetic charge.
In addition, when we superpose the lens maps for
an energy spectrum of particles we observe another effect.
For illustrating this effect let us take the example of three
particle energies E, = /101/100 < E, =/5/2 < E; =
\/i as shown in Figs. 10 and 11 for the Schwarzschild metric
and the NUT metric. When we compare the three lens maps
for massive particles for the Schwarzschild metric we
immediately see that in general the boundaries between
images of successive orders (e.g., order one and order two)
of particle sources on different quadrants on the two-sphere
of particle sources S% overlap. In addition, when the
maximal particle energy is high enough images of third
order generated by particles with low energies can overlap
with images of first order generated by particles with higher
energies, both emitted by particle sources on the same
quadrant on the two-sphere of particle sources S%. Under
very special circumstances these can even be images of the
same particle source. For the NUT metric we observe a
similar pattern. However, because of the twist it is rather
unlikely that images of third and first order generated by
|

p(r)2Edr

low- and high-energy particles emitted by the same particle
source, respectively, overlap.

D. Travel time measures

In this subsection we will discuss two different travel
time measures for gravitationally lensed massive particles.
The first is derived from the time coordinate ¢ and the
second is derived from the proper time 7. Both measure the
time a particle needs to travel from the particle source to an
observer with a detector. For distinguishing between them
we will refer to the former as travel time using the standard
terminology from gravitational lensing of light rays. The
second travel time measure is derived from the proper time
and thus we will refer to it as traveled proper time in the
following.

1. Travel time

The travel time measures in terms of the time coordinate
t the time a particle needs to travel from the particle source
to an observer with a detector. In terms of the time
coordinate #p at which the particle is emitted by the particle
source and the time coordinate ¢, at which it is detected by
the observer with the detector it reads
TZ,¥) =to—tp(Z,¥). (118)
For the explicit calculation of the travel time we now
assume that 7(1y) =to =0. We insert the relations
between the constants of motion L, and K and the
coordinates on the celestial sphere of the observer (105)
and (106) into (78) and (81). We evaluate both integrals and
insert them into (76) and get

T(Z,‘P) _ ...Tp
J. 0\ ol P ()0l -

0(ro)

o (cos () + C) <\/’Msin 90 sin T sin ¥ + 2n(cos 9(1') — cos 190)E> dv
,

Q(r’) 2(ro)(p(ro)E*=0(ro)) sin2 >

0(ro)

. (119)

—2n/
0

where the dots in the limits of the first term indicate that we
have to split the integral into two terms when we have a
turning point for r and that we have to evaluate each term
separately. The sign of the root in the denominator has to be
chosen according to the direction of the » motion. Note that
Ap also depends on the celestial latitude. We only dropped it
for brevity. In the case of the Schwarzschild spacetime and
the Reissner-Nordstrom spacetime the second term vanishes
and we only have to evaluate the first term. We now evaluate
the travel time integrals as described in Sec. III D using
(117) for calculating the Mino parameter Ap.

1 —cos? 9(1)

|

Figure 13 shows travel time maps for massive particles
with E = 1/101/100 (top left panel), E = v/5/2 (top right
panel), and E = V2 (bottom left panel) as well as a
reference travel time map for light rays (bottom right
panel) on the observer’s celestial sphere for the
Schwarzschild metric. For all four maps the observers
are located at the coordinates rp = 10m and 9, = n/2.
The two-spheres of particle sources S and the two-sphere
of light sources S? are located at rp = r; = 15m. Again
the observers look into the direction of the black hole and
the black circles at the centers of the maps are the shadows
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Travel time maps for massive particles and light rays in the Schwarzschild spacetime. For all four maps the observers are

located at the coordinates ro = 10m and 9, = /2. The first three panels show travel time maps for massive particles (timelike
geodesics) with E = /101/100 (top left), E = NG /2 (top right), and E = V2 (bottom left). The bottom right panel shows a reference
travel time map for light rays (lightlike geodesics). For all four plots the corresponding two-spheres of particle sources S% and the two-

sphere of light sources S? are located at rp = r, = 15m.

of the black holes. Let us start our discussion with the travel

time map for massive particles with E = ,/101/100.
Levels of constant travel time form circles around the
shadow. The travel time increases with decreasing latitude
and diverges for timelike geodesics asymptotically coming
from the particle sphere. When we compare the travel time
of massive particles with the travel time for light rays
(bottom right panel) we see that it is significantly longer.

When we increase the particle energy to E = v/5/2 (top
right panel) the shadow shrinks and the travel time
decreases because the particles have a higher velocity.
Overall levels of constant travel time shift to lower
latitudes. This effect is even more pronounced when we
increase the energy of the particles to E = /2. In addition,
with increasing particle energy the travel time approaches
the travel time of light rays.
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Now we turn to the NUT metric. Figure 14 shows travel
time maps for massive particles with E = 1/101/100 (top
left panel), E = v/5/2 (top right panel), E = v/2 (middle
left panel), and light rays (middle right panel) for the NUT
metric for the same observer-source geometry as in Fig. 13.
The gravitomagnetic charge is n = m/2 and the Manko-
Ruiz parameter is C =1 (Misner string at 9 =0). In
addition, the bottom panels show travel time maps for
massive particles with E = v/5/2 for two observers located
at ro = 10m and 9y = n/4 (left panel) and 9, = 37/4
(right panel) and two-spheres of particle sources S%
at rp = 15m.

Again the observers look into the direction of the black
hole and the black circle in the center of each map is the
particle shadow (or photon shadow for light rays) of the
corresponding black hole. We again start with the travel

time map for E = 1/101/100. Overall the travel time of the
particles has the same magnitude as for the Schwarzschild
metric. However, there are also a few differences. While for
the Schwarzschild metric the travel time was symmetric
with respect to rotations about the direction X = 0 for the
NUT metric this is not the case anymore. The steps in the
travel time east to the meridian and the antimeridian
indicate that at these positions the travel time has two
discontinuities. These mark the positions of timelike geo-
desics crossing the Misner string (for lightlike geodesics
this was already noted in Frost [20,57] and thus it is not
surprising that it also occurs for timelike geodesics). When
we start at the first discontinuity close to the antimeridian
and move along a constant latitude in clockwise direction
the travel time decreases. We observe a similar feature
when we start at the discontinuity close to the meridian and
move along a constant latitude in counterclockwise direc-
tion. However, the effect is much weaker and ends after a
short angular distance. In addition the discontinuity close to
the antimeridian extends nearly to the real celestial equator

at X = /2. When we increase the energy to E = v/5/2 the
shadow shrinks and overall the travel time decreases. The
discontinuities are now located closer to the meridian and
the antimeridian and are more pronounced and thus better
visible. However, they are now confined to lower latitudes.
Similarly, the spiral-shaped pattern shifts to lower latitudes
and is more pronounced. When we increase the particle

energy to E = 1/2 we basically observe the same effects.
The discontinuities shift to longitudes closer to the merid-
ian and the antimeridian and are confined to lower latitudes.
In addition, the spiral pattern becomes even more pro-
nounced. When we further increase the particle energy the
pattern in the travel time map slowly approaches the pattern
in the travel time map for light rays (middle right panel
in Fig. 14).

When we shift the observer to 8, = z/4 (for E = v/5/2
the travel time map is shown in the bottom left panel of
Fig. 14) the discontinuity close to the antimeridian extends

well beyond the real celestial equator at X = /2 up to
about X =7x/12 (not shown) and the spiral pattern
becomes much more pronounced. The discontinuity at
the meridian on the other hand is confined to latitudes much
closer to the particle shadow. In addition, both disconti-
nuities are now observed at longitudes closer to the
meridian and the antimeridian. When we move the observer
to 99 = 37z /4 the discontinuity close to the antimeridian is
confined to latitudes much closer to the particle shadow.
The discontinuity close to the meridian appears to extend to
roughly the same latitude as for 9, = z/2. However, it was
already shown by Frost [20,57] that for lightlike geodesics
the discontinuity extends to higher latitudes and thus this is
most likely only an effect due to the choice of the color
scale and the discontinuity does indeed extend to higher
latitudes. In addition, now both discontinuities are located
at longitudes further away from the meridian and the
antimeridian.

The only question we did not address so far is how the
electric charge affects the travel time. Figure 15 shows
travel time maps for the Reissner-Nordstrém metric (left
column) and the charged NUT metric (right column) for
three different electric charges e = m/2 (top row), e =
3m/4 (middle row), and e = m (bottom row). The energy
of the particles is £ = V/5/2. For the charged NUT metric
the gravitomagnetic charge is n = m/2 and the Manko-
Ruiz parameter is C =1 (Misner string at 9 = 0). The
observers are located at the coordinates r, = 10m and
90 = =/2 and the two-spheres of particle sources S% are
located at rp = 15m. When we turn on the electric charge
and slowly increase it the shadow shrinks and all features
shift to lower latitudes. In addition, as for the lens maps we
observe an apparent latitudinal broadening when we
approach the shadow.

2. Traveled proper time

In addition to the travel time 7 for massive particles we
can also define another travel time measure using the
proper time along a timelike geodesic. It is the traveled
proper time. Similar to the travel time the traveled proper
time measures in terms of the proper time 7 the time a
particle needs to travel from the particle source by which it
was emitted to the observer. It can be interpreted as the
time we could measure with a clock if it moved together
with the particle along a timelike geodesic. Initially the
traveled proper time does not offer any advantage over the
travel time as it is much more difficult to measure.
However, when we have particle decay or neutrino
oscillations and know the number of particles emitted
by the source (in the case of neutrinos with a specific
flavor) it can be directly inferred by using an appropriate
model for the particle decay or the neutrino oscillations.
We can then compare the detected number of particles with
the number of particles which should be detected accord-
ing to the model estimates. We can then vary the proper
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FIG. 14. Travel time maps for massive particles and light rays in the NUT spacetime with n = m /2. In the first four panels the observers
are located at the coordinates r, = 10m and 9, = /2. The first three panels show travel time maps for massive particles (timelike
geodesics) with E = 1/101/100 (top left), E = v/5/2 (top right), and E = v/2 (middle left). The middle right panel shows a reference
travel time map for light rays (lightlike geodesics). The panels in the bottom row show travel time maps for massive particles with
E = +/5/2 for observers at r, = 10m and 9, = 7/4 (bottom left) and 9, = 37/4 (bottom right). For all six plots the corresponding two-
spheres of particle sources S and the two-sphere of light sources S7 are located at rp = r; = 15m. The Manko-Ruiz parameter is C = 1
and thus we have a Misner string at d = 0.
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NUT spacetime with n = m/2 (right column) for e = m/2 (top row), e = 3m/4 (middle row), and e = m (bottom row). For the charged
NUT spacetime the Manko-Ruiz parameter is C = 1 and thus the Misner string is located at 9 = 0. For all six maps the observers are
located at the coordinates ro = 10m and 8, = x/2 and the two-spheres of particle sources S% are located at rp = 15m.
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time until both agree (note that in the most general case we
have to also consider the spacetime in which the particles
travel). In terms of the proper time 7p at which the particle
is emitted by the particle source and the proper time 7, at
which it is detected by the observer with the detector
it reads

(X)) =179 — 7p(X). (120)

Because the proper time is defined up to an affine para-
metrization in our case we choose 7(1p) =19 = 0. We
insert (106) in (88) and obtain

plr)dr

, (121)

7(2) = o
> 10 \/p(r’)2E2 —-p(r)o(r) - Q(ﬂ)fMszz

where again the dots in the limits of the integral shall
indicate that we have to split the integral at potential turning
points into two terms and the sign of the root in the
denominator has to be chosen according to the direction of
the r motion. When we use the celestial coordinates to
parametrize the timelike geodesics we can immediately
read from (121) that unlike the travel time the traveled
proper time only depends on the celestial latitude X and not
on the celestial longitude ¥. We now evaluate the traveled
proper time as described in Sec. III E.

Figure 16 shows the traveled proper time for an observer
at the radius coordinate r, = 10m and a particle source at
the radius coordinate rp = 15m for the Schwarzschild
metric (top left panel), the Reissner-Nordstréom metric with
e = m (top right panel), the NUT metric with n = m/2
(bottom left panel), and the charged NUT metric with e =
m and n = m/2 (bottom right panel) for £ = \/m
(black solid line), E = /5 /2 (blue dashed line), and E =

V2 (green dotted line).

Let us again start the discussion with the Schwarzschild
metric. We start our discussion with the traveled proper time
for E = /101/100. We see that the traveled proper time
increases from X = 7 to X = X,,(E). When X approaches
2. (E) the particles make more and more turns around the
particle sphere and thus the traveled proper time diverges.
When we increase the energy to E = +/5/2 the angular
radius of the particle shadow X, (E) shrinks and the traveled
proper time decreases. Further increasing the energy to £ =
/2 has the same effect. When we turn on the electric charge
and consider the Reissner-Nordstrom metric (top right panel)
we do not see any major changes for 7/2 < £ and the
traveled proper time is roughly the same. For £ — X, (E)
the divergences shift to lower latitudes and the traveled
proper time generally decreases. However, the larger E the
smaller the effect. In addition, for particles with E =

101/100 for the Reissner-Nordstrom metric close to
the divergence the increase in traveled proper time is lower.
Now we turn on the gravitomagnetic charge (bottom panels).
Again for 7/2 < X we do not observe any major changes
and the traveled proper time remains roughly constant. For

O(ro)

|

¥ < z/2 the divergences shift to higher latitudes and overall
the traveled proper time increases for the NUT metric and
the charged NUT metric in comparison to the Schwarzschild
metric and the Reissner-Nordstroém metric, respectively.

3. Implications for astrophysical observations

As discussed above for massive particles we can calcu-
late two different travel time measures: on one hand the
travel time in terms of the time coordinate ¢ and on the other
hand the traveled proper time z(X). However, the travel
time is not directly accessible to observations. We can only
observe travel time differences. In our case at hand we
assumed that we have a stationary observer that detects a
signal at the event (x/,) and that the corresponding proper
time along the timelike geodesic is 7, = 0. The observed
travel time differences are all recorded in terms of the
proper time in the observer’s frame. Therefore, we now
have to relate the proper time in the observer’s frame to the
time coordinate t. For this purpose let us first denote the
coordinates along the worldline of the observer as (¥*) and
the corresponding proper time as 7. Because we only
consider a stationary observer we have d7/dz = d9/d7 =
dp/dT =0 and thus also 7(1) =ry, 9(1) =98, and
@(1) = ¢o. Now we only have to calculate the relations
between the proper time in the observer’s reference frame
and the time coordinate 7. The calculation is straightfor-
ward. Let us first denote the constants of motion along the
worldline of the observer as E, Lo, and K 5. Now we first
evaluate (7) and see that

L.o+2n(cos8y + C)Ey = 0. (122)
In the next step we insert this relation in (6) and get
K, = 0. Then we insert the latter in (5) and solve for E,.
We obtain

0(ro)
p(ro)

Ey = (123)

Now we use (122) and (123) in (4) after reparametrizing it
in terms of the proper time 7 and get
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FIG. 16. Traveled proper time as function of the celestial latitude X for massive particles in the Schwarzschild spacetime (top left), the
Reissner-Nordstrom spacetime (top right), the NUT spacetime (bottom left), and the charged NUT spacetime (bottom right) for
E = /101/100 (black solid line), E = NG /2 (blue dashed line), and E = V2 (green dotted line). The electric and gravitomagnetic
charges are e = m and n = m/2, respectively. The observers are located at r, = 10m and the particle sources are located at rp = 15m.
The gray vertical lines mark the positions of the corresponding particle shadows.

ai _
dz

p(ro)
O(ro)

(124)

We integrate from 7(7;) =7; to 7(7) =7 and obtain as
relation between the time coordinate 7 and the proper time 7
along the timelike curve of the observer

(125)

where in our case the proper time 7; and the corresponding
time coordinate 7; mark the time at which the first particle
signal is detected. When we assume that the observer

detects the first particle signal at 7; = 7, and the second
signal at 7, > 7; we obtain for the relation between the
travel time difference in the observer’s frame and the travel
time difference in terms of the time coordinate 7

(126)

Note that this relation is valid for travel time differences
between arbitrary combinations of particle and light
signals. When we observe two different signals gravita-
tionally lensed by a black hole and suspect that they were
emitted by the same source, we now have to use a priori
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estimates to iteratively determine the travel time along
each geodesic (note that here we iterate with respect to the
celestial coordinates). When both geodesics end at the
same spatial position (x) and we get AT = T(%,,¥,) —
T(Z,,¥,) = AT as travel time difference we know they
really come from the same source. However, we have to be
cautious to draw conclusions on the underlying spacetime
describing the black hole because we still may have a
degeneracy with respect to the spacetime’s physical
parameters as well as the radius coordinates of the observer
and the particle or light source.

Transforming the proper time along the worldline of the
observer to the proper time along the worldline of a particle
is much more difficult. We cannot derive a direct relation
between the proper time which elapsed for the observer
and the traveled proper time. However, when we know the
nature of the source and the exact particle spectrum it
emits, we can directly determine the traveled proper time
for two different astrophysical scenarios. In the first
scenario the particle source emits particles which decay
along the timelike geodesic. The half-life of the particles is
then measured in terms of the proper time z. In the case that
the interaction of the particles with their environment can
be neglected, we know the underlying decay processes and
are able to write down the corresponding decay laws, we
can determine the traveled proper time 7(X) from the
detected number of particles and the estimated number of
emitted particles determined using numerical particle
emission models for the observed source. In the second
scenario we have neutrino emission by the source. In the
case that we know the source and the flavor composition of
the neutrinos it emits, again from, e.g., an appropriate
numerical model, and we can observe the flavor compo-
sition of the detected neutrinos, we can use an appropriate
model for the propagation of the neutrinos along the
geodesic under consideration of their flavor oscillations
to determine the proper time from the difference between
the detected neutrino flavor composition and the estimated
neutrino flavor composition of the emission of the source
which we should detect according to the source and
propagation models. However, in this case we have to
make an initial guess for the spacetime describing the
black hole lens.

Now the most important question is how we can use
these two travel time measures for astronomical observa-
tions. As long as we only consider one particle source we
can have two different scenarios. In the first scenario
we only consider particles with the same energy E. In this
case we have the same situation as for light rays discussed in
Frost [20,57]. The travel time increases for images of the
same particle source with increasing order of the image.
Turning on the electric charge reduces this increase
(however, at latitudes close to the shadow for which the
geodesics, along which the particles travel, closely approach
the particle sphere the travel time of the particles still

increases rapidly). When we turn on the gravitomagnetic
charge we observe a discontinuity in the travel time for
timelike geodesics crossing the Misner string. As already
discussed in Frost [20,57] for light rays, this is a real
discontinuity and together with the spiral-shaped pattern it is
the most distinct indicator for the presence of a gravito-
magnetic charge. When we have a multiple-imaging sit-
uation with four images we can expect that two of these
images are located relatively close to the discontinuity. For
these images we then observe a larger travel time difference
than for all other image combinations. The magnitude of the
travel time differences, each calculated for two particle
signals with the same energy E, for massive particles with
different energies may now allow us to place a tighter
constraint on the magnitude of the gravitomagnetic charge
than we could obtain with electromagnetic radiation alone.
Moreover, when the particle source also emits electromag-
netic radiation we can combine the travel time differences
for massive particles with the travel time differences for
light rays. In this case the obtained estimate for the
magnitude of the gravitomagnetic charge will be even more
precise. However, we have to note here that even for light
rays multiple images created by gravitational lensing by
black holes have not been observed so far and thus it is
rather unlikely that we will observe multiple images for
massive particles in the near future.

Let us now assume that the particle source emits a
particle spectrum with a particle flux density with a peak at
an unspecified energy E,,.. We already saw that the travel
time decreases with increasing particle energy E. However,
only taking the travel time maps and the travel time
differences into account limits the information we can
infer. Luckily, when we include the lens maps we get a
much clearer picture. We recall that for particles with high
energies images of first order are located at lower latitudes
than for particles with lower energies. In the same context
we also saw that for the same particle source images of first
order generated by particles with high energy and images of
third order generated by particles with low energy, can have
a very low angular separation or even overlap (but also
remember that the latter is only the case for the spherically
symmetric and static Schwarzschild and Reissner-
Nordstrom spacetimes and not for the rotationally sym-
metric NUT and charged NUT spacetimes). Let us assume
that we have a particle source with a known particle
emission spectrum and that this source also emits electro-
magnetic radiation. Now we can determine the travel time
differences between images of first and/or third order at
different particle energies and also between the images
generated by particle signals and the images created by
light rays. In general these will vary depending on the
nature of the black hole spacetime and may allow one to
distinguish different types of black holes in the framework
of general relativity. In the case of the charged NUT metric
comparing the calculated travel time differences with
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measured travel time differences between light and particle
signals lensed by an astrophysical black hole will allow us
to place constraints on the electric and gravitomagnetic
charges of the black hole. However, a priori degeneracies
with respect to the radius coordinates of the observer and
the particle source r, and rp as well as e and n cannot be
excluded. Investigating this is beyond the scope of this
paper and may be part of future work.

V. SUMMARY

In this paper we performed a detailed and thorough
investigation of gravitational lensing of massive particles
in the charged NUT metrics. For this purpose we first
discussed and solved the equations of motion with focus
on unbound timelike geodesics. In analogy to the photon
sphere for light rays we rewrote the equation of motion
for r in terms of an energy-dependent potential and derived
the radius coordinates of the unstable particle spheres
in the Schwarzschild metric, the Reissner-Nordstrom
metric, the NUT metric, and the charged NUT metric.
Contrary to the radius coordinates of the unstable photon
spheres they depend on the energy E of the particles. That
spherically symmetric and static spacetimes possess a
particle sphere is nothing new. The concept of a particle
sphere was first introduced by Mielnik and Plebanski [36]
in 1962. For the Schwarzschild metric and the Reissner-
Nordstrom metric in terms of an (energy-dependent)
parameter or the particle velocity at infinity the radius
coordinates of the particle spheres have already been
derived by Zakharov [39] and Liu et al. [43], and Pang
and Jia [47], respectively. However, to our knowledge this
paper is the first to derive the radius coordinates of the
particle spheres using the potential without introducing a
parameter or the particle velocity at infinity and an impact
parameter and to directly present a general form in terms of
the particle energy along the geodesic (although in the
works mentioned above we can easily restore the energy
dependency). For the Schwarzschild metric and the
Reissner-Nordstrom metric we derived these solutions
analytically while for the NUT metric and the charged
NUT metric the solutions could only be determined numeri-
cally (note that although Kobialko et al. [37] applied the
concept of a particle surface to the NUT metric they did not
explicitly derive the radius coordinate of the unstable
particle sphere in the domain of outer communication).

Then we solved the equations of motion using elemen-
tary and Jacobi’s elliptic functions as well as Legendre’s
elliptic integrals of the first, second, and third kind.
Structurally they are very similar or even identical to the
solutions for lightlike geodesics derived in Frost [20,57].
In the second part of this paper we then used these solutions
to investigate gravitational lensing of massive particles in the
Schwarzschild metric, the Reissner-Nordstrom metric, the
NUT metric, and the charged NUT metric for stationary
observers and stationary particle sources distributed on

two-spheres S in the domain of outer communication
outside the particle sphere. For this purpose we first used
the tetrad approach of Grenzebach et al. [51] and adapted it
to timelike geodesics by modifying the plasma lensing
approach of Perlick and Tsupko [52]. We related the
constants of motion L, and K to the particle energy E
and to latitude-longitude coordinates on the observer’s
celestial sphere. This effectively allowed us to parametrize
the timelike geodesics along which the particles travel in
terms of the particle energy E and the celestial latitude and
longitude on the observer’s celestial sphere. We then derived
the relation between the particle energy along a timelike
geodesic and the particle energy as detected in the reference
frame of a stationary observer with a particle detector.

As first part of our lensing analysis we derived the
angular radius of the particle shadow of a black hole. For all
four metrics it depends on the energy E and the particle
shadow is circular. When we increase the energy of the
particles the angular radius of the particle shadow shrinks
and for £ — oo it approaches the angular radius of the
photon shadow. With respect to the electric and gravito-
magnetic charges the particle shadow shows the same
behavior as the photon shadow. Its size shrinks with
increasing electric charge and it grows when we increase
the gravitomagnetic charge. When we have only particles
with the same energy or a particle distribution with a very
narrow peak it is unfortunate that the particle shadow is
circular because we have a degeneracy with respect to up to
four different parameters, the particle energy E, the radius
coordinate of the observer r, the electric charge e, and the
gravitomagnetic charge n. We also addressed the question
how we can combine the photon shadow and the particle
shadow in a multimessenger approach to determine the
underlying spacetime. We came to the conclusion that when
we have accurate observations of the photon shadow we
also know the boundary of the collective particle shadow.
We concluded that the darkening (or fading-out) effect of
the particle shadow, in particular the details how the particle
shadow darkens for particles with higher energies, may
allow us to draw conclusions about the nature of the
spacetime and its physical parameters. Thus, theoretically
this effect can be used to characterize the spacetime of an
astrophysical black hole we observe. However, the angular
resolution of current particle detectors like Super-
Kamiokande [6,7] and IceCube [8] is far too low to observe
this effect, in particular since their main targets are neu-
trinos, which move at velocities close to the speed of light
and interact only very weakly with other matter.

We also wrote down, to our knowledge for the first time,
an exact lens equation for massive particles for a stationary
and axisymmetric spacetime, namely the charged NUT
metric. For this purpose we transferred the approach for
lightlike geodesics presented in Frost [20,57] to unbound
timelike geodesics. It was not surprising that for a fixed
particle energy the lens maps show the same patterns as the
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lens maps for light rays. For the spherically symmetric and
static Schwarzschild and Reissner-Nordstrom spacetimes
for fixed particle energies images of different orders from
the same quadrant on the two-sphere of particle sources are
clearly separated. The critical curves lie on circles marking
the boundaries between rings of images of different orders.
For the NUT metric and the charged NUT metric the
lensing pattern shows a twist. The formerly disconnected
areas with images of first and second order of particle
sources on the same quadrant of the two-sphere of particle
sources connect and we have two sharp boundaries
between images of first and second order for timelike
geodesics crossing the axes (the same is the case for images
of third and fourth order and so on). As for lightlike
geodesics [20,57] the critical curves are very likely circles
because on one hand the NUT and charged NUT space-
times have an SO(3,R) symmetry and on the other hand
the boundaries between images of first and second, and
third and fourth order (and so on) are still circles. Again if
we only have particles with a fixed energy or a particle
distribution with a very narrow energy peak we have the
same problem as for the shadow. We have a degeneracy with
respect to the energy E, the radius coordinates of the
observer and the particle source r, and rp, the electric
charge e, and the gravitomagnetic charge n. However, the
strength of the twist pattern may allow one to some degree
to infer the magnitude of the gravitomagnetic charge n.
Luckily, an interesting fact came to light when we consid-
ered a particle distribution with a broader energy spectrum.
For the spherically symmetric and static Schwarzschild and
Reissner-Nordstrom spacetimes we saw that in this case the
images of one specific particle source form a line along a
constant longitude. For low-energy particles images of third
order can even overlap with images of first order of particles
with higher energies from the same particle source. For the
NUT metric and the charged NUT metric the twist will very
likely lead to the formation of small arclets, whose shape
can potentially be used to determine the magnitude of the
gravitomagnetic charge. In addition, we observed that the
presence of an electric charge leads to an apparent latitu-
dinal broadening of the features in the lens maps when we
approach the particle shadow. This effect was, according to
our knowledge, first noted by Frost [57] in the lens map for
light rays. It is also implicitly contained in the results of
earlier work (see, e.g., Bozza [63]) and seems to be a
characteristic feature in the presence of an electric charge
and when we combine the image positions for massive
particles and light rays it may help to determine the electric
charge of a black hole.

Finally we discussed two different travel time measures:
on one hand the travel time and on the other hand the
traveled proper time. The travel time maps generally
show the same patterns as for lightlike geodesics. For
the spherically symmetric and static Schwarzschild and
Reissner-Nordstrom spacetimes the travel time maps are

rotationally symmetric about the center of the shadow. In
the travel time maps for the NUT spacetime and the
charged NUT spacetime this symmetry is broken and we
observed the same discontinuities for timelike geodesics
crossing the Misner string(s) as well as the same spiral-
shaped pattern as for lightlike geodesics [20,57]. However,
for both types of spacetimes the travel time for massive
particles is generally longer than for light rays. The second
travel time measure we discussed is the traveled proper
time. For all four spacetimes the traveled proper time
turned out to be independent of the celestial longitude. It
decreased with increasing energy of the particle and
increasing electric charge. On the other hand the presence
of a gravitomagnetic charge lead to an increase of the
traveled proper time.

The question in how far the results presented in this paper
are of astrophysical relevance is difficult to answer. On one
hand the angular resolution of currently existing particle
detectors such as Super-Kamiokande [6,7] or IceCube [8] is
too low to resolve most of the lensing features discussed in
this article. Even the resolution of future particle detectors
such as Hyper-Kamiokande [64,65] (the angular resolution
of Hyper-Kamiokande is expected to be similar to that of
Super-Kamiokande [66]) and PINGU [67] will still be too
low to resolve the features we discussed in this article.
However, if we assume that we have a particle spectrum
with particles with different energies, the detectors may still
to some degree be able to indirectly resolve the images of
particle sources and their shape via the probability distri-
bution function of the sky localization on the observer’s
celestial sphere. For the spherically symmetric and static
Schwarzschild and Reissner-Nordstrom spacetimes in the
ideal case the probability distribution function for the sky
localization of the spectrum is located on a line along a
constant longitude. For the NUT spacetime and the charged
NUT spacetime we can expect the probability distribution
function of the sky localization to be slightly curved.
However, because the electric charge e and the distances
of the observer and the particle source to the black hole r(
and rp result in a scaling we still have a degeneracy with
respect to these parameters. In addition, the discontinuities in
the travel time maps also provide a clear indicator for
the absence or presence of a gravitomagnetic charge.
Furthermore, a thorough discussion of the lens and travel
time maps revealed that combining travel time differences
between images of particle signals with the same or different
energies, between images generated by light rays, and
between images generated by particle signals and light
rays has the potential to allow the characterization of the
spacetime describing an astrophysical black hole and to
determine its physical parameters, in the case of the charged
NUT metric in particular the determination of the gravito-
magnetic charge.

Unfortunately, in space, outside the Solar System, most
neutrino emissions can either not be directly associated
with one particular source or in the case of burst sources
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with very characteristic particle emission, such as supernova
explosions, binary neutron star mergers (for these neutrino
emission is expected but has not yet been observed), or tidal
disruption events, they tend to be very short-lived. Thus in
the near future it will be difficult to measure travel time
differences between two neutrino signals emitted by these
sources (due to their weak interaction with their environ-
ment only neutrinos are suitable candidates). In addition,
considering the sensitivity and the angular resolution of
current and near future neutrino detectors observing travel
time differences between two neutrino signals is still beyond
our technological capabilities. On the other hand when
we have enough information about the source, e.g., from
observations in the full electromagnetic spectrum, and can
determine the nature and particle spectrum of the source,
decay processes as well as neutrino oscillations along
timelike geodesics (for most astrophysical observations
most likely only the latter) may allow us to infer the
traveled proper time. When the source emits particles which
decay along the geodesic along which they travel we can
estimate the number of particles emitted by the source and
compare it to the number of particles detected by an
appropriate particle detector. Assuming that the specific
decay laws for these particles are known we can calculate
the proper time along the geodesic. A second option for
directly observing the traveled proper time is offered by
neutrino oscillations. On their path from the source to a
detector on Earth neutrinos oscillate between different
flavors. When we know the neutrino flavor composition
at the source and at the observer we can model the neutrino
oscillations along the timelike geodesic and infer the
traveled proper time. Note, however, while both approaches
in theory sound rather easy because of the complexity of and
our limited knowledge about astrophysical particle sources
and the complexity of the astrophysical environments along
the path of these particles from their source to Earth
inferring the traveled proper time from particle decay or
neutrino oscillations will be rather complicated.

As already mentioned above in nature particle emission
by strong burst sources which can be more easily detected
and characterized with the currently available detector
technology, in particular neutrino sources such as super-
nova explosions, binary neutron star mergers, or tidal
disruption events, tends to be rather rare and short-lived.
Therefore, observing all features discussed during our
theoretical treatment will be very hard to achieve; however,
in the context of a multimessenger approach information
gained from the observation of gravitationally lensed
particles in combination with information from gravita-
tionally lensed electromagnetic radiation, namely the pho-
ton shadow, the positions of multiple images of the source
on the observer’s celestial sphere, and the travel time
differences between these images may help to determine
the nature of an astrophysical black hole by constraining
the parameters in different black hole models in general

relativity. In particular in the presence of circular photon
and particle shadows combining these information may
help to observe the presence and magnitude of an electric or
gravitomagnetic charge.

As already pointed out above, treating neutrinos as
quantum mechanical particles will very likely allow us
to get more information about the background spacetime, in
particular when neutrino oscillations are properly consid-
ered. First calculations for the Schwarzschild spacetime
show already promising results. The first investigations on
this topic have already been performed more than 25 years
ago. As one of the first Fornengo et al. [68] investigated the
effect of a curved spacetime on the propagation of
neutrinos. In their work they assumed that the neutrinos
propagate along the trajectories of light rays in the
Schwarzschild spacetime. They found that gravitational
effects affect the phase when it is written in terms of the
energy and proper distance as measured by a local observer.
Their results indicate that gravitational lensing affects the
interference pattern resulting from neutrinos traveling
along different paths around the black hole and the
flavor-changing probability. Cardall and Fuller [69] per-
formed a similar analysis and also found that neutrino
oscillations are affected in the presence of a Schwarzschild
geometry. Since these initial investigations several authors,
among them Crocker et al. [70], and Alexandre and Clough
[71] investigated the effect of gravitational scattering in a
Schwarzschild spacetime on neutrino oscillations and
found that under the right circumstances when source,
lens, and observer are properly aligned an observer on
Earth can detect a neutrino pattern which differs from the
pattern expected for neutrinos propagating in a flat space
vacuum. Dvornikov [72] investigated the influence of a
Schwarzschild geometry on neutrino spin oscillations. He
found that close to the critical impact parameter after the
scattering initially only left polarized ultrarelativistic neu-
trinos have a transition probability of about 25% to right
polarized neutrinos. Furthermore, very recent results from
Swami et al. [73] indicate that the phase difference of
neutrinos traveling along different paths in a Schwarzschild
geometry depends on the difference of the squared neutrino
masses and also on the neutrino masses themselves. These
results let us hope that once more sensitive neutrino
detectors are available neutrino lensing will not only serve
as supplement but as a fully fledged contributor to multi-
messenger observations.
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APPENDIX A: ELEMENTARY INTEGRALS

While solving the equations of motion for r, the time

1. Radial timelike geodesics

We start with the integrals which occurred for radial
timelike geodesics with K =0 for the Schwarzschild
metric and the Reissner-Nordstrom metric. The integrals
for the Schwarzschild metric can be rewritten in terms
of the following four elementary integrals and their

coordinate ¢, and the proper time 7 in Secs. III A, TII D,
and III E we encountered several elementary integrals. In this
appendix we briefly summarize them and their solutions.

solutions:

d v/
I, :/ il = (c1x+c2)x_c_§ In (cl\/}+ \/cl(clx—l-cz)), (A1)
Vx4 eox Cy cfl
dx 2
I, = = ln(c\/)_c—i—\/c cix+c ), A2
2 /\/m \/a 1 1( 1 2) ( )
dx 2
e [ Avarre) (A3)
X\ C1x“ + Ccpx X
dx 2 (CIC'; +C2)x
I, = / =—————— arcoth — A4
! (x = c3) Ve x? + crx V(cies +¢r)es (c1x + c3)cs (A4)

where in our case we have ¢, = E?> — 1 and ¢, = ¢ = 2m. Similarly the integrals for the Reissner-Nordstrom metric can
be rewritten in terms of the following five elementary integrals and their solutions:

d / 2
Is = / rex _Var oxto —C—23 In (2\/c1(clx2+c2x+c3) —|—2€1x—|—cz>, (AS)
\/ C]x2+C2)C+C3 ¢ 2C71
dx 1 :
Is = = In 2\/61(61x +eax+c3)+2cx+ ¢ |, (A6)
\/c1x2+czx—|—c3 Vel
dx 1 ) Ccrx + 2c;
I, = / = aresin | —————=|, AT
’ xex> +exdcey V6 (x\/c% - 4clc3> (A7)
dx 1
Iy = / = <ln (x —cy)
(x—c)Ver? +eax+ey  Vereh + ey + e
—1In <2(c1c§ +cacy +c3) + (ca+2c1ch)(x —¢y) + 2\/(clcf1 + ey + c3)(c1x% + cox + c3)>>, (A8)
dx Verx? 4 cox + s ¢y +2ci¢4
Iy = 2 2 T2 - 5 s (In (x —¢y)
(x —cg)*Vex* +cx+ ¢y (cici+cacqte3)(x—cy)  2(cicd+ cyeq +c3)
—In <2(c1c?1 +cacy +03) + (cr +2¢ic4)(x —cy) + 2\/(clcﬁ + cacy + c3)(c1x* + cox + c3)>>, (A9)
where this time we have ¢; = E> — 1, ¢, = 2m, c3 = —e?, and ¢4 can be ry, [only in (A8)], ry, [only in (A8)], or ry.

2. Timelike geodesics with K=V (r,, )

In this subsection we discuss the elementary integrals associated with timelike geodesics with a real double root at
ri = ry = rp,_. They do not have turning points in the domain of outer communication and only occur for the NUT metric
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and the charged NUT metric. In total we have four different elementary integrals. The integrals and their solutions read

rdr r—R
Iy = =1/(R3—r)> +R}+R arsinh( 3),
10 / ﬁ—————(R3_r)2+R% (Ry—r) 4 3 R,

/ dr i <r— R3>
I, = = arsinh ,
\/(R3—r)2+R421 R4

(A10)

(A1)

dr 1
I, = ==
/(r—ra)\,(R3—r)2+Ri \/(R3_ra)2+RA21

ru_R3

dr
ha = / (r=r)?V/ Ry =)+ R} ((Rs—r,) +R})

(Ry —r)* +R;
((R3 - ru)2 +Ri)(r_ ra),

where in (A12) the parameter r, can either be r| = r, =
Tpa_» TH,» TH,» OF 'y, While in (A13) r, can only be ry.

3. Timelike geodesics with K=V(r,,)

In this subsection we discuss the elementary integrals
associated with timelike geodesics asymptotically coming
from or going to an unstable particle sphere at rp,. In total
we have two different elementary integrals. After applying
the coordinate transformation (41) they read

_ dy

ha = / (Y =YVI =1 (A14)
_ dy

115 - / (y _ya)z\/y_—yl- (AlS)

Here, in (A14) the parameter y, can take the values yy,,
a,/12, yy_, yu,, or yy while in (A15) it can only take the
values a,/12 or yy. Here, the coordinate transformation
(41) relates yy, ypa» Yu,» Yu,» and yy tO 1y, I Iy, » F,» and
ry, respectively. Now we have to distinguish the cases
Ya = a3/12, ¥, = yp, for ry, <r < ry, and y, = y,, for
rpa < r from all other cases.

We start with calculating (A14). We have to distinguish
two different cases. When r, > r we have y > y,. This also
includes the case y, = a,/12. In this case we substitute
z=1y—y,. In the second case we have r > r, and thus
y < y,. In this case we substitute z = y — y;. We integrate
and rewrite the obtained results in terms of r. In total we
obtain three structurally different results. They read

arsinh ((ru - R3)(r —R:(g—{_— E,R)S -1’ + Ri>’ (A12)

arsinh ((ru “R)(r=r) + (Ry = 1)+ Ri)
2

R4(r_ra)
(A13)
Iy, =—4 r3_r4arcoth< r—r4>’ (Al6)
as r—rj3
Iy, =—4 (r"_r3)(r3_r4)arcoth (r—rq)(ra—r3) ,
az(ry—ra) (r—r3)(ra—rs)
(A17)
Iy, =—4 (r“_r3)(r3_r4)artanh (r=r4)(ra—r3)

as(ry—ry) (r=r3)(ra—r4)

(A18)

where the first result 7,4 (Al6) is only valid for
Ya = a/12. The second result /14, (A17) only occurs
for timelike geodesics with ry < r <r, and thus the
parameter r, only takes the value rp,. In the third result 7,4,
(A18) the parameter r, can take four different values. These
are ryq, 'y, » 'n,» and ry, however, the integral with r, = rp,
only occurs for timelike geodesics with rp, < r.
Analogously we proceed for the second integral (A15).
Here, we only have to distinguish two different cases. After
the integration and rewriting the obtained results in terms of

rweget
r—ry
r—rj3

8. /1> —
1151 = # ((r3 - r4)arCOth <

2
as

—V(r=r3)(r- r4)>,

(A19)
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(rq — r3)2\/(r3 —ry)(r=r3)(r—ry)

(ra =ra)(r=ra)

+ ((H‘M)(”a‘ﬁ%))g
T, — T4

(r=r4)(ra —13)

(r=r3)(ra—rs)

Iis, =

S| o0

x artanh , (A20)

where the first result 15, (A19) is only valid for y, =
a,/12 and in the second result /5, (A20) the parameter 7,
can only take the value ry.

APPENDIX B: ELLIPTIC INTEGRALS

In Sec. III, in particular Secs. IIID and IIIE, we
encountered several general (pseudo)elliptic integrals. All
of them can be rewritten in terms of elementary functions
and Legendre’s elliptic integrals of the first, second, and
third kind. Since not all readers might be familiar with
Legendre’s elliptic integrals in this appendix we will briefly
introduce them and then show how we can use them and
elementary functions to rewrite nine different nonstandard
(pseudo)elliptic integrals in terms of elementary functions
and Legendre’s elliptic integrals of the first, second, and
third kind.

Legendre’s incomplete elliptic integrals of the first,
second, and third kind are defined by

¥ dy
Fi(r, k —/ —_—, Bl
Ll k) 0 /1 —ksin?y (BL)
E.(r.k) = /0 "1 = ksin ydy, (B2)
¥ dy
I, (v, k, i :/ , (B3
Lk 7) 0 (1=risin?y’)y/1 — ksin?y’ (B3)

where y is the so-called amplitude, k is the square of the
elliptic modulus and 7i €R is an arbitrary real parameter.
Note that when we add or subtract an integer multiple 71 of
z in the limits and transform y — y F 7z the integrands
remain invariant. When we have y = z/2 the elliptic
integrals are commonly referred to as complete elliptic
integrals and the amplitude y is omitted. In addition, the
complete elliptic integral of the first kind is usually written
as K; (k) = Fp(n/2,k). As we can easily read from (B3)
the denominator of the integrand of the elliptic integral
of the third kind leads to a singularity whenever 1 < 7.
In this case we can use (17.7.7) and (17.7.8) in [74] to
rewrite (B3) as

_ k

+iln cos yy/1 —ksin®y + p sin y
2p |cos y\/1 —ksinZy — p sin y| )
(B4)
where
n—1)(n—-k
p= B2l (B)

In addition, in the course of this paper we encountered nine
different nonstandard elliptic and pseudoelliptic integrals.
They read

/

dy

mm%h@=AQ+Mww¢ﬁE$7,®®
mm%nmaguﬁmMg&fmﬁy,mn
k) = [y
JL4()(i»)(’kl) = :\/%’ (B9)
JLS(Zi?%kbﬁ):/;(,)((lﬁ—ﬁcosx’;j)\;m’ (BlO)

Jrs Ui x ko 1) = /; (1+ 7 cos )(/;Xm’
(B11)
Jr, (i x. ka) _/Z ; e — "’ (B12)

xi €os y'\/1 —kysin®y

Tl ko) = /: cos? ' f)(—, ky sin? ' (B13)
o, i o 7) :/)(j((l —ﬁsinzg(’;jfm' (B14)

In the following we will summarize how we can rewrite
them in terms of elementary functions and Legendre’s
elliptic integrals of the first, second, and third kind. We
start with the integrals J; (y;.x.ky.7) and J;, (y;, x. ky. 7).
In this case y; and y are related to r; and r(4) (note that here
we omit A for y) by (27) and the square of the elliptic
modulus k; is given by (28). Note that after the substitution
(23) we effectively obtain the forms given by (267.01) and
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(267.02) in Byrd and Friedman [55]. In both integrals we can
have i = g, or i = n|, where

Ry +go(Ry — rgy)

integrals of the first, second, and third kind (B6) and (B7)
can now be rewritten as (note that here we omit y; in the
argument of the functions)

ny = . BI5 F;(r k) + 20, (o, ky, 1+ 72
'R —goRy — 1 (B13) Ji, (ki it) = Llk) +7 Lff L1
: 1+n
where R and R are given by (21) and (22). r{; can be h» TH, » + anY’ ki 7) —, (B16)
or rg. Using elementary functions and Legendre’s elliptic 2\/ (L4 7°) (1 — ky + i)
|
. Frn k) ii? _siny—iicosy )
Jo, (o ki, i) = —L 21 —kysin’y —E; (y. k
Lk #) (1+r%)?  (1+a*)(1 -k + @) n+cosx+ﬁ sin y vsiny = B (k)
2(1 = ky + 72) — @k, (A2 (r, ky, 1+ 72) iy (x, k. i) (B17)
(14 ) (1 = ky + 2) 1+ 7i? 22U+ (1 =k +a2))

where in both cases the function J; (y, k{, 1) is given by

(1+

1471
1=k, +i1?

JL()(,kl,ﬁ) :hl

)(1-

1+i?

Note that because 1 < 1 + 7% we use (B4) to avoid the
divergence of Legendre’s elliptic integral of the third kind.
Now we continue with J; (y;.x. ki) and J;, (v x. ki ). We
have the same relations for y;, y, and k; as for
Jo,(isx- ki, i) and Jy (x;. x. ki, 7). Both integrals occur

as special cases for e = vVm? +n?, K = 0,and A < 0 when
we rewrite (81) in terms of elementary functions and
Legendre’s elliptic integrals (we can easily show that in
this case we have ry = m = R,/go + R;). Note that in this
case yy = y(r = ry) = #/2 and thus we have /2 < y;, x.
In terms of elementary functions and Legendre’s elliptic
integral of the second kind (B8) and (B9) now read (we
again omit y; in the argument and rewrite (B8) as anti-
derivative without integration constant)

1 =k, siny
= Bl
l_kl ’ ( 9)

V1 =k sin? ytan y — E; (. k)

-k

1
JL3 0{, kl) = \/T—klal'coth

JL4 ()(, kl) = (BZO)

Note that because we can write (B19) in terms of elementary
functions (B8) is a so-called pseudoelliptic integral.

Now we turn to J; (v x.kp.1) and J; (x;.x.
k,, 7). For both integrals y; and y are related to r; and
r(4) (note that we again omit A for y) by (38) and the square
of the elliptic modulus k, is given by (39). In this case we
have either 7i = n, or i = n3, where n, and ns are given by

1+ii%
(1= Vi) (1+

)
1—k,+ﬁ2’/1 — ky sin” y
1471 )
1—k1+ﬁ2‘/1 — kg sin” y

) . (BI8)
)

R+R
—— , B21
=R R (B21)
n3 — (r]:I - rl)? + (r]:I - rZ)R (B22)
(rg—r)R—(rg = )R’

where R and R are given by (33) and (34). In n; r can be
ru,» T'n,» OF ry. For both integrals the integration procedure
is straight forward. For (B10) we first expand by 1 —
iicos ¥’ and split the integral into two terms. Now it reads
(we again drop y; in the argument)

fl2
IT ko, ———
L()( 2]712—1>

. 1
JL5()(7k2’n) = 1—2

- /1 cos y'dy’
—ii
0 <1_,~lzﬁi1 sin2;(’>\/1—k2sin2;(’

(B23)

’

where we already rewrote the first term as Legendre’s
elliptic integral of the third kind. The second term is an
elementary integral. The evaluation of the elementary
integral requires several case by case analyses which we
will not reproduce here. The final result reads
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My (2 k25
1 —i?

N Ty (y, ky, i2)
2\/( = 1) (#(1=ky) + ky)

where J; (v, k, 1) is given by (B27) below. For (B11) we proceed analogously. First we expand by (1 —ii cos y')?
and get

(0 ky 1) = (B24)

cos y'dy

e 2
- %sinz;/) V1—kysinty

Jr (o kos ) =

2 /){ dy N
(@ =1 | Jo (1 —ﬁf‘—il sinz;/)zx/l — ky sin’ y/

1_IL <)(7 k27 ~2_1>

+ -1

(B25)
This time we got three different terms. The first and the third term are again elliptic integrals. The latter we already rewrote
in terms of Legendre’s elliptic integral of the third kind. The second term is an elementary integral. Again the evaluation of

the elementary integral requires several case by case analyses, which are too long to be reproduced here. The first term can
be rewritten in terms of elementary functions and Legendre’s elliptic integrals of the first, second, and third kind using (B30)

below. When we evaluate all terms and simplify them the result reads

Iy ko, 1) = 13 sin y1/1 — k, sin® _ﬁ(ﬁ (1 =2ky) +2k))T 1 (y. Ky, 1) Fp(y. k)
LT @)1~ k) F ) (LR cos ) 2((@ = )(R(1—ky) + k) A1
) RE, (1, k) (7P(1 = 2ka) + 26) T, (1, Koo 5255
@-D@(I—k)+hk) (@@ k) + k) (B26)

In both (B24) and (B26) the function J, (y,k,,7) is
given by

s1n;m/ = +k2+\/1—k2s1n
sin y lk2+k2 — /1 = ky sin® ‘

(B27)

jL()(,kz,fl) =In

In both (B24) and (B26), we have 712/ (ii> — 1) > 1 for all i
and thus we again use (B4) to avoid the divergence of
Legendre’s elliptic integral of the third kind.

Now we proceed to J;_(x;. x. k») and J; (x;. 1. k). The
former is a pseudoelliptic integral while the latter is a true
elliptic integral. We have the same relations for y;, y, and k,
as for Jp (xi x.ky. i) and Jy (x;, . ko, 71). Both integrals

occur as special cases for e = vVm? + n’, K =0, and A >
0 when we rewrite (81) in terms of elementary functions and
Legendre’s elliptic integrals. Note that we can easily show
that in this case we have ry = m = (r;R — r,R)/(R — R).
Note that also in this case we have yy = y(r = ry) = /2
and thus we have /2 <y;,,y. When we rewrite
Jo,(xi-x ko) and J; (ri.x.ky) in terms of elementary

functions and Legendre’s elliptic integrals of the first and
second kind they read (again we omit the first argument y;)

Jr (){7 kz) = ! artanh —Vl_kzsm)( , (BZS)
’ VIi-k 1 — ks sin?y
E (y.ky) \/1—kysinZy
Ji, (o ky) = Fr(x. k) — T()—(k;) 1 —zkz tan y.

(B29)

Note that both integrals diverge when y = /2.

Now the last remaining nonstandard elliptic integral is
o, (i xs k, #t). It occurs when we rewrite (81) in terms of
elementary functions and Legendre’s elliptic integrals for
timelike geodesics which can have turning points at r; =
Fmin OF 72 = I'max» and when we rewrite (B25) as (B26).
Note that for the former y; and y are related to r; and r(1)
(again we omit 4 for y) by (51) or (55), respectively, and the
square of the elliptic modulus & is given by k3 (52). For
the latter y; and y are related to r; and r(4) by (38) and the
square of the elliptic modulus % is given by k, (39). After
rewriting (B14) in terms of elementary functions and
Legendre’s elliptic integrals of the first, second, and third
kind and omitting the first argument y; it reads
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For timelike geodesics which can have turning points at
F1 = I'min OF 72 = I'max We can use (B30) as is. However,
when we use (B30) to rewrite (B25) in terms of elementary
functions and Legendre’s elliptic integrals of the first,
second, and third kind we have to replace 7i — 712/ (7> — 1).

APPENDIX C: SOLVING DIFFERENTIAL
EQUATIONS USING JACOBI’S
ELLIPTIC FUNCTIONS

In Sec. III A we encountered several differential equa-
tions which can only be solved using elliptic functions. For
this purpose in general different types of elliptic functions
can be used. The most popular are certainly Jacobi’s elliptic
functions and Weierstral3’ elliptic o function. In this paper
we will use Jacobi’s elliptic functions. In this appendix we
will briefly introduce Jacobi’s elliptic functions and show
how to use them to solve differential equations of the
general type

2
<%> =dt* + ds + dy? +diz+ dy, (C1)
where in our case dy, d3, d5, d;, and d,) are real coefficients
and A is an arbitrary variable, which, for now, has no
relation to the Mino parameter.

Before we proceed to demonstrate how to solve (C1)
using Jacobi’s elliptic functions let us briefly introduce
them. For this purpose let us start with the differential

equation
dy\2
(ax) = 1—ksin?y,

where k is the square of the elliptic modulus. Now we
separate variables and integrate using the initial condition
x(4;=0)=y; =0. We get

(€2)

/
A= / (R S (C3)
0 /1 —ksin?y
where y is called the amplitude of A (y = amA). We now
define the so-called sinus amplitudinis and the cosinus
amplitudinis (also known as Jacobi’s elliptic sn and cn
functions) as

sin y = sin amA = sn(4, k), (C4)

cos y = cos aml = cn(4, k). (C5)
Together with the so-called delta amplitude
V1= ksiny = \/1 - ksn2(4.k) = dn(L.k)  (C6)

they form a set of basic elliptic functions. However, in this
paper we will only use Jacobi’s elliptic sn and cn functions.
Using the definitions of the sinus amplitudinis and the
cosinus amplitudinis we can also define another elliptic
function. It is the elliptic analog of the tangent and reads

sin y  sn(4, k)
cn(4, k)

= sc(4, k). (C7)

It is called Jacobi’s elliptic sc function. However, note that
due to its similarity to the tangent in the older literature one
can also find the notation sc(4,k) = tn(4, k). Jacobi’s
elliptic sn, cn, and sc functions have now the unique
property to solve (C2). In the following we will now
demonstrate how to use them to solve differential equations
of the form (C1). For this purpose let us first rewrite (C1) in
terms of its roots. We get

dz\ 2
(5) m - ae-)e-mE-z. (3
where in our case the four roots z;, 25, z3, and z4 can be two
pairs of distinct complex conjugate roots, a pair of complex
conjugate roots and two distinct real roots, or four distinct
real roots. So for applying Jacobi’s elliptic functions to
solve (C8) we require that we do not have real multiple roots
[in these cases we can use, e.g., the elementary integrals
from Appendix A to solve (C1)] or a pair of complex
conjugate double roots. In all other cases we now apply
coordinate transformations of the form z = f(siny) (four
real roots), z = f(cosy) (two real roots and a pair of
complex conjugate roots), or z = f(tany) (two pairs of
complex conjugate roots) to transform (C8) into the form

(d_ﬂf)z — d,Cy(1 - ksiny), (c9)

da

where C; is a constant whose exact form depends on the
chosen coordinate transformation. We can easily see that the
form of (C9) is already very similar to the Legendre form
(C2). Again we separate variables and integrate using the
initial conditions y(4;) = y;. We get

i, !

i /I dy
VdiCp Jy (/1 —ksinz)/’

A=l = (C10)

where i, = sgn(dy/d4|,_, ). We now rewrite the elliptic
integral in terms of two incomplete elliptic integrals of the
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first kind and move all terms containing the initial con-
ditions to the left-hand side. We obtain

P dy’
i, \/dsCr(A=4;)+Fp(y; k :/ —_ Cl11
K 4 L( ) L(X ) 0 \/Tll’lz)/ ( )
We now define

AA) =i, \/dyCrL(A =) + Ay 4., (C12)

where we defined 4, , = F; (y;, k), and get

(C13)

Z(z)—/)‘ e
0 \/1—ksin?y

Comparing (C13) with (C3) we now see that in this case we
have y = ami() and thus the solutions are given by
sn(A(4), k), en(A(2), k), and sc(4(2), k). Using the solutions
to (C9) we can now write the solutions to (C1) as z(4) =
f(sn(A(4), k)) (four real roots), z(4) = f(cn(A(4), k)) (two
real roots and a pair of complex conjugate roots), or z(1) =

f(sc(A(4), k)) (two pairs of complex conjugate roots).
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