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Abstract

While theoretically established for decades, the Penrose process—energy extraction from rotat-
ing black holes—still lacks clear observational evidence. A promising theoretical framework posits
magnetic reconnection in the ergosphere as a trigger, causing a plasmoid to separate into an escap-
ing positive-energy fragment and an infalling negative-energy one. In this work, we investigate the
observational imprints of this scenario. We treat the energized plasmoid as a hotspot and calculate
its light curves for a realistic plasma magnetization. In particular, we further compare with the
scenario in which the plasmoid, after fragmentation, falls into the black hole with positive energy,
while all other conditions remain unchanged. Our results reveal that the process of fragmentation
generates distinct flares, whose characteristics depend heavily on whether the infalling fragment
carries negative or positive energy. We propose that these differences serve as identifiable signatures
of the Penrose process.

* Corresponding author: minyongguo@bnu.edu.cn



1 Introduction

The Penrose process, a seminal mechanism for extracting rotational energy from black holes, was
proposed over five decades ago [, 2]. Its profound implications have inspired a wide array of extensions,
including implementations in Reissner—Nordstrém spacetime [3], the collisional Penrose process [1], the
Banados—Silk—West effect [5], and mechanisms involving spinning particles [(—3], superradiant scalar
fields [9, 10], and the Blandford-Znajek process [11]. Despite this rich theoretical heritage, direct
observational evidence for the Penrose process remains elusive, and a concrete observational strategy

is yet to be established.

The observational challenge stems from two primary factors. First, the conditions for the process
are exceptionally stringent, requiring, for instance, particle pairs to separate with a relative velocity
exceeding 0.5¢ [12, 13]. Second, the process occurs deep within the ergosphere, perilously close to the
event horizon, a region beyond the resolving power of current telescopes. Recent theoretical advances,
however, suggest a promising pathway forward. It is now recognized that magnetic fields and plasmas
permeate the environments of astrophysical black holes, and magnetic reconnection is likely to occur
within current sheets inside the ergosphere [141—17]. This reconnection can release copious energy,
producing pairs of plasmoids—one ejected outward and the other captured by the black hole. If the
infalling plasmoid carries negative energy-at-infinity, the Penrose process is effectively activated. The
work of [18] quantified the power extraction and plasma energization efficiency from a Kerr black
hole via this magnetic reconnection mechanism, sparking numerous subsequent investigations [19-28].
Notably, [29] demonstrated that such a plasmoid-driven Penrose process is energetically feasible under

realistic astrophysical conditions, bolstering the case for its occurrence.

Concurrently, observational capabilities have taken a leap forward. The Event Horizon Telescope
Collaboration has released horizon-scale images of the supermassive black holes in M87* and Sgr A*
[30, 31], while the GRAVITY instrument has achieved astrometric precision of ~ 30uas during infrared
flares [32, 33]. The appearance of these flares may be originated from the hotspot in orbital motion
occurring at approximately nine gravitational radii [34], offering a new window into the dynamics
and spacetime geometry near the event horizon. As technology progresses, future observations will
undoubtedly resolve phenomena even closer to the black hole, potentially enabling the detection of

luminous events within the ergosphere itself.

Given the high likelihood of the magnetic-reconnection-driven Penrose process occurring in the
ergosphere, a critical next step is to identify its unique observational imprints. This motivates our
present work. We propose that the light curves and flare signatures associated with the reconnection-

driven ejection and infall of plasmoids can serve as a viable probe. Specifically, we model a parent



plasmoid in circular orbit that fragments via magnetic reconnection: the negative-energy component
plunges into the black hole while the positive-energy counterpart escapes. Employing a hotspot model
with plasma magnetisation parameters from [18], we compute the corresponding images and light
curves. Specifically, we examined two representative cases. In the first case, with a black hole spin
of a = 0.94 and an observer azimuth of ¢y = m/2, the infall of the negative-energy plasmoid gives
rise to a single flare. In the second case, corresponding to a higher spin of a = 0.99 and an ob-
server azimuth of ¢9 = 0, the negative-energy plasmoid produces no flare. To identify the distinctive
signatures arising from the Penrose process, we further analyse the scenario in which the plasmoid,
after fragmentation, falls into the black hole with positive energy, while all other conditions remain
unchanged. Through comparison, we find that the infalling plasmoids with positive and negative ener-
gies exhibit distinct flare characteristics at different observational azimuths, thereby providing unique

observational features for identifying the Penrose process.

The remainder of this paper is organized as follows. Section 2 reviews the magnetic-reconnection-
driven Penrose process in Kerr spacetime [18]. Section 3 introduces our hotspot model and the
numerical ray-tracing methodology. Our results for two representative azimuthal angles are presented
and discussed in Sec. 4. Finally, we summarize and provide an outlook in Sec. 5. Throughout this

work, we use units where ¢ = G = 1 and adopt the metric signature (—, 4, +, +).

2 Magnetic Reconnection-Driven Penrose Process in Kerr Space-
time

In this section, we review the mechanism of the magnetic-reconnection-driven Penrose process as

described in [18] and present the physical quantities associated with orbital calculations.

The metric of the Kerr spacetime in the Boyer—Lindquist (BL) coordinates is given by:
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where

Y=r’4a’cos?’d, A=r’—2Mr+a®, A= (r*+d*?—-a*Asin®0. (2.2)

The two parameters appearing in the metric, M and a, represent the black hole’s mass and its spin
parameter, respectively, with |a| < M. The location of the event horizon is determined by the roots
of A =0, which are

re =M=+ M?2—a?. (2.3)

Here, 1 is the outer event horizon, which serves as the true boundary of the black hole. r_ is the

inner event horizon, also known as the Cauchy horizon. Moreover, the static limit surface in the Kerr



spacetime is determined by the condition g = 0, yielding
M? — a2 cos? 6

Given that cos? @ < 1, it follows that

Ts > T4 .

This implies that the static limit surface always lies outside the event horizon. The separation between
the two surfaces attains its maximum at the equatorial plane (§ = 7/2) and gradually diminishes
toward the poles (6 = 0), where they coincide. The region between r; and ry is known as the
ergosphere. Within the ergosphere, due to the condition g4 > 0, negative energy orbits can exist,
enabling the occurrence of the Penrose process, through which energy can be extracted from the black
hole. Although the Penrose process theoretically demonstrates the possibility of extracting rotational
energy from a black hole, its stringent requirements—such as the necessity for newly created particles
to separate at a relative velocity exceeding 0.5¢ [12, 13]—render its occurrence in natural astrophysical

environments highly improbable.

Ergosphere

Static limit
Figure 1: The schematic diagram of the magnetic reconnection-driven Penrose process.

On the other hand, the frame-dragging effect inherent in a rapidly rotating black hole naturally
induces a configuration of antiparallel magnetic field lines near the equatorial plane, a phenomenon that
aligns with numerical simulations of such rapidly spinning black holes [35-37]. The abrupt transitions
in magnetic field lines dynamically generate an equatorial current sheet. When the aspect ratio of this
current sheet exceeds a critical threshold, plasma instabilities cause it to break apart—an outcome

facilitated by non-ideal magnetohydrodynamic effects such as thermal inertia, pressure torques, or



resistivity. Subsequently, the formation of plasma flux ropes drives rapid magnetic reconnection,
swiftly converting the available magnetic energy into the kinetic energy of plasma particles. As
reconnection proceeds, plasma is ejected from the reconnection layer, accompanied by the release
of magnetic tension that drives plasma outflows. Simultaneously, magnetic field lines, subjected to
the persistent influence of frame-dragging, are stretched once more, forming new current sheets and
sustaining the ongoing reconnection process. During this reconnection process, a fraction of the plasma
is accelerated, while another portion is decelerated. As noted in [18], if this process occurs within the
ergosphere, the decelerated plasma may settle into negative-energy orbits and ultimately fall into the
black hole, while the accelerated plasma escapes to infinity, thereby extracting energy from the black

hole—effectively triggering the Penrose process.

As illustrated in Fig. 1, we first assume the existence of a plasmoid, denoted as Plasmoid 1, un-
dergoing Keplerian motion within the ergosphere. Furthermore, we posit that the process of magnetic
reconnection, which accelerates the plasma, occurs within a highly localized region that is negligible
in scale compared to the black hole’s ergosphere. Additionally, we assume that this process transpires
instantaneously and that the magnetic field configuration near the black hole does not influence the

subsequent trajectory of the plasma.

The four-velocity of Plasmoid 1 is given by
ufe = (u, 0,0, Qi) | (24)

where u% = dt/dr, with 7 being the proper time, and Qy = d¢/dt is the angular velocity. Considering
that Keplerian orbits within the ergosphere can only be prograde, one can obtain from the geodesic
equation that

aMV/2 1 p3/2 0 ML/2
2aM/2r3/2  y2(—3M + 1)’ K= R a2

uby = (2.5)
In order to specifically analyse the localised process of magnetic reconnection, we introduce a
locally comoving coordinate system that rotates with the plasma at the Keplerian angular velocity

Qg within the equatorial plane. The corresponding tetrads are given by
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with D = (gttg¢¢ - 9t2¢> (90 + Qi (2916 + 99682k )]. The direction of the reconnecting magnetic field

lines is arbitrary, as it ultimately depends on large-scale magnetic configurations, the rotation of the



black hole, and temporal evolution. To specify this direction, we introduce the orientation angle
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denote the radial and azimuthal components, respectively, of the plasma outflow
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where v out

velocity emerging from the reconnection layer, as measured in the co-moving frame. Therefore, the

velocity of plasma ejected from the reconnection layer can be expressed as
v; = Vout (:I: cos & &3 F Sinf&(1)> ,

where vyt refers to the magnitude of the outflow speed observed in the co-moving frame. Here, the
subscripts + and — correspond to prograde and retrograde plasma flows, respectively—the former
escaping away from, and the latter plunging into, the black hole—and are associated with plasmoids
2 and 3 in Fig. 1, respectively. This velocity can be approximated as a function solely of the upstream
plasma magnetisation, oy = Bg /w where By signifies the magnitude of the magnetic field and w

denotes the plasma enthalpy density. The relationship is given by [18]

N
out =~ . 2.
Yout (1 +Jo> ( 8)

Then, their four-velocities in the BL coordinate system can be expressed as

i
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2 )71. We assume that magnetic reconnection facilitates a highly efficient conver-

with Yout = (1 — 02y
sion of energy, wherein the majority of magnetic energy is transformed into plasma kinetic energy.
Consequently, the electromagnetic energy at infinity becomes negligible compared to the hydrody-
namic energy of the fluid. Under this assumption, the plasma can be treated as incompressible and

adiabatic, allowing an estimate of the energy density of the escaping plasma at infinity as follows [14]:

er=wEy — - (2.10)
Uy
where p denotes the plasma pressure and Eyx = —go,uli. For a relativistic hot plasma, we adopt a
polytropic index of I' = % ; hence,
p I'—1 1
£ _ - — 2.11
w r 4 ( )

Substituting Egs. (2.9) and (2.11) into Eq. (2.10) and performing simplification, we derive the
ratio of the hydrodynamic energy to the enthalpy e+ = ey /w at infinity as:

1 1
ex = Exc(1+00)"/2 £ (v + ) cos€ap/* — — - - (212
4 ub(1+ 00)V/2 F p(2M /rg — 1)1 cosfaé/2 (212)
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where Fr = u%(gtt + g1 k), which denotes the conserved specific energy of a test particle on a
circular Keplerian orbit (i.e., the energy per unit rest mass associated with the Keplerian motion). In

addition, rg denotes the location of the reconnection X-point.

Let us briefly recapitulate this physical process. Initially, the parent plasmoid 1, located within
the ergosphere, follows a Keplerian trajectory, moving with a velocity given by Eq. (2.4). At a certain
moment, magnetic reconnection occurs instantaneously, causing the parent plasmoid to split into two
components, 2 and 3—with 2 escaping to infinity and 3 plunging into the black hole. Their initial

four-velocities are determined by Eq. (2.9), corresponding to the ”+” and ”—" branches, respectively.

If the process constitutes a Penrose mechanism induced by magnetic reconnection—that is, ro-
tational energy has been extracted from the black hole—we find that component 2 possesses more
energy at infinity than it would if it were at rest at infinity, namely, Ae; = €4 > 0; and component

3 has negative energy at infinity (i.e., e < 0).

3 Hotspot model and imaging method

In this section, we present our hotspot model along with the associated imaging methodology. As
our aim is not to investigate the influence of radiative mechanisms on imaging or flaring phenomena,
the model does not incorporate the detailed emission spectrum of the hotspot radiation. Accordingly,
we assume that the hotspot emission is isotropic and frequency-independent, effectively modelling it
as a broadband source with a flat spectrum. The plasmoid is treated as a transparent hotspot with
an emissivity J,, characterised by a Gaussian distribution of width s:

22

JVs = 67272 5 (31)
where x denotes the distance from the centre of the hotspot. In order to image a moving hotspot, it
is essential to track the trajectory of the light source as well as its radiation transfer. According to
Eq. (2.9), the trajectory of the source is determined via numerical integration of the geodesic equations

in their Hamilton—Jacobi form.

For radiation transfer, we employ a numerical backward ray-tracing method combined with a
fisheye camera model to generate images. Technical details of the implementation can be found in
Appendix B of [38]. The camera is situated in a Zero Angular Momentum Observer (ZAMO) frame,

with corresponding tetrads given by:
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The intensity on the image plane is governed by the radiation transfer equation [39]:

d (1, Jy
w(s) =z (3.3)

where A denotes the affine parameter along null geodesics, and I, and J,, are the specific intensity
and emissivity at frequency v, respectively. The frequency v = —k*u, is measured by a comoving
observer, with k* representing the photon’s four-momentum. In this analysis, the absorption by the

medium is neglected.

Our numerical computations yield a sequence of snapshots, where the photon-arrival time at the
image plane is given by the sum of the orbital time and the light-travel time from the hotspot to the
observer. Additionally, at each temporal frame, we can determine the flux centroid position traversing
the camera plane. According to the definition of the camera employed in [38], the flux impinging on

the (7, j)-th pixel of the screen is given by [10]:

1 1\? 1\?
F(i,7) = I,S0 cos | 2 arctan ntan(ag’v)\/<in;— ) +<jn—2|— > ) (3.4)

Here, Sy denotes the area of a single pixel, n is the total number of pixels along the horizontal or

vertical axis, and 4, j range from 1 to n. The parameter «g,, stands for the field of view of the camera.

Once this data is acquired, the centroid position Z.(t) of each image can be evaluated via:
Zi,j F(Za j) ’

where Z(i, j) indicates the spatial coordinate of the (i, j)-th pixel. The total flux in a given snapshot,

Te(t) =

(3.5)

denoted by >, ; F'(i, j), serves as the flux associated with Zc(¢). Through the use of our model and the
aforementioned computational framework, we can ultimately track the temporal evolution of both the
brightness centroid’s position and the corresponding flux. Similar methods have also been employed

in several other studies; see [11—13].

4 Results and discussion

In this section, we present the observational signature of plasmoids undergoing magnetic recon-
nection via the Penrose process. For simplicity, and without loss of generality, we set the mass of the
Kerr black hole to M = 1. Considering the substantial cosmic distance separating the black hole from
us, we choose the observer’s radial coordinate in our numerical simulations to be r, = 200 > r. The

inclination angle of observation is taken as 6, = 7/10. Our analysis primarily focuses on two cases,



namely a = 0.94 and a = 0.99, for which the ergoregion lies within the intervals 1.34 < r < 2 and
1.14 < r < 2, respectively. Since the splitting occurs within the ergosphere along the equatorial plane,
we uniformly set the initial coordinates of the undivided plasmoid to (rsg, s0, ¢s0) = (1.6,7/2,0), and
fix its radius at s = 0.2. Here we identify rsg = 1o as introduced earlier, i.e., the location of the
reconnection X-point. The instant when the hotspot first becomes visible on the screen is defined as

t=0.

No Magnetic Reconnection: Keplerian Orbital Plasmoid

To facilitate subsequent analysis of the visual characteristics in the magnetic-reconnection-driven
Penrose process, we first examine a trivial scenario to serve as a control group: a case in which the
initial plasmoid undergoes no magnetic reconnection, remaining intact and stably orbiting the black
hole. In this context, the plasmoid maintains a stable circular motion confined to the equatorial plane,
exhibiting no energy extraction effects. This scenario is illustrated in Fig. 2, where the spin parameter
of the Kerr spacetime is fixed at a = 0.94, the observer’s azimuthal angle is specified as ¢, = 7/2, and

the plasmoid is prograde around the black hole.
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Figure 2: Image features in the absence of magnetic reconnection. The top-left panel presents a
schematic of the plasmoid’s trajectory in a two-dimensional Cartesian coordinate system, where the
coordinates are defined as © = rsinfcos¢, y = rsinfsin¢. The black circular region in the image
represents a Kerr black hole. The top-right panel depicts the intensity distribution of the hotspot as
seen by the observer, illustrating the time-averaged radiation intensity across the observational plane;
the intensity values are normalized by I/I.x . The bottom-left panel shows the temporal evolution of
the centroid position, with colour encoding observational time (measured in minutes) and a temporal
resolution of 2 minutes between successive data points. The bottom-right panel displays the light
curve of the hotspot emission, revealing the variation of total flux over observational time.

As depicted in Fig. 2, the time-averaged image of a hotspot undergoing Keplerian motion exhibits
a dual-ring structure: the outer ring corresponds to the primary image, while the inner ring represents
the secondary image. Within a single orbital period, the light curve features two prominent flares—an
observation that aligns with the findings of Ref. [10], despite the key difference that their study
considered an opaque light source, in contrast to the transparent emitter examined in the present

work.
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Figure 3: Temporal evolution of the hotspot intensity distribution in the magnetic-reconnection-driven
Penrose process, composed of eight frames showcasing key moments. The timestamp in the upper left
corner of each frame indicates the corresponding observational time in minutes. The sequence vividly
reveals the dynamic spatial shifts of the hotspot as well as the evolving characteristics of its brightness
distribution.

Magnetic Reconnection: Case 1 (¢, = 7/2)

In this case, we choose a magnetization parameter of oy = 25 and set the orientation angle to
¢ = /20, with the spin parameter of the Kerr spacetime fixed at a = 0.94, and the observer’s
azimuthal angle specified as ¢, = 7/2. According to Eq. (2.12), we obtain ey =~ 9.89 > 0 and
e_ ~ —0.50 < 0, thus satisfying both criteria for energy extraction. It follows that under these
conditions, rotational energy has indeed been extracted from the black hole. The results for this

example are presented in Figs. 3 and 4.
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Figure 4: Features of the magnetic-reconnection-driven Penrose process. The upper-left panel presents
a schematic diagram of plasmoid trajectories in a two-dimensional Cartesian coordinate system. The
black circular region denotes the event horizon of a Kerr black hole. The green solid line represents the
trajectory of the plasmoid prior to reconnection, the blue solid line indicates the path of the ejected
plasmoid after reconnection, and the red solid line shows the trajectory of the plasmoid falling into
the black hole. The black dot marks the location where the reconnection event occurs. The upper-
right panel displays the intensity distribution of the hotspot as perceived by a distant observer. The
lower-left panel depicts the evolution of the brightness centroid as a function of observational time,
with a uniform time interval of two minutes between successive points. The lower-right panel shows
the light curve corresponding to the radiation emitted by the hotspot.

Fig. 3 illustrates the temporal evolution of hotspot intensity distributions during the magnetic-
reconnection-driven Penrose process. At time ¢ = 0, a plasmoid that has yet to undergo magnetic
reconnection is observed on the screen. At t = 2.73, the moment of reconnection—which is essentially
instantaneous—has just occurred. Upon close inspection, one can discern that the blue spot visible
in the image consists of several superimposed blue points, though this is not immediately apparent.
By t = 3.76, two distinct plasmoids can be clearly identified on the screen. At ¢ = 5.13, the plasmoid
plunging into the black hole (on the right) reaches its peak brightness, corresponding to the 5-minute

flare observed in the light curve of Fig. 4. At ¢t = 6.49, the escaping plasmoid attains its maximum

12



luminosity; the red region corresponds to the most prominent flare at 6 minutes on the same light
curve. At t = 7.18, the two plasmoids are fully separated: one can clearly see a plasmoid beginning its
journey toward spatial infinity, while the other remains bound near the black hole. At ¢ = 11.60, the
escaping plasmoid is about to exit the visible screen, and the infalling plasmoid has nearly vanished
into the black hole. By ¢t = 13.3, the primary images of both plasmoids have completely disappeared,

leaving only residual secondary and higher-order images faintly lingering on the screen.

u Flare(r=0.06) 15 |
i Before reconnection + &,
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Entire process
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Figure 5: Comparison plots of the intensity distribution for positive- and negative-energy plasmoids
plunging into the black hole are shown. The upper row corresponds to negative-energy plasmoids with
€_ =~ —0.50, while the lower row depicts positive-energy plasmoids with e, ~ 0.50. The first column
presents the normalized intensity distributions generated solely by the plasmoids as they fall into the
black hole. The second column displays schematic trajectories of the infalling plasmoids. The color
gradient along each trajectory illustrates the evolution of the plasmoid’s position as a function of its
proper time 7. Specifically, we mark the position corresponding to approximately 7 = 0.06 in the plot
at the centre of the first row, which precisely identifies the origin of the flare within the underlying light
curves. The third column offers the light curves arising from hotspot emission, providing a comparative
view of the total flux versus time for three scenarios: pre-reconnection and escaping plasmoids (solid
red curve), infalling plasmoids (solid blue curve), and the overall process (dashed green curve).

In the lower-right panel of Fig. 4, the corresponding light curve is shown, illustrating the variation
of the total radiative flux from the hotspot as perceived over observational time. A marked surge
in flux appears around the seventh minute, signifying the emergence of a flare. Furthermore, two

relatively weaker flares emerge near the fifth and eleventh minutes, respectively.

Next, we aim to thoroughly analyze the underlying causes of the three observed flares. In particular,

since we seek to determine from the light curve whether a Penrose process has taken place or not, it

13



is crucial that the light curve capture distinctive signatures indicative of such a phenomenon. One of
the most essential prerequisites for the occurrence of a Penrose process is the infall of negative-energy
plasmoids into the black hole. If such characteristic signals can be extracted from the light curve, it

would hold significant physical implications.

Therefore, in the upper-right panel of Fig. 5, we illustrate the individual light curves of the positive-
energy plasmoid that escapes to infinity and the negative-energy plasmoid that plunges into the black
hole, both following magnetic reconnection. For convenience, we juxtapose the pre-reconnection light
curve with that of the positive-energy component, representing it with a solid red curve. The light
curve corresponding to the negative-energy plasmoid is represented by a solid blue line, while the
total light curve is depicted with a dashed green line. To underscore the distinctive features of the
light curve produced by the negative-energy plasmoid with e_ ~ —0.50, we artificially replace it with
a positive-energy plasmoid of e_ =& 0.50, keeping the orientation angle at £ = 7/20 and preserving
the trajectory and energy of the escaping plasmoid, and subsequently compute the resulting light
curve shown in the lower-right panel of Fig. 5. The interpretations of the red solid, blue solid, and
green dashed curves remain consistent with the previously established convention. Furthermore, in
the central panel of Fig. 5, we present the trajectories and corresponding proper times required for

both the negative- and positive-energy plasmoids as they spiral into the black hole.

As shown in the upper-right panel of Fig. 5, the most prominent flare, appearing around the
7th minute, as well as the comparatively weaker flare, around the 11th minute in the light curve,
are both induced by the escaping plasmoid. This phenomenon arises as a result of the escaping
plasmoid acquiring substantial kinetic energy and undergoing significant Doppler blueshift, along
with its secondary image also being subject to Doppler blueshift effects. The relatively weaker flare
occurring around the 5th minute is triggered by the negative-energy plasmoid plunging into the black
hole, arising from the Doppler blueshift of its primary image. A more thorough discussion of the
physical mechanisms underlying flare formation is provided in Appendix A. As shown in the lower-
right panel of Fig. 5, the equivalent positive-energy plasmoid falling into the black hole does not
generate such a flare. Moreover, given that the negative-energy plasmoid rapidly falls into the black
hole, it has sufficient time to produce only a single flare. Taken together, these observations suggest
that this flare feature is distinctive under such circumstances and may serve as a potential observational

signature of a Penrose process in action.
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Magnetic Reconnection: Case 2 (¢, = 0)
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Figure 6: For spin parameter a = 0.99, the imaging signatures of the magnetic reconnection—-induced
Penrose process are presented as follows: the top-left panel illustrates the motion of the plasmoid within
a two-dimensional Cartesian coordinate system; the top-right panel reveals the spatial distribution of
intensity from the hotspot as perceived by a distant observer; the bottom-left panel delineates the
temporal evolution of the brightness centroid’s location throughout the observation; while the bottom-
right panel portrays the light curve of the hotspot’s radiation, capturing its flux variations over time.

Previously, we considered the scenario in which a negative-energy plasmoid plunging into a black
hole generates a faint flare, while a positive-energy plasmoid with the same orientation angle fails to
produce any noticeable flare. We must extend our analysis to examine the possibility that a positive-
energy plasmoid falling into the black hole might, in certain cases, also produce a flare. Under such
circumstances, it becomes crucial to investigate whether the light curve generated by a negative-energy
plasmoid with the same orientation angle would exhibit distinct characteristics compared to that of
its positive-energy counterpart. Should such differences exist, they could likewise serve as compelling
observational signatures indicative of a possible Penrose process. Let us now proceed to explore this

scenario.
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Figure 7: A comparative visualization showcasing the intensity distributions associated with the infall
of negative- and positive-energy plasmoids into a black hole is presented. The first row corresponds
to negative-energy plasmoids, characterized by e_ =~ —0.66, while the second row pertains to positive-
energy plasmoids, with e_ ~ 0.66. The first column illustrates the normalized intensity distributions
generated exclusively by the infalling plasmoids. The second column provides schematic depictions
of the trajectories followed by the plasmoids as they descend into the black hole. The colour along
each trajectory indicates the evolution of the plasmoid’s position with respect to its proper time 7.
Notably, the positions corresponding to approximately 7 = 0.98 and 7 = 2.30 are marked within the
right-hand panels; these two points coincide with the origins of the twin flares observed in the lower
blue light curve. The third column presents the light curves of radiation emitted by the hotspots.

In this scenario, we select a spin parameter of a = 0.99, while keeping the magnetization parameter
fixed at o9 = 25 and the orientation angle at £ = 7/20. To intentionally obtain a phenomenon distinct
from that in Case 1—mnamely, a flare triggered by the infall of a positive-energy plasmoid into the
black hole—we set the observer’s azimuthal angle to ¢, = 0. Substituting into equation (2.12), we
obtain the energy of the escaping plasmoid as e, ~ 8.21 > 0, and the energy of the infalling plasmoid
as e &~ —0.66 < 0. This configuration still satisfies the condition for energy extraction. The results

are illustrated in Fig. 6.

Similarly, to gain a clearer understanding of the specific origin of the flare depicted in the lower right
panel of Fig. 6, and, more importantly, to determine whether it is possible in this scenario to extract
from the light curve key signatures that might distinctly indicate the occurrence of a Penrose process,

we extend the methodology adopted in the preceding analysis. To this end, a comparative experiment

16



is devised, wherein plasmoids bearing both positive and negative energies are permitted to plunge
into the black hole. The energy of the positive-energy plasmoid is manually set to e_ ~ 0.66 > O,
corresponding to the negative-energy case of e_ ~ —0.66, while all other conditions remain consistent

with those of the previous setup. The results are presented in Fig. 7.

By comparing the right panels in the first and second rows of Fig. 7, we observe that the most
prominent flare around 5 minutes, along with a smaller flare occurring shortly before 10 minutes, is
produced by plasmoids that escape from the black hole. The negative-energy plasmoid that plunges
into the black hole generates no flare, whereas the positive-energy plasmoid plunging into the black

hole produces two distinct flares—one shortly before 5 minutes and another shortly after 10 minutes.

This behavior stands in marked contrast to Case 1, where the negative-energy plasmoid gave rise
to a single flare, while the positive-energy plasmoid produced none. In Case 2, although the negative-
energy plasmoid fails to produce a flare, the positive-energy plasmoid—unlike its negative counterpart
that plunges swiftly— orbits the black hole several times before its eventual infall, thereby giving
rise to two flares. This constitutes a distinctive feature, which may serve as a potential observational

signature of the Penrose process.

5 Summary

In this study, we investigated the Penrose process driven by magnetic reconnection, focusing on
plasmoids in Keplerian motion within the ergosphere. Upon energization through reconnection, a
plasmoid splits into a positive-energy fragment that escapes to infinity and a negative-energy fragment
that plunges into the black hole. By modeling the plasmoid dynamics before and after splitting within
a hotspot framework, we obtained the resulting imaging signatures and identified distinctive flare
features in the light curves. In particular, we performed a comparative analysis of the flares produced
by the infall of positive- and negative-energy plasmoids to identify the flare signatures associated
with the negative-energy plasmoid, which serves as the most crucial indicator of the occurrence of the

Penrose process.

For a fixed polar viewing angle 6, = 7/10, observers located at different azimuthal positions
perceive distinct hotspot images and light curves. In this work, we considered two representative
cases: one with a black hole spin of a = 0.94 and an observer azimuth of ¢, = 7/2, and the other
with a spin of @ = 0.99 and an observer azimuth of ¢, = 0. Our detailed calculations for these two
configurations revealed pronounced asymmetric features. Specifically, in the first case, the infall of the
negative-energy fragment produced a single flare, whereas the positive-energy fragment under identical

conditions yielded none. In the second case, corresponding to a different azimuthal perspective, the
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negative-energy fragment generated no flare, while the positive-energy one produced two. These
contrasting manifestations provide clear observational imprints that can be directly attributed to the

presence of negative-energy matter—signatures of the Penrose process in action.

We note that our findings, based on the two specific configurations presented here, do not preclude
the possibility that other mechanisms could produce similar flare signatures, nor do they rule out
the existence of additional features in a broader parameter study. Thus, more comprehensive and
systematic investigations are warranted. Furthermore, while this work considers a single plasmoid,
extending this approach to the collisional Penrose process presents a promising direction for future

research.

Acknowledgments

We are grateful to Jiewei Huang and Zhenyu Zhang for insightful discussions. The work is partly
supported by NSFC Grant No. 12575048, 12275004 and 12205013. M. Guo and X. Wang are also sup-
ported by Open Fund of Key Laboratory of Multiscale Spin Physics (Ministry of Education), Beijing
Normal University. Z.Y. Fan was supported in part by the National Natural Science Foundations of
China with Grant No. 11805041 and No. 11873025 and also supported in part by Guangzhou Science
and Technology Project 2023A03J0016.

Appendix A: A detailed analysis of the flare formation mechanism

In this appendix, we undertake a more detailed analysis of the mechanism by which plasmoids—such
as those illustrated in Figs. 5 and 7—plunge into a black hole and give rise to flares, considering both

Scenarios 1 and 2 within the process of magnetic reconnection.

In Fig. 8, we present the photon trajectories corresponding to the flares generated by plasmoids
plunging into the black hole in both scenarios. Since the plasmoid moves within the equatorial plane,
the initial polar angle of the photons is #; = /2. If the photon reaches the observer without crossing
the equatorial plane, it forms a primary image; if it crosses the equatorial plane once before reaching
the observer, it forms a secondary image [10]. From Fig. 8, we observe that, in the first two plots,
the photons travel directly from the source on the equatorial plane to the observer without crossing
the plane. In contrast, in the third plot, the photons, emitted from the equatorial source, traverse the
equatorial plane once before reaching the observer. Consequently, it is evident that the flare arising
from the negative-energy plasmoid in Fig. 5 is generated by the primary image, while the two flares
produced by the positive-energy plasmoid in Fig. 7 originate from the primary and secondary images,

respectively.
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Figure 8: The photon trajectories corresponding to flares generated by plasmoids plunging into the
black hole, with the left panel representing Case 1, and the central and right panels corresponding to
Case 2.

In Fig. 9, we also present the functional dependence of the radial coordinate on proper time for
plasmoids with both positive and negative energies falling into the black hole in Case 1 and Case 2. We
observe that in the top row and in the left panel of the second row—that is, for positive and negative
energy plasmoids in Case 1, as well as for the negative energy plasmoid in Case 2—turning points
appear shortly after departure. By contrast, in the right panel of the second row, corresponding to the
positive energy plasmoid in Case 2, no such turning point arises. However, during an initial interval, the
radial coordinate remains nearly constant, akin to being in the vicinity of a turning point. A common
feature in these scenarios is that when the radial variation is very small, the plasmoid undergoes a
pronounced deflection. Consequently, there might arise a moment when its velocity vector is directed,
or nearly directed, toward the observer, producing a Doppler blueshift that manifests as a flare. In our
previous work [10], we referred to this phenomenon as the Turning Doppler Blueshift Flare (TDBF).
Furthermore, from Fig. 7, we note that in Case 2, the positive-energy plasmoid orbits the black hole
several times before plunging, which consequently gives rise to flares induced by secondary images.
In our previous work [10], we referred to this phenomenon as the Turning Doppler Blueshift Flare
(TDBF). In the present study, we additionally designate the flare triggered by the Doppler blueshift
of the secondary image as the Looping Doppler Blueshift Flare (LDBF).
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Figure 9: The plots of the radial coordinate r of positive- and negative-energy plasmoids falling into
the black hole as functions of the proper time 7, with the first row corresponding to Case 1 and the
second row to Case 2.

By examining Figs. 5, 7, 8, and 9, we can infer that in Case 1, a negative-energy plasmoid
plunging into the black hole gives rise precisely to a TDBF, whereas a positive-energy plasmoid fails
to produce any corresponding flare. In Case 2, however, the positive-energy plasmoid generates both
an initial TDBF and subsequently an LDBF, while the negative-energy plasmoid produces no flare at
all. From this, we may further draw a conclusion—perhaps not universal in scope—that a negative-
energy plasmoid can give rise to a single TDBF or none at all, whereas a positive-energy plasmoid
will either produce no flare or else exhibit a TDBF followed by an LDBF. This distinction arises
from the fact that positive-energy plasmoids orbit the black hole several times before plunging, while

negative-energy plasmoids plunge much more swiftly.
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