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ABSTRACT 

The instantaneous primary emission spectra of particles radiating from Schwarzschild black holes 

and maximally rotating Kerr black holes of masses 1013 – 1015 g were investigated and C code, 

BlackHawk was used for the simulations. From a Schwarzschild black hole of mass 3.53×1013 g, gluons 

had the lowest cutoff energy, 199 MeV. The emission spectra were dominated by coloured particles, 

quarks having with the highest overall emission rate, 2.826×1022 GeV-1s-1 at energy 1.205 GeV. The 

leptons e±, μ±, τ± showed similar variation in emission rates. The only particles emitted with energies 

below the rest mass of u quarks were neutrinos, photons, and e±. At greater particle energies (> ~ 2 GeV) 

the emission rates of all particles were almost equivalent. The emission of vector bosons, Z0 and W± 

were negligible and became significant when the mass reduced to ~1011 g and then gluons, W±, Z0 and 

photons were emitted similar to each other with a peak at energy, 280 GeV. The emitting rates of gluons, 

quarks, neutrinos, W±, e±, μ±, τ±, Z0, photons, and Higgs bosons are in decreasing order respectively. As 

the mass of the black hole is reduced to 1.06×108 g, quarks were emitted at the highest rate 2.826×1022 

GeV-1s-1 at 4010 GeV peak energy and at energies between rest mass energy of Higgs boson and 

1.25×105 GeV, the emission of Higgs bosons exceeded the emission of quarks. For maximally rotating 

Kerr black hole of mass 3.53×1013 g, W±, Z0 and Higgs boson were emitted at higher emission rates 1012 

– 1015 GeV-1s-1 and for mass 1.06×108 g, the gluons had the highest overall emission rate at the peak 

energy. At extremely high energies, the gluon emission rates are less than the emission rates of Higgs 

bosons, quarks, neutrinos, and e±, μ±, τ±. The spin-dependent behaviour of spectra is also present. 
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1.  INTRODUCTION 

 

Black holes radiate particles as a consequence of quantum effects in general relativity. 

Even though there are many approaches [1-5], there is no satisfactory quantum theory of 

gravity. However, a free quantum matter field propagating in a fixed background of curved 

spacetime predicts a good indication of quantum effects in strong gravitational fields where the 

creation of particles by a gravitational field is proposed [6]. An empty space cannot be 

absolutely null as it implies that all the fields, including gravitational and electromagnetic fields, 

to be precisely zero. Due to Heisenberg’s uncertainty principle, the value of a field and its rate 

of change cannot stay unchanged at exactly zero [7]. To satisfy the uncertainty principle, there 

have to be quantum fluctuations in the values of the field. These fluctuations are thought of as 

creation of pairs of virtual photons, gravitons, or even pairs of virtual particles such as electrons 

and quarks which constitute matter. In the case of matter particles, the pair consists of a particle 

and its antiparticle. Since energy cannot be created of nothing, one member of the pair will have 

positive energy, E, and the other member will have negative energy, -E.  

 

 
 

Figure 1. Particle creation near a black hole. 
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The particle or the antiparticle with negative energy cannot propagate freely and has to 

be a virtual particle with a very brief lifetime because real particles always have positive energy 

under ordinary circumstances. Hence, it should seek out the other member of the pair with 

positive energy and annihilate with it within a time of / 2E . But a real particle in the vicinity 

of a gigantic mass, like a black hole, has less energy than if it were much farther from the body 

as it would use energy to carry the particle away from the body against the force of gravity 

acting on it.  

Hawking [7] stated that, "normally, the energy of the particle is still positive, but the 

gravitational field inside a black hole is so strong that even a real particle can have negative 

energy there.” If the particle-antiparticle pair was created just outside the event horizon of the 

black hole, there is a chance for the virtual particle having negative energy to cross the horizon, 

drop into the black hole before the time / 2E  elapses and becomes a real particle or an 

antiparticle [8]. In this scenario, it is not necessary for this particle to annihilate with the other 

member of the pair with positive energy. The other member with positive energy may escape 

from the neighbourhood of the black hole as a real particle or antiparticle (Fig. 1). To a distant 

observer, it may seem to have been emitted from the black hole.  

By applying the quantum mechanical wave equations to a collapsing body that forms a 

black hole and replacing a pre-collapse Minkowski metric with a post-collapse classical curved 

spacetime metric, Hawking [9] showed that an observer at positive null infinity of spacetime 

will see a quasi-Planckian flux radiating from the black hole. As a result of vacuum fluctuations, 

the gravitational field is spontaneously producing virtual pairs of particles right outside the 

event horizon of the black hole. The annihilation of these particles is prevented by the strong 

gravitational forces if the distance the particles travel apart, or the wavelength of the virtual pair 

of the order of the size of the black hole. Then the classically prohibited negative energy particle 

will tunnel across the event horizon where it can exist as a real particle and the particle with 

positive energy will escape to infinity to be observed as flux evaporating off the black hole [10]. 

A black hole would emit any particle whose rest mass is lower than its temperature; in 

particular, gravitons, neutrinos, photons, and for adequately small black holes, nucleons, and 

electrons [11].  

The smaller the mass of the black hole, the greater is its temperature. Thus, when the 

black holes lose mass, their temperatures and rates of emission increases, making them lose 

mass more swiftly. The temperature of a black hole with a mass a few times the mass of the sun 

would be much smaller than the temperature of the cosmic microwave background of the 

universe (~ 2.7 - 3 K). Thus, such black holes would emit much less than they absorb. However, 

the existence of black holes with exceedingly small masses and were formed by the collapse of 

inhomogeneities and irregularities in the initial phases of the universe are predicted by several 

authors [7, 12]. Such black holes are known as primordial black holes [13]. These are the black 

holes that will decay away by the emission of particles in the present universe. The earliest time 

of the universe at which classical general relativity can be applied is the Planck time 10-43 s. A 

black hole created at this time would be formed with an initial mass of about 10-5 g and a radius 

of 10-33 cm. The theory of quantum chromodynamics suggests that when the temperature of the 

black hole exceeds quark-gluon deconfinement temperature [14], coloured particles are being 

radiated. Several theories suggest that black holes which are hot enough to radiate coloured 

particles may exist in the universe.  

The emission of quarks and gluons by black holes affect the constraints on the fraction of 

the universe going into primordial black holes [15]. 
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In this work, we have investigated the instantaneous primary emission spectra of particles, 

by simulating Schwarzschild and maximally rotating Kerr black holes of masses 1013 – 1015 g 

using C code, BlackHawk [16]. All formulas used are in Planck units where ℏ=c=k=B=G=1, 

unless stated otherwise.  

The temperatures are given in energy units to compare them with the rest mass energies 

of the emitted particles. To obtain the primary spectra one million elementary particle energies 

were simulated with a directly emitted elementary particle having the minimum and maximum 

energies of 10-7 GeV and 1021 GeV respectively. The instantaneous primary emission spectra 

of particles from Schwarzschild black holes (SBH) and maximally rotating Kerr black holes 

(KBH) of temperature T = 300 MeV of mass 3.53×13 g, T = 50 GeV of mass 2.12×1011 g and  

T = 100 TeV of mass 1.06×108 g, and the instantaneous spectra of black holes with Planck mass 

were obtained and the relevant spectra are presented in log-log scale. 

Only the emission rate of lightest u quark is presented as all spin-½ quark flavours with 

the same number of degrees of freedom give the same curve for particle energies above the rest 

mass energy. Black holes radiate coloured particles once their temperatures exceed quark-gluon 

deconfinement temperature (~200 MeV). Emission of these coloured particles from SBH and 

KBH black holes were also simulated. 

 

 

2.  SCHWARZSCHILD BLACK HOLES  

Schwarzschild black holes (SBH), the simplest types of black holes are uncharged, 

nonrotating, spherically symmetric black holes that can be distinguished only by their mass. 

These are described by the Schwarzschild metric written in Schwarzschild coordinates 

(𝑡, 𝑟, 𝜃, 𝜙) in the form [17]: 

 

𝑑𝑠2 = (1 −
𝑟𝐻

𝑟
) 𝑑𝑡2 − (1 −

𝑟𝐻

𝑟
)

−1

𝑑𝑟2 − 𝑟2(𝑑𝜃2 + sin2 𝜃 𝑑𝜙2)                   (1) 

 

where 𝑟𝐻 is the Schwarzschild radius of the black hole defined by,  

 

𝑟𝐻 = 2𝑀                                                                (2) 

 

and 𝑀 is the black hole mass. As 𝑟 → ∞, the metric becomes progressively Minkowskian. This 

property is known as asymptotic flatness. Schutz defines [8] an event horizon as “the boundary 

in spacetime between events that can communicate with distant observers and events that 

cannot”, provided that the spacetime is asymptotically flat. Hawking showed [9] that the 

gravitational fields of Schwarzschild black holes create particles from their event horizons and 

emit them to infinity as if they were hot bodies with temperature 𝑇. 

This temperature can be defined in terms of black hole mass, 𝑀 as: 

 

𝑇 =  
1

8𝜋𝑀
                                                                      (3) 

 

The Schwarzschild black hole will emit particles with total energy between Q and Q+dQ 

at a rate [10]: 
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𝑑2𝑁

𝑑𝑄𝑑𝑡
= ∑

Γ𝑠(𝑄, 𝑀)

2𝜋
[𝑒𝑥𝑝 (

𝑄

𝑇
) − (−1)2𝑠]

−1

𝑑𝑜𝑓

 

 

(4) 

where the summation is over the number of degrees of freedom of the particle such as colour, 

electric charge, etc. and 𝑠 is the particle spin. Γ𝑠 are the graybody factors for the particle species. 

It describes the probability that a spherical wave representing an elementary particle created by 

thermal fluctuations of the vacuum at the event horizon of the black hole escapes its 

gravitational well and reaches a distant asymptotic observer. Graybody factors can in certain 

cases modify the spectrum very significantly [18]. For emission from a Schwarzschild black 

hole Γ𝑠 depends on 𝑠, 𝑄, and 𝑀 and one has to solve Dirac (for s = 1/2) and Proca (for integer 

s) wave equations for a particle of rest mass 𝜇 [17]: 

 

(𝑖𝜕 − 𝜇)𝜓 = 0 (5) 

 

(□ + 𝜇2)𝜙 = 0 (6) 

 

in Schwarzschild metric. Teukolsky and Press [19, 20] have shown that if the spherical wave is 

decomposed into spin weighted spherical harmonics 𝑆𝑠𝑙(𝜃), where 𝑙 denotes the angular 

momentum of the spherical harmonics and radial component 𝑅𝑠(𝑟), then the wave equation can 

be separated into a radial equation and an angular equation. For massless species of spin s, the 

radial component of the master equation is [16]: 

 

1

Δ𝑠

𝑑

𝑑𝑟
(Δ𝑠+1

𝑑𝑅𝑠

𝑑𝑟
) + (

𝐾2 + 𝑖𝑠(2𝑟 − 𝑟𝐻)𝐾

Δ
− 4𝑖𝑠𝑄𝑟 − 𝜆𝑠𝑙  −  𝜇2𝑟2) 𝑅𝑠 = 0 (7) 

 

where Δ(𝑟) = 𝑟2 (1 −
𝑟𝐻

𝑟
), 𝐾(𝑟) = 𝑟2𝑄2 and 𝑄 is the energy of the particle. Here 

 

𝜆𝑠𝑙 = 𝑙(𝑙 + 1) − 𝑠(𝑠 + 1)                                                                 (8) 

 

is the eigenvalue of the angular equation. The spectra are cut off below the rest masses of the 

particle species. 

The C code BlackHawk [16] was used to simulate the particle emission rate and to obtain 

the primary spectra, one million elementary particle energies were simulated with a directly 

emitted elementary particle having the minimum and maximum energies of 10-7 GeV and 1021 

GeV  respectively. However, this range was modified according to the temperature of the black 

hole. The elementary particles emitted by the black hole are not the final products of Hawking 

radiation. All elementary particles except electrons, photons, and neutrinos are not stable on 

astrophysical timescales.  

Some of them decay into stable particles and some fragment and undergo hadronization. 

Even of hadrons, only the lightest hadron, the proton is stable in astrophysical timescales. Hence 

a particle physics code was required to evolve these elementary particles into final products. 

PYTHIA scripts for the present epoch were used for this purpose. BlackHawk program was run 

on Cygwin64 terminal.  
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Fig. 2(a) shows the instantaneous primary spectrum of particle energies on a log-log scale 

from a Schwarzschild black hole (SBH) of temperature T = 300 MeV of mass 3.53×1013 g. The 

quark-gluon deconfinement temperature is ~200 MeV or mass ~1013 g and black holes radiate 

coloured particles once this temperature is exceeded. Quarks, gluons, e±, μ±, τ± have a lower 

cutoff energy, which is the rest mass of the particle. The gluons, a massless particle, have a 

lowest cutoff energy of 0.199 GeV more or less equal to the quark-gluon deconfinement 

temperature, of about 0.2 GeV. The quarks have the highest overall emission rate 2.826×1022 

GeV-1s-1 at energy 1.205 GeV.  

The emission of quarks and gluons dominate the emission spectrum from the black hole 

for temperature greater than quark-gluon deconfinement temperature. For clarity, only the 

emission rate of lightest u quark is presented in Fig. 2(a) and all the following figures under 

𝑞, �̅�. To verify the validity of this, the spectra of all quark flavours for a black hole of 

temperature T = 200 GeV. are presented in Fig. 2(b), as a black hole just beginning to emit 

coloured particles is not hot enough to emit the heavier quarks such as the top quark having a 

rest mass of 173.21 GeV/c2.  

All quark flavours give the same curve for particle energies above the rest mass energy 

as they are all spin-½ particles with the same number of degrees of freedom, 12. Fig. 2(c) shows 

the spectrum near the highest emission rate observed from the T = 300 MeV black hole. The 

leptons e±, μ±, τ± show the same variation in emission rate with particle energy similar to that 

of quarks (Fig. 2(b)). This is because all e±, μ±, τ± are spin-½ particles with the same number of 

quantum degrees of freedom, 4. At greater particle energies (> ~ 2 GeV) the emission rates of 

all particle species behave in an almost equivalent manner. 

Fig. 3(a) presents the primary spectrum of particles from a Schwarzschild black hole of 

T = 300 MeV or 3.53×1013 g emitted with energies below the rest mass of u quark. The only 

particle species that are emitted are the neutrinos, photons, and e±. Since μ± and τ± have greater 

rest masses than the u quark, these are not emitted agreeing with Carr [21] that only leptons and 

massless species such as neutrinos and photons will be emitted by a black hole that is not hot 

enough to radiate other particle species. Photons and neutrinos do not have a lower cutoff 

energy like other particles.  

This is because they are massless, free and stable particles under all conditions in contrast 

to gluons. Their energy will be constrained only by the minimal energy assigned for the primary 

particles radiated from the black hole during the simulation. Fig. 3(b) presents the spectrum of 

the same Schwarzschild black hole at higher particle energies. The gluons are being emitted at 

the highest rate from the black hole at higher particle energies. The gluon emission rate is 

closely followed by the quark emission rate. This is because gluons have quantum degrees of 

freedom of 16 and each quark flavour possesses 12 degrees of freedom. With large number of 

degrees of freedom these two types of coloured particles, quarks and gluons, dominate the black 

hole radiation [10].  

The emission rates of Higgs boson, W±, and Z0 from the T = 300 MeV black hole are less 

than 0.01 GeV-1s-1 as they do not appear in the figures. Hence their emissions are almost non-

existent compared with the emission rates of quarks and gluons which are of the order of ~1022 

GeV-1s-1 at the peak. The rest masses of these massive bosons are much greater than the particle 

energies that are being emitted at the highest rates from a T = 300 MeV black hole. However, 

as the temperature of the black hole increases, the peak shifts towards higher energies. The 

spectra of quarks and gluons are plotted in Fig. 3(c). In the case of Schwarzschild black hole, 

quarks have a higher peak than the peak of gluons.  
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Figure 2(a). Instantaneous primary spectrum from a SBH of T = 300 MeV  

or mass 3.53×1013 g 

 

 

 
 

Figure 2(b). Instantaneous spectra of all quark flavours from a SBH of temperature  

T = 200 GeV. 
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Figure 2(c). Instantaneous primary spectrum near the highest emission rate  

from a 3.53×1013 g SBH. 
 

 

 
 

Figure 3(a). Instantaneous primary spectrum from a 3.53×1013 g SBH at low energies. 
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Figure 3(b). Instantaneous primary spectrum from 3.53×1013 g SBH at high energies. 

 

 

 
 

Figure 3(c). Spectra of quarks and gluons from a 3.53×1013 g SBH. 
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These spectra of coloured particles agree with those obtained by MacGibbon and Webber 

[10] and Ukwatta et al. [22]. All the black holes considered so far were not hot enough to radiate 

particles such as Higgs boson, W±, and Z0.  

The primary spectrum from a black hole of temperature 50 GeV, mass 2.12×1011 is 

presented in Fig. 4(a) and the region near the peaks of the curves in Fig. 4(b). Fig. 4(c) shows 

the high energy region of this spectra. W±, Z0, and Higgs bosons are emitted from this black 

hole at a smaller rate than other particle species. The peak emission rates of all particle species 

have shifted to higher energies.  

The peak of quarks has shifted from 1.205 GeV to 200.923 GeV and the peak of gluons has 

shifted from 1.700 GeV to 283.495 GeV. However, there is no change in the emission rates.  

In this temperature also quark and gluon emission dominate the black hole evaporation. 

Even though the emission of W±, Z0, and Higgs boson are significant at this temperature, their 

emission rates are about an order of magnitude less than the emission rate of quarks and gluons. 

Because of the six quark flavours, the emission of W±, Z0
, and Higgs boson are swamped by 

the emission of coloured particles [10]. All four spin-1 gauge bosons, i.e., gluons, W±, Z0, and 

photons are emitted similar way and have peeks at the same particle energy, 280 GeV. The 

spin-½ quarks and leptons follow a similar pattern of emission. In contrast to both spin-1 and 

spin-½ particles, the spin-0 Higgs boson follows quite separate pattern of emission. This is due 

to the fact that in Eq. 4, particle emission rate is directly proportional to the absorption cross-

section which depends only on the particle spin. Since graviton is a spin-2 particle if it was 

included, it can be expected to follow a way of emission that is quite different from all types of 

particles shown in Fig. 4(b).  

This spin-dependent low energy effect can be compared to the optical phenomenon of 

resonant scattering off a spherical body whose dimensions are comparable with the incident 

wavelength [10]. For the particles with the same spin, the species with the highest number of 

quantum degrees of freedom will have the maximum emission rate. Of spin-1 particles, gluons, 

W±, Z0, and photons have 16, 6, 3, and 2 degrees of freedom, respectively. For a given particle 

energy the emission rates of the particle species occur in the same decreasing order as gluons, 

W±, Z0, and photons. Of spin-½ particles, a single quark flavour, neutrinos, and all e±, μ±, τ± 

have 12, 6 and 4 degrees of freedom, respectively. Therefore, for a given particle energy the 

emission rates of the particle species occur in the same decreasing order as quarks, neutrinos, 

and e±, μ±, τ±.  

Fig. 4(c) shows that at higher particle energies, the variations in particle emission caused 

by differences in particle spins are disappearing and tend to behave in more or less the same 

way. This is because at higher energies the absorption cross-sections of all particles reach 

geometric optics limit, regardless of the spin. Thus, at higher energies, the spectra approach the 

blackbody radiation spectra. W± are gauge bosons with spin-1 and neutrinos are massless spin-

½ particles belonging to the lepton family. The only characteristic they share in common is the 

quantum degrees of freedom. Both types of particles have six quantum degrees of freedom. At 

higher energies the curves of W± and neutrinos merge. Hence one can conclude that the 

governing factor of particle emission rates is the quantum degrees of freedom at higher particle 

energies. Therefore, at a given particle energy, the particle species that are being emitted at the 

highest rates are gluons, quarks, neutrinos, W±, e±, μ±, τ±, Z0, photons, and Higgs bosons with 

degrees of freedom 16, 12, 6, 6, 4, 4, 4, 3, 2, 1, respectively. As the temperature of the black 

hole is increased the peaks of emission spectra shift towards higher energies and the peak 

emissions occur close to the temperature of the black hole.  
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Figure 4(a) 

 

 

 
Figure 4(b) 

 

Figure 4. 4(a) Instantaneous primary spectra from 2.12 × 1011 g SBH and 4(b) the peak 

values. 
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Figure 4(c). Instantaneous primary spectrum from 2.12 × 1011 g SBH at high energies. 

 

 

Fig. 5(a) shows the primary spectrum from a black hole of temperature T = 100 TeV, 

mass 1.06×108 g. The remaining lifetime of this black hole is 4.8×10-4 s at this temperature, 

quarks are emitted at the highest rate at the peak energy and for energies between rest mass 

energy of Higgs boson and 1.25×105 GeV, the emission of Higgs bosons exceeds the emission 

of quarks.  

Only one quark flavour is presented since the emission rates of Higgs bosons and all six 

flavour quarks are more or less the same in this energy range. As the temperature of the black 

hole is further increased the peaks of the primary spectrum occur at higher energies at the order 

of magnitude of the temperature of the black hole. Therefore, as the temperature is increased 

particles are emitted and once this temperature exceeds the quark-gluon deconfinement 

temperature (~200 MeV) quarks and gluons are emitted, and above this temperature, the 

emission of coloured particles will dominate the black hole evaporation. Fig. 5(b) shows a 

comparison of quarks and gluon spectra. The differences in the curves arise from the fact that 

emission rates are directly proportional to their absorption cross-section that depends on the 

spins (quarks are spin-½ particles and gluons are spin-1 particles). The gluons have a maximum 

emission rate of 1.105×1022 GeV-1s-1 at 5658 GeV energy and quarks a maximum emission rate 

of 2.826×1022 GeV-1s-1 at 4010 GeV energy. For particle energies below about 6153 GeV, that 

is when particle energies are less than 6.153 times the temperature of the black hole, the quark 

emission is more dominant than gluon emission.  

In order to investigate the variation of the instantaneous spectra of coloured particles, 

with the remaining lifetime of the black hole, the instantaneous quark and gluon spectra for 

different remaining lifetimes of black holes were plotted to the same scales and shown in Fig, 

6(a) and 6(b) respectively. As the remaining lifetime of the black hole decreases, the energies 

of the emitted quarks and gluons increase drastically though the emission rates remain the same.  
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Figure 5(a). Instantaneous primary spectrum from 1.06×108 g SBH. 

 

 

 
 

Figure 5(b). Spectra of quarks and gluons from 1.06×108 g SBH. 
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Figure 6(a). Quarks 

 

 
Figure 6(b). Gluons 

 

Figure 6. Instantaneous (a) quark, (b) gluon spectra for different remaining lifetimes of SBH. 
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This can be accounted for by the fact that the particle creation near black holes is a result 

of vacuum fluctuations rather than the temperature of the black hole which is in fact the 

temperature of the hot body it resembles.  

In fact, the effective temperature of a black hole is absolute zero. As the black hole loses 

mass and its lifetime reduces the instantaneous spectra will not change except shifting towards 

higher energies. But when the briefness of times with which these changes occur is considered, 

bursts of high energy particles can be expected to be emitted by a black hole when it is reaching 

its end. 

Fig. 7 shows the instantaneous spectrum when the black hole has reached Planck mass, 

2.18×10-5 g, the lower limit of black hole mass for which classical laws can be applied. The 

temperature of this black hole is 4.85×1017 GeV or 4.18×104 K. The shapes of curves are not 

different from the shapes of curves observed for Schwarzschild black holes in Fig. 2(a) and 

4(a). However, the peak of the spectrum has shifted to higher energies. 

 

 
 

Figure 7. Instantaneous primary spectrum from SBH of Planck mass. 

 

 

3.  KERR BLACK HOLES 

 

Kerr black holes are uncharged, rotating black holes that are axially symmetric and 

require the additional parameter, spin to distinguish them. They are described by the Kerr metric 

which gives the geometry of spacetime in the locality of a rotating body.  

The metric in Boyer–Lindquist coordinates is given by [17]: 

 

𝑑𝑠2 = (𝑑𝑡 − 𝑎 sin2 𝜃 𝑑𝜙)2
Δ

Σ
− (

𝑑𝑟2

Δ
+ 𝑑𝜃2) Σ − [(𝑟2 + 𝑎2)𝑑𝜙 − 𝑎𝑑𝑡]2

sin2 𝜃

Σ
 (9) 
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where the coordinates 𝑟, 𝜃, 𝜙 are the standard oblate spheroidal coordinates. Here Σ and Δ are 

defined as, 

 

Σ(𝑟) = 𝑟2 + 𝑎2 cos2 𝜃 
 

Δ(𝑟) = 𝑟2 − 2𝑀𝑟 + 𝑎2 

(10) 

 

and 𝑎 is the black hole spin defined by, 

𝑎 =
𝐽

𝑀
 (11) 

  

where 𝐽 is the angular momentum of the black hole. The reduced spin parameter can be defined 

as,  

𝑎∗ =
𝑎

𝑀
 ∈ [0, 1]  (12) 

 

and when 𝑎∗ = 1 the black hole is maximally rotating.  

Since the black hole is spinning it is not static. However, it is spinning in exactly the same 

way at all times. Hence it is stationary. The Kerr metric given by Eq. 9 is stationary even though 

it is not static. It has two Killing vectors: 𝜕𝑡 and 𝜕𝜙 [17]. The time translations generated by 𝜕𝑡, 

and rotations around 𝜙 generated by 𝜕𝜙 are two obvious symmetries of Kerr geometry.  

The corresponding invariant quantities are black hole mass, 𝑀 and black hole angular 

momentum, 𝐽.  

This geometry also has an inner and an outer horizon located at, 

 

𝑟± = 𝑀 ± √𝑀2 − 𝑎2 (13) 

 

Both of these radii are null surfaces that turn out to be event horizons. In the limit where 

𝑎 → 0, Kerr black hole simplifies to a Schwarzschild black hole. 

The temperature of a rotating Kerr black hole is given by [16]: 

 

𝑇 =
1

2𝜋
(

𝑟+ − 𝑀

𝑟+
2 + 𝑎2

) (14) 

 

A Kerr black hole will emit particles with total energy between Q and Q+dQ at a rate 

[10]:  

 

𝑑2𝑁

𝑑𝑄𝑑𝑡
= ∑

Γ𝑠(𝑄, 𝑀, 𝑎∗)

2𝜋
[𝑒𝑥𝑝 (

𝑄 − 𝑚Ω

𝑇
) − (−1)2𝑠]

−1

𝑑𝑜𝑓

 (15) 

 

where Ω is the angular velocity at the horizon defined by,  

 

Ω =
𝑎∗

2𝑟+
 

(16) 
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Now the Teukolsky Eq. 7 is modified with 𝐾(𝑟) = (𝑟2 + 𝑎2)𝑄2 + 𝑎𝑚, where 𝑚 is the 

projection of the angular momentum 𝑙.  
Particle emission rate of a maximally rotating Kerr black hole (KBH) of mass 3.53×1013 

g was simulated. Fig. 8(a) shows the instantaneous primary spectrum from this Kerr black hole. 

The spectra are smooth at low energies, and oscillations begin to appear after reaching the peak 

and continue to have subtle oscillations at high energies. W±, Z0 and Higgs boson are beginning 

to emit at higher emission rates 1012 – 1015 GeV-1s-1 Fig. 8(b) shows only the spectra of coloured 

particles.  

This is plotted for a slightly different range of energy values to show the cut-off energies 

of quarks and gluons. The shapes of the curves observed from the two types of black holes are 

significantly different. In the Schwarzschild black hole (Fig. 3(c)), the emission rate of quarks 

at the peak was higher than the emission rate of gluons at the peak. But in the maximally rotating 

Kerr black hole, the emission rate of gluons at the peak is higher than the emission rate of quarks 

at the peak.  

Both types of black holes spectra behave similarly at high energies and the have the same 

lower cutoff energies. Fig. 8(c) presents the spectra of all quarks for this 3.53 1023 g Kerr black 

hole. Above the particle rest mass energy, all flavours of quarks have the same curve.  

Fig. 9(a) shows the total primary spectrum from maximally rotating Kerr black hole of 

mass 1.06×108 g. 

The gluons have the highest overall emission rate at the peak energy. There are many 

oscillations in the spectrum close to the peak and at energies higher than the peak. Fig. 9(b) 

shows the spectra at higher energies. For all types of particles except for the Higgs boson, 

oscillations are not present before reaching peak energy.  

 

 
 

Figure 8(a). Instantaneous primary spectrum from 3.53×1013 g 

maximally rotating KBH. 
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Figure 8(b). Quarks and gluons 

 

 

 
 

Figure 8(c). All quark flavours. 

 

Figure 8(b,c). Spectra of 8(b) quarks and gluons, 8(c) all quark flavours from 3.53×1013 g 

maximally rotating KBH. 
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Figure 9(a). Instantaneous primary spectra from maximally rotating KBH of 1.06×108 g 

 

 

 
 

Figure 9(b). High energy spectra. 
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Figure 9(c). Quarks and gluons spectra. 

 

Figure 9(b,c). (b) High energy spectra, (c) quarks and gluon spectra from maximally rotating 

KBH of 1.06×108 g. 

 

 

Oscillations begin to develop only after the peak energy of each particle type. Gluon, W±, 

Z0, and photon spectra vary similar to each other with gluons, having the highest number of 

degrees of freedom, emitting at the highest rate of all spin-1 particles. This similar variation can 

be observed among spin-½ quarks, neutrinos, and e±, μ±, τ± as well.  

From spin-½ particles, the quarks with the highest degrees of freedom are emitted at the 

highest rate. Fig. 9(b) shows that the oscillations are present in extremely high energies as well. 

But these oscillations are more subtle than the oscillations closer to the peak. In contrast to 

gluon emission being dominant at extremely high energies in the case of Schwarzschild black 

hole (Fig. 3(b), Fig. 4(c)), for Kerr black hole, the gluon emission rates are less than the 

emission rates of Higgs bosons, quarks, neutrinos, and e±, μ±, τ±.  

The spin-dependent behaviour of spectra is also present. Fig. 9(c) shows the spectra of 

coloured particles from 1.06×108 g Kerr black hole. The spectrum of gluons has the highest 

emission rate at the peak. 

Fig. 10(a) and Fig. 10(b) show the instantaneous quark and gluon spectra respectively of 

this Kerr black holes for different remaining lifetimes of the black hole. Similar to 

Schwarzschild black holes the emission rates do not change and only a shift in the peak towards 

higher energies is observed as the black hole reaches closer to its end.  
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Figure 10(a) 
 

 
 

Figure 10(b) 
 

Figure 10(a,b). Instantaneous spectra (a) quarks, (b) gluons for different remaining lifetimes 

of maximally rotating 1.06×108 g KBH. 
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Figure 11(a) 
 

 
 

Figure 11(b) 
 

Figure 11(a,b). Instantaneous (a) quarks, (b) gluons spectra for different remaining spins of 

rotating KBH. 
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Fig. 11(a) and Fig. 11(b) show the spectra of coloured particles from a maximally rotating 

Kerr black hole of mass 1.06×108 g with black hole spin. In both spectra, as the spin is reduced 

the oscillations seen in Kerr black holes gradually decreases and finally at zero spin, becomes 

smooth resembling the spectra of Schwarzschild black holes.  

Fig. 12 shows the primary spectrum from a maximally rotating Kerr black hole at Planck 

mass 2.18×10-5 g. Similar to the case of the Schwarzschild black hole, the spectrum from a 

maximally rotating Kerr black hole resembles the spectra obtained for more massive black 

holes. In this case, the peak of the spectrum is shifted to higher energies.  

 

 

Figure 12. Instantaneous primary spectrum from SBH of Planck mass. 

 

 

4.  CONCLUSIONS  

 

Using available C code BlackHawk, instantaneous primary spectra of particles radiating 

from Schwarzschild black hole of temperature T = 300 MeV, of mass 3.53×1013 g, obtained 

showed that the gluons, had the lowest cutoff energy of 0.199 GeV more or less equal to the 

quark-gluon deconfinement temperature, of about 0.2 GeV. The quarks had the highest overall 

emission rate of 2.826×1022 GeV-1s-1 at energy 1.205 GeV. The emission of quarks and gluons 

dominate the emission spectrum from the black hole for temperature greater than quark-gluon 

deconfinement temperature due to their higher quantum degrees of freedom.  Below the rest 

mass of u quark, the only particles emitted are the neutrinos, photons, and e±. For Schwarzschild 

black hole of temperature 50 GeV quark and gluon emission dominate, with the peak of quarks 

shifting from 1.205 GeV to 200.923 GeV and the peak of gluons shifting from 1.700 GeV to 

283.495 GeV. W±, Z0, and Higgs bosons are also emitted at a smaller rate having peeks at the 
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same particle energy, 280 GeV. There is no change in the emission rates. For the particles with 

the same spin, the species with the highest number of quantum degrees of freedom has the 

maximum emission rate. The emitting rates of gluons, quarks, neutrinos, W±, e±, μ±, τ±, Z0, 

photons, and Higgs bosons are in decreasing order respectively. As the temperature of the 

Schwarzschild black hole is increased to 100 TeV, mass 1.06×108 g, quarks are emitted at the 

highest rate 2.826×1022 GeV-1s-1 at the peak energy 4010 GeV and for energies between rest 

mass energy of Higgs boson and 1.25×105 GeV, the emission of Higgs bosons exceeds the 

emission of quarks. The gluons have a maximum emission rate of 1.105×1022 GeV−1s−1 at 

5658 GeV energy. When the particle energies are less than 6.153 times the temperature of the 

black hole, the quark emission is more dominant than gluon emission. As the remaining lifetime 

of the black hole decreases, the energies of the emitted quarks and gluons increase drastically, 

though the emission rates remain the same. When the black hole reaches Planck mass 2.18×105 

g, the shape of the instantaneous spectrum does not change, but the peak of the spectrum shifts 

to higher energies. 

The spectra of a maximally rotating Kerr black hole of mass 3.53×1013 g, is smooth at 

low energies, but oscillations appear after reaching the peak and continues at higher energies. 

The emission rate of gluons at the peak is higher than the emission rate of quarks at the peak. 

Kerr black hole spectra behave similar to same mass Schwarzschild black hole at high energies 

and have the same lower cutoff energies. For the Kerr black hole W±, Z0 and Higgs boson are 

beginning to emit at higher emission rates 1012 – 1015 GeV-1s-1. The spectra of Kerr black hole 

of mass 1.06×108 g, the gluons have the highest overall emission rate at the peak energy. At 

extremely high energies, though gluon emission is dominant for Schwarzschild black hole, the 

gluon emission rates are less than the emission rates of Higgs bosons, quarks, neutrinos, and e±, 

μ±, τ± for maximally rotating Kerr black hole of same mass. The spin-dependent behaviour of 

spectra is also present. As spin is reduced the oscillations in Kerr black holes gradually 

decrease. Similar to Schwarzschild black hole as maximally rotating Kerr black hole reaches 

closer to its end, there is no change in emission rates of particles but only a shift in the peak 

towards higher energies. At Planck mass also, the peak of the spectrum is shifted to higher 

energies.  
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