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ABSTRACT 

Hawking radiation is the detectable indicator of black hole evaporations. This work investigates 

the secondary spectra of particle radiation from black holes formed by the decay of directly emitted 

elementary particles into stable final products. Secondary spectra from both Schwarzschild and 

maximally rotating Kerr black holes are investigated. Spectra from black holes of masses between ~1013 

g and Planck mass are considered in the present epoch within the context of the Standard Model. C code 

BlackHawk was used to simulate the emission spectra. The spectra consisted of photons, electrons, three 

types of neutrinos, and protons. A significant fraction of particles having energies below the black hole 

temperature was formed by the decay of unstable particles such as quarks, gluons, muons, tau, W±, Z0, 

and Higgs bosons. The elementary particles with high energies in the secondary spectra were 

predominantly the high energetic particles directly emitted by the black hole. The spectrum of protons 

from black holes beginning to emit coloured particles did not resemble the spectra of other secondary 

particles. As the temperature of the black hole was increased, the flux of protons increased. The decay 

products of directly emitted particles dominated the spectra at lower energies, but the spectra at higher 

energies were mostly comprised of directly emitted high energetic particles. There were significant 

differences between the spectrum from a Schwarzschild and maximally Kerr black hole beginning to 

emit coloured particles. Many oscillations were present in the high-energy end of the spectrum of Kerr 

black hole in contrast to the smooth variation observed from the same mass Schwarzschild black hole. 

The emission rates of protons were also higher in the Kerr black hole. However, the spectra from lower 

mass Kerr black holes were almost the same as the spectrum from the Schwarzschild black hole of 

similar mass. 
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1.  INTRODUCTION  

 

Hawking’s revolutionary breakthrough in 1974 showed that black holes are not truly 

black but emit Hawking radiation as if they were hot bodies with a temperature inversely 

proportional to their mass [1]. Later it was shown that Hawking radiation takes place via a 

tunnelling process [2]. A sufficiently hot black hole can radiate elementary particles such as 

electrons and quarks as well [3]. As a result of radiation black hole loses mass thereby 

increasing the temperature. When mass reaches below ~1014 g the temperature of the black hole 

exceeds the quark-gluon deconfinement temperature (~150 – 200 MeV) [4]. Coloured particles: 

quarks, and gluons, which are confined within hadronic matter under normal conditions, exist 

as free particles above quark-gluon deconfinement temperature [5]. Therefore, these coloured 

particles would be directly emitted from a black hole above this temperature. In fact, the 

emission of coloured particles, quarks, and gluons, would dominate the black hole evaporation 

once the temperature of the black hole exceeds the quark-gluon deconfinement temperature [4].  

Even though quarks and gluons exist as free particles at extremely elevated temperatures 

they have never been detected in isolation by experiments, only colourless hadrons are detected 

[6]. This is because they experience fragmentation and hadronization into intermediary states 

which will subsequently decay into protons, anti-protons, electrons, positrons, neutrinos, and 

photons [7]. The quarks and gluons emitted by a black hole resemble those produced in e+e- 

collider events and hence should decay in the same way into final colourless hadronic states 

[4]. Fragmentation can be understood in the following way: if a quark-antiquark pair is 

produced near the horizon of a black hole, then one quark will tunnel back into the black hole. 

Because of self-interactions between gluons, the lines of colour force between the quark and 

antiquark are squeezed into a tubelike region between the two [8].  

The separating quark-antiquark pair will stretch the colour lines of force until the raising 

potential energy is adequate to form another quark-antiquark pair. Thus, a new quark-antiquark 

pair pops up from the void space [9]. This process will continue producing more quark-

antiquark pairs until the kinetic energy of the final quarks and gluons becomes low enough for 

colour coupling to dominate and begin the clustering of quarks and gluons into colourless final 

states, which is called hadronization. This colour coupling will turn the coloured particles into 

colourless hadrons forming two jets of particles traveling almost in the direction of the original 

quark and antiquark (see Figure 1) [10]. 

We consider the black holes which have exceeded the quark-gluon deconfinement 

temperature and are emitting coloured particles. Within the Standard Model of particles, we 

assume that a black hole directly emits elementary particles once its temperature exceeds the 

rest mass energy of the particle species. An investigation on primary spectra was done in our 

earlier paper [11]. However, these elementary particles are not the final products of the black 

hole emission. Some of them are unstable and decay into stable particles. Some particles such 

as quarks and gluons exist only within hadrons under ordinary circumstances and must undergo 

fragmentation and hadronization. Even of hadrons, only the lightest hadron proton is stable in 

astrophysical timescales.  
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The secondary spectrum consists of particles that have evolved into final products and 

are stable in astrophysical timescales. Since we are considering the present epoch, the secondary 

spectrum will be consisting of photons (γ), electrons and positrons (e±), neutrinos and anti-

neutrinos (υeυ̅e, υμυ̅μ, υτυ̅τ) and protons and anti-protons (pp̅). These are the only particles 

that are stable in astrophysical timescales in the present epoch and any other primarily emitted 

elementary particle from the black hole must decay into these particles eventually after the 

emission. A particle physics code was required to evolve the elementary particles into final 

products. Publicly available C code BlackHawk [12] was used to simulate the particle emission 

and PYTHIA scripts for the present epoch were used to evolve the elementary particles into 

stable final products. 

 

 
 

Figure 1. Jet formation when a quark-antiquark pair separates [8]. 

 

 

For the present investigation, black holes of temperature above quark-gluon 

deconfinement temperature were considered. They have a mass of less than ~1014 g. They are 

estimated to decay away within a lifetime which is roughly equal to the present age of the 

universe [13]. These black holes of masses ~1014 g are also the most numerous today [4]. In 

fact, there is some experimental evidence for the measurement of Hawking radiation as well 

[14]. The instantaneous secondary emission spectra of particles were investigated by simulating 

Schwarzschild and maximally rotating Kerr black holes of masses 1013g – 10-5g. All formulas 

used are in Planck units where ℏ=c=k=B=G=1, unless stated otherwise. 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. After that, they were evolved using PYTHIA scripts to obtain the instantaneous 

secondary spectra.  

 

 

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. 
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These are described by the Schwarzschild metric written in Schwarzschild coordinates 

(𝑡, 𝑟, 𝜃, 𝜙) in the form [15]: 

 

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) 

 

They will emit elementary particles with total energy between Q and Q+dQ at a rate [4]: 

 

𝑑2𝑁

𝑑𝑄𝑑𝑡
= ∑

Γ𝑠(𝑄, 𝑀)

2𝜋
[𝑒𝑥𝑝 (

𝑄

𝑇
) − (−1)2𝑠]

−1

𝑑𝑜𝑓

 

 

(3) 

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. 

As mentioned in the introduction these elementarily emitted particles are evolved into stable 

final products and the secondary spectra of the stable final products are investigated. The 

following presents and analyses the instantaneous secondary spectra from Schwarzschild black 

holes that have exceeded the quark gluon deconfinement temperature.  

 

 

Figure 2. Instantaneous secondary spectrum from 3.53 × 1013 g SBH. 

 

 

Figure shows the instantaneous secondary spectrum from a 3.53 × 1013 g black hole. This 

corresponds to a temperature of 300 MeV. Temperatures are given in terms of eV to compare 
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with the rest mass energies of particles. Hence, the black hole has exceeded the quark gluon 

deconfinement temperature and is emitting quarks and gluons primarily. However, only 

particles that are stable on astrophysical timescales, photons, e±, three types of neutrinos, and 

protons make up the secondary spectra. It can be observed that at lower energies the photons 

are emitted at the highest rate. Protons have the overall smallest emission rate. At higher 

energies spectra of photons, e± and neutrinos behave similarly. 

Figure 2(a), 3(b), 3(c), 3(d) 3(e) and 3(f) show the instantaneous spectra of secondarily 

emitted particles photons, electrons e±, electron neutrinos νe, muon neutrinos νμ, tau neutrinos 

ντ and protons pp̅ respectively from the Schwarzschild black hole at temperatures 100, 300, 

500, 700 and 900 MeV of the black hole. The quark gluon deconfinement temperature was 

considered to be around 200 MeV. Hence a 100 MeV black hole has a temperature of 100 MeV 

below the quark gluon deconfinement temperature, and a 300 MeV black hole has a temperature 

of 100 MeV above the quark gluon deconfinement temperature.  

Photon spectra at five temperatures given in Figure 3(a) show that there is a clearly 

observable increase in the photon spectrum as soon as the quark gluon deconfinement 

temperature is exceeded. A slight difference in the shape of the curve between the T = 100 MeV 

curve and other curves can also be observed. The secondary electron spectrum given in Fig. 

3(b) shows that there is a clear increase in the emission rate of secondary electrons as 

temperature changes from 100 MeV to 300 MeV. There is a significant difference in the shapes 

of curves between the 100 MeV curve and other curves. The lower cut-off energy that can be 

observed below 10-3 GeV is the rest mass of electrons.  

Electron neutrino spectra given in Fig. 3(c) also show the increase in emission of electron 

neutrinos after quark gluon deconfinement temperature is exceeded. A slight difference in the 

shape of the curve between the T = 100 MeV curve and other curves is also observed.  

 

 
 

Figure 3(a). Instantaneous secondary photon spectra from a SBH at five temperatures 
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Figure 3(b). Instantaneous secondary e± spectra from a SBH at five temperatures 

 

 

 
 

Figure 3(c). Instantaneous secondary νe spectra from a SBH at five temperatures 
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Figure 3(d). Instantaneous secondary νμ spectra from a SBH at five temperatures. 

 

 

 
 

Figure 3(e). Instantaneous secondary ντ spectra from a SBH at five temperatures. 
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Figure 3(f). Instantaneous secondary p�̅� spectra from a SBH at five temperatures. 

 

 

Muon neutrino spectra are shown in Fig. 3(d) also show the increase in emission of muon 

neutrinos after quark gluon deconfinement temperature is exceeded and the slight difference in 

the shape of the curve between the T = 100 MeV curve and other curves. 

Tau neutrino spectra shown in Fig. 3(e) shows different behaviour than the other two 

types of neutrinos. It can be seen that the spectrum of tau neutrinos at 100 MeV temperature of 

the black hole is exactly similar to the spectrum of primary neutrinos. When the quark gluon 

deconfinement temperature has exceeded the shape of the spectrum changes from the shape of 

the primary spectrum and the emission rates corresponding to energies in the range of 0.007 

GeV – 1.321 GeV have increased above the emission rates of primary spectra. Proton spectra 

shown in Fig. 3(f) show a drastic increase in the emission of secondary protons from the black 

hole as the quark gluon deconfinement temperature is exceeded. 

An investigation on primary spectra shows [8] that some elementary particle species such 

as Higgs boson, W±, and Z0 are not being emitted from a black hole in the considered mass 

~1013 g. This observation gives the motivation to investigate the black hole spectra when the 

black hole mass reduces further, and the black hole becomes hot enough to radiate these particle 

species as well. Observable changes arise when the black hole mass is reduced to ~1011 g. We 

will call the black holes of mass between ~1011 g and Planck mass as intermediate black holes. 

The instantaneous secondary spectra of some intermediate black holes were investigated. Fig. 

4 presents the instantaneous secondary spectrum from a Schwarzschild black hole of mass 1.06 

× 108 g. This corresponds to a temperature of 100 TeV.  

When comparing with the instantaneous secondary spectrum from a Schwarzschild black 

hole just beginning to emit coloured particles (Fig. 2), it is clear that the emission rates of all 

secondarily emitted particle species have increased in Fig. 4 and shows an oscillatory behaviour 

in the low-energy end of all three types of neutrinos. Furthermore, the proton spectrum which 
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showed the lowest emission rate from a black hole just beginning to emit coloured particles has 

increased drastically when the black hole evolved to an intermediate black hole. In the 300 MeV 

black hole presented in Fig. 2, the tau neutrino emission was more dominant than the emission 

of protons. However, when the temperature has increased to 100 TeV the proton emissions is 

dominated over the emission of tau neutrinos. This can be accounted for by the fact that the 

primary spectrum is dominated by coloured particles [11] which subsequently undergo 

fragmentation and hadronization to form hadrons and they eventually decay into the lightest 

baryon, proton. 

 

 
 

Figure 4. Instantaneous secondary spectrum from 1.06 × 108 g SBH. 

 

 

If the elementary particles in the secondary spectra are considered, directly emitted 

particles found in primary spectra, final decay products of unstable particles, and final products 

formed by fragmentation and hadronization of coloured particles contribute to the emission 

rates. Fig 5(a), 5(b) and 5(c) show primary and secondary spectra of e±, photons, and neutrinos 

from a 1.06 × 1010 g black hole respectively. The temperature corresponding to this mass of the 

black hole is 1 TeV. It can be observed in all three, and that at higher energies the primary 

spectra and secondary spectra overlapped. Since secondary spectra are calculated by adding 

both primarily emitted particles and particles formed by fragmentation and hadronization of 

unstable primary particles, this overlap of curves indicates that the stable particles in the 

secondary spectrum having higher energies are in fact particles that were directly emitted by 

the black hole. However, at lower energies, the secondary spectra far exceed the primary spectra 

in all three figures. This is because a large number of low-energy particles have been formed 

by the decay of unstable particles. The coloured particles that are being emitted by the black 

hole dominantly at this temperature would undergo fragmentation and hadronization and finally 

become stable particles contributing to the secondary spectrum. The classical general relativity 

cannot be applied when the black hole mass reaches below the Planck mass 10-5 g.  
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Figure 5(a). Instantaneous primary and secondary spectra of e± from 1.06 × 1010 g SBH. 

 

 

 
 

Figure 5(b). Instantaneous primary and secondary spectra of photons from 1.06 × 1010 g 

SBH. 
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Figure 5(c). Instantaneous primary and secondary spectra of neutrinos  

from 1.06 × 1010 g SBH. 

 

 

 
 

Figure 6. Instantaneous secondary spectrum from a SBH of Planck mass. 
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The secondary spectra from a Schwarzschild black hole at the last moment, that is when 

the mass of the black hole has reduced to Planck mass are presented in Fig. 5. There are more 

fluctuations in the spectra at lower energies when compared with the previous two spectra given 

in Figure and  

Figure 4. Instantaneous secondary spectrum from 1.06 × 108 g SBH. Another notable 

feature that can be observed is that the emission rates of all particle species of all energies have 

dropped drastically. In instantaneous primary spectra, it was observed that as the temperature 

of the black hole increases (and the mass decreases correspondingly) the peak of the spectrum 

shifted to higher energies [11]. However, in contrast to instantaneous primary spectra, in all 

three secondary spectra presented in Figure 2,  

Figure 4, and Fig. 5 there is no change in the range of energies at which the peaks of 

secondary spectra occur. Because the secondary spectrum mostly consists of particles formed 

by the fragmentation and hadronization of coloured particles and the decay of these are directly 

emitting unstable particles, the range of energies at which the peaks of secondary spectra are 

unchanged with the mass of the black hole. Even though remarkably high energetic particles 

would be directly emitted from the black hole they will lose energy as they decay and finally 

settle to stable particles within the same range of energies.  

 

 

3.  KERR BLACK HOLES 

 

Kerr black holes (KBHs) 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 [15]: 

 

𝑑𝑠2 = (𝑑𝑡 − 𝑎 sin2 𝜃 𝑑𝜙)2
Δ

Σ
− (

𝑑𝑟2

Δ
+ 𝑑𝜃2) Σ − [(𝑟2 + 𝑎2)𝑑𝜙 − 𝑎𝑑𝑡]2

sin2 𝜃

Σ
 (4) 

 

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 

(5) 

 

and 𝑎 is the black hole spin defined by, 

 

𝑎 =
𝐽

𝑀
 (6) 

  

where 𝐽 is the angular momentum of the black hole. Kerr black holes will emit particles with 

total energy between Q and Q+dQ at a rate [4]:  

 

𝑑2𝑁

𝑑𝑄𝑑𝑡
= ∑

Γ𝑠(𝑄, 𝑀, 𝑎∗)

2𝜋
[𝑒𝑥𝑝 (

𝑄 − 𝑚Ω

𝑇
) − (−1)2𝑠]

−1

𝑑𝑜𝑓

 (7) 
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where Ω is the angular velocity at the horizon defined by,  

Ω =
𝑎∗

2𝑟+
 (8) 

 

Similar to the Schwarzschild black hole the elementary particles emitted by the Kerr black 

hole according to Eq. 7 were evolved into final products using PYTHIA scripts and the 

instantaneous secondary spectra were obtained. All the Kerr black holes were maximally 

rotating in the instant the spectra were calculated. Fig. 7 shows the instantaneous secondary 

spectrum from a maximally rotating Kerr black hole of mass 3.53 × 1013 g. Compared with the 

spectrum of the Schwarzschild black hole of the same mass presented in Fig. 2, the maximally 

rotating Kerr black hole shows many oscillations in the high-energy end of the spectrum. These 

oscillations at high energies were observed in the primary spectra of Kerr black holes of the 

same mass as well [11]. However, the spectrum of pp̅ varies smoothly without oscillations. The 

emission rates of pp̅ are also higher in the Kerr black hole than in the Schwarzschild black hole. 

Hence, we can conclude that this oscillatory behaviour at high energies was inherent from the 

primary spectrum. An important result we can derive from this is that the high-energy particles 

in the secondary spectrum are in fact particles that were directly emitted by the black hole rather 

than being decay products. At low energies, the spectrum more or less resembles the spectrum 

of the same mass Schwarzschild black hole. 

 

 
 

Figure 7. Instantaneous secondary spectrum from 3.53 × 1013 g maximally rotating KBH. 

 

 

Figure 8(a), 8(b), 8(c), 8(d) 8(e) and 8(f) show the instantaneous spectra of secondarily 

emitted particles photons, electrons e±, electron neutrinos νe, muon neutrinos νμ, tau neutrinos 

ντ and protons pp̅ respectively from a maximally rotating Kerr black hole at temperatures 100, 

300, 500, 700 and 900 MeV. The increase in the emission rates of secondary photons, e±, 

neutrinos, and pp̅ observed in the case of Schwarzschild black hole can also be observed from 

the maximally rotating Kerr black hole at the same temperature as well. Moreover, by 
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comparing and it can be observed that a maximally rotating Kerr black hole at 3.53 × 1013 g 

temperature is emitting pp̅ at a much higher rate than a Schwarzschild black hole at the same 

temperature. 

 

 
 

Figure 8(a). Instantaneous secondary photon spectra from a maximally rotating KBH at five 

temperatures 

 

 
 

Figure 8(b). Instantaneous secondary e± spectra from a maximally rotating KBH at five 

temperatures. 
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Figure 8(c). Instantaneous secondary νe spectra from a maximally rotating KBH at five 

temperatures. 

 

 
 

Figure 8(d). Instantaneous secondary νμ spectra from a maximally rotating KBH at five 

temperatures 
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Figure 8(e). Instantaneous secondary ντ spectra from a maximally rotating KBH at five 

temperatures. 

 

 

 
 

Figure 8(f). Instantaneous secondary p�̅� spectra from a maximally rotating KBH at five 

temperatures. 
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Figure 9. Instantaneous secondary spectrum from 1.06 × 108 g maximally rotating KBH. 

 

 

 
 

Figure 10(a). Primary and secondary spectra of e± from 1.06 × 1010 g maximally rotating 

KBH. 
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Figure 10(b). Primary and secondary spectra of photons from 1.06 × 1010 g maximally 

rotating KBH 

 

 

 
 

Figure 10(c). Primary and secondary spectra of neutrinos from 1.06 × 108 g maximally 

rotating KBH. 



World Scientific News 160 (2021) 124-144 

 

 

-142- 

The instantaneous secondary spectra from a maximally rotating, intermediate Kerr black 

hole of mass 1.06 × 108 g is presented in Fig. 9. The secondary spectrum from Kerr black hole 

looks similar to the secondary spectrum from the Schwarzschild black hole given in  

Figure 4. However, there is a slight decrease in the secondary photon emission rates in 

the Kerr black hole when compared with the Schwarzschild black hole. 

Fig 10(a), 10(b) and 10(c) show primary and secondary spectra of e±, photons, and 

neutrinos from a maximally rotating Kerr black hole of mass 1.06 × 1010 g at 1 TeV temperature. 

Kerr black hole shows similar behaviour to Schwarzschild black hole, except for the 

oscillations of spectra close to the peaks of primary spectra. 

Figure 11 give the secondary spectrum from a maximally rotating Kerr black hole of 

Planck mass. This spectrum is similar to what was observed from the Schwarzschild black hole. 

 

 
 

Figure 11. Instantaneous secondary spectrum from maximally rotating BH of Planck mass. 

 

 

4.  CONCLUSIONS  

  

We have investigated the instantaneous secondary spectra of particle radiation from 

Schwarzschild and maximally rotating Kerr black holes of masses between ~1013 g and Planck 

mass. A significant fraction of particles having energies below the black hole temperature is 

formed by the decay of unstable particles such as quarks, gluons, μ±, τ±, W±, Z0, and Higgs 

bosons. The elementary particles with high energies in the secondary spectra are predominantly 

the high energetic particles directly emitted by the black hole.  

The spectrum of pp̅ from black holes beginning to emit coloured particles do not resemble 

the spectra of other secondary particles. This is because pp̅ are not emitted directly nor produced 

in pion decays which predominantly contribute to the peaks of other spectra at these 

temperatures of the black hole. However, the secondary spectra presented for intermediate and 

Planck mass black holes show that as the temperature of the black hole is increased, the flux of 
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pp̅ grows. The decay products of directly emitted particles dominate the spectra at lower 

energies, but the spectra at higher energies are mostly comprised of directly emitted high 

energetic particles. The Schwarzschild black hole just beginning to emit coloured particles 

which was simulated to have a mass of 3.53 × 1013 g showed a smooth variation whereas the 

maximally rotating Kerr black hole of the same mass showed many oscillations in the high-

energy end of the spectrum. However, the spectrum of pp̅ varies smoothly without oscillations. 

The emission rates of pp̅ were also higher in the Kerr black hole than in the same mass 

Schwarzschild black hole. At low energies, the spectrum of Kerr black hole more or less 

resembled the spectrum of the same mass Schwarzschild black hole.  

The instantaneous secondary spectrum from the intermediate maximally rotating Kerr 

black hole of mass 1.06 × 108 g looked similar to the secondary spectrum from the 

Schwarzschild black hole of same mass except for a slight decrease in the secondary photon 

emission rates in the Kerr black hole. The secondary spectrum from a maximally rotating Kerr 

black hole of Planck mass was similar to the spectrum from the Schwarzschild black hole of 

Planck mass. 
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