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Numerical study of Hawking radiation photosphere formation around microscopic black holes
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Heckler has recently argued that the Hawking radiation emitted from microscopic black holes has suffi-
ciently strong interactions above a certain critical temperature that it forms a photosphere, analogous to that of
the Sun. In this case, the visible radiation is much cooler than the central temperature at the Schwarzschild
radius, in contrast with the naive expectation for the observable spectrum. We investigate these ideas more
guantitatively by solving the Boltzmann equation using the test particle method. We confirm that at least two
kinds of photospheres may form: a quark-gluon plasma for black holes of Magss5x10'g and an
electron-positron-photon plasma ftd g, <2Xx10'2g. The QCD photosphere extends from the black hole
horizon to a distance of 0.2—-4.0 fm for §<Mg,<5Xx10"g, at which point quarks and gluons with
average energy of ordeXocp hadronize. The QED photosphere starts at a distance of approximately 700
black hole radii and dissipates at about 400 fm, where the average energy of the emitted electrons, positrons
and photons is inversely proportional to the black hole temperature, and significantly higher than was found by
Heckler. The consequences of these photospheres for the cosmic diffuse gamma ray and antiproton back-
grounds are discussed: bounds on the black hole contribution to the density of the universe are slightly
weakened[S0556-282(199)03206-3

PACS numbes): 97.60.Lf, 04.70.Dy, 95.30.Cq, 98.70.Rz

I. INTRODUCTION guesses as to how they might cluster. It is possible that ex-
tremely high energy neutrinos from exploding PBH's will be
It has long been known that black holé8Hs) are not observable in the new generation of neutrino telescopes
perfectly black, but emit nearly blackbody radiation at a tem- Recently Hecklef7] revived the possibility that the spec-
peratureTg,=(8wGM) ' due to quantum mechanical ef- trum (1) need not hold far away from the Schwarschild ra-
fects[1] (where G is Newton’s gravitational constanfl-  djus, r,=2GM, because the radiation might interact with
though this Hawking radiation is negligible for jtself in some region, similar to photons diffusing inside the
astroph_ysically large black holes, it becomes suffi_ciently hobhotosphere of the Sun. The idea had been previously dis-
to be visible for masseM <10'°GeV, corresponding to a missed[9,10], but in the framework of QED, Heckler iden-

BH that would be disappearing today, assuming it Was;fieq premsstrahlung and pair production as processes which
present at the big bang. The present density of such BH'S i 14 change this negative conclusion. Both interactions

the universe is in fact limited _by observatl'ons of the dlffuseCause a small initial number of high energy particles to frag-
gamma ray background coming from their accumulated ra-

diation [2]. Such limits are calculated assuming Hawking's ment into many lower energy_parncles, giving a significant
; decrease in the average particle energy. Consequently, ac-
expression for the spectrum,

cording to Ref[7], a BH with T=45GeV atry would ap-
dN  o(E)E? 1 pear to an observer more like a BH with=m, (the elgctron .
dEdt. 27 exgE/Tgy)*1 (1)  mass, in terms of average energy, but much brighter in
terms of absolute luminosity.
where the sign depends on whether the emitted particle is a AS récognized by Heckler, it is not easy to give a highly
fermion (+) or a boson(—), and o(E) is the absorption quantitative treatment of the problem because, unlike in the
cross section for the emitted particle, which depends on it$Un. the system is never so strongly coupled as to admit the
spins [3]. Moreover, previous estimates of the possibility of @PProximation of local thermal equilibrium. The problem is
observing individual black holes, which explode in a burst ofthat, whereas the sun has a huge chemical potential in gravi-
radiation as their masses approach to Planck mass, are alggionally bound electrons and protons which are providing
based on Eq(1), combined with calculations of the mass the large density, in the BH there are equal numbers of par-
spectrum of primordial black holg®BH’s) that could form ticles and antiparticles, which are at first freely streaming
during inflation [4] or the QCD phase transitiof5], and away from the horizon. The density at the horizon~ig3
but quickly falls like 1f? in the absence of particle produc-
tion. In fact the density changes by a large factor within the
*Present address: McGill University, Monaile Québec, Canada mean free path of the particles. A fluid description of the
H3A 2T8 and Service de physique thegue du CEA Saclay, plasma, although perhaps useful for roughly estimating its
F-91191 Gif-sur-Yvette @ex, France. behavior, is not self-consistent.
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It thus seems worthwhile to investigate the evolution of The idea is essentially to follow the classical evolution of
the Hawking radiation plasma more quantitatively. Theeach particle, allowing for possible scatterings by using the
proper framework for doing so is the Boltzmann equation fordifferential scattering cross section as a probability distribu-
the particle distributions, tion. However, the number of nucleons in even a heavy

nucleus is so small that one must do this many times to

d p obtain distribution functions that are not dominated by sta-
(5+EV)f(p,x,t):C[f(p,x,t)] (2)  tistical fluctuations. Alternatively, one can obtain the re-

quired statistics by representing each real particle by an ar-

bitrarily large number of test particles, which is equivalent to

. K L . _but simpler than simulating the heavy ion collision many
lowing section we will discuss a general method for SOIVmg.times. One must only be sure to avoid unphysical collisions

the Boltzmann equation which has been successfully used i o -
the field of heavy ion collisions, and the adaptations of thisBy prohibiting any two test particles that represent the same

. ._actual particle from scattering off each other. However, in
methqd .Wh'Ch. we haye made fo'r the BH pmb'e”?- CrUCIaIpractice, it is easier to allow scatterings to occur betwaden
for this investigation is the collision terrd f]. Section I

. . . test particles, while simultaneously reducing the cross sec-
focuses on the scattering cross sections which godnto p y g

Sec. IV we present our results for the detailed properties O%ion by a factor, equal to the ratio between the number of
: P prop est particles and the number of actual particles.

the QED and QCD photosphere;. The ramifications for the A difference between heavy ion collisions and black hole
most relevant observable particle backgrounds, namelya

mma. r nd antioroton re worked out in Sec. V. W diation is that in the former, one is evolving the distribu-
gamma rays and antiprotons, aré worked ou €C. V. Wlons in time, whereas we want to evolve them in space.
summarize our results in the final section.

However, our version of the Boltzmann equation is math-
ematically equivalent to one with time evolution but spatial
Il. TEST PARTICLE METHOD FOR SOLVING homogeneity,

BOLTZMANN EQUATION

using Eqg.(1) as a boundary condition at=r,,. In the fol-

The full Boltzmann equation is an integro-differential 9
equation which is difficult to solve exactly. For black holes Z (PO =C'[f], (4)
we can make several important simplificatiof. We con-
sider nonrotating black holes so that the distribution func-

tions have spherical symmetr§2) We confine our attention \\heref(p,t) is known at some initial time. Since this equa-

to BH's whose lifetime is still long compared to the diffusion 4o, is evidently amenable to solution by the test particle

time of particles in the putative photosphere; thus the distriy athod and Eq(3) is equivalent to it just by renaming

bution functions are approximately time-independent. For ,
example, the lifetime of a black hole witd =10''g andT ;éthigdtocsg&:g%vr + We can also apply the same
=1000 GeV is of order 10s, whereas the particle diffusion o

time in its photosphere is-10 ?'s. We estimate that only

for black holes of masss10’g will the lifetime become A. Free evolution

comparable to the diffusion time. . . .
Under the above assumptions, the Boltzmann equation Let us first consider how the method works in the absence

; of collisions, so the particles are propagating freely. At the
takes the simpler form initial surface of the horizon, it is assumed that the radiation
is distributed according to E@l) in all directions not point-

if(p,phr): iC[f], 3) ing back below the horizon, that is, for polar angles with
ar Uy cos#>0. However, at a larger radius if there have been no
collisions then particles can only have come from a cone
wherep=|p|, p; is the magnitude of the component of mo- pointing back to and subtended by the horizon. The direc-
mentum transverse to the radial direction, ands the radial ~ tions of the possible momenta of the particles are restricted
velocity. Because of the spherical symmetry there is no deto lie in the outward half of this cone, whose opening angle
pendence on the azimuthal momentum component. is given by sirg=ry/r. Asr increases, the momenta become
Even with these simplifications, E@3) is still prohibi-  increasingly concentrated in the radial direction.
tively difficult to solve in the most naive numerical way, = Numerically the evolution in the noninteracting case is
namely discretizing momentum space and evolving the disthus trivial. A particle whose momentumsatr will have
tribution defined on this momentum lattice forward in radius.the same momentum at>r. However, thecoordinatesof
At each point in momentum space a multidimensional phaséhe momenta will change: for example,gfis purely trans-
space integral is required to evaluate the collision termyerse at, it will develop a radial component at. Let 6 be
which is computationally costly. Fortunately, this problem the polar angle from the radial directionratnd 6’ that atr’
has been already surmounted in other situations, namelgee Fig. 1 Then using the law of sines,
heavy ion collisiong11,12. There one wants to track the
distribution functions of nucleons in the two nuclei as they PR S
L sing’ = — siné. (5)
pass through each other and undergo collisions. r
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factor is not very important because the bulk flow of the
particles away from the black hole tends to causdo ap-
proach unity.

The average is taken using the distribution functions for
the incoming particles,

Urel\ d3p1d3p2 Urel
<0'U_r>_ Wf(pl,r)f(pz,r)av—r_ (1)

In the test particle method, there is no need to do any inte-
FIG. 1. Momentum in free radial evolution. grals per se Since the ensemble of test particles is already
distributed according té, (ouv,e /v,) is simply given by an
For very larger’ the momentum becomes essentially ra-unweighted average efv,¢, /v, over the ensemble. We ran-
dial, #’=0, and a momentum that is initially radial remains domly choose pairs of particles to perform this average.
so. The distribution function will be given approximately by  If \(r) was constant, one could choose the step size for
) the evolution to be simphAr=\. Since\ is the average
f(p.ry), Ossind'<rylr, 6 distance particles go between collisions, the interactions
0, sing’>ry/r, 6) could be simulated by demanding that over the distakice
=\, each particle participates in a single collision. However,
where the new radial and perpendicular components are rén the black hole problem (r) can increase significantly on

f(p',r")=

lated to the old ones by a distance scale of because the density is decreasing like
1/r2. To deal with this, one must choose the step size to be
" ) ; smaller,
pi=—"p. and p/=yp*-p}* Y
If f is isotropic at the horizon, then for large distances one Ar< da/dr’ (12)

finds that this gives a density decreasing like?1/as re-
quired by conservation of particle flux: Then )\, and hence the interaction rate, is guaranteed to be
approximately constant ovexr. Over this distance, only a

d’p ry)? fraction F of all the particles will undergo scatterin
n(r)=f—3f(p,r)= 2] n(ra). ® P g 9
(27) r
Ar
Since the particles are moving on straight lines, the step size F= N (13
for evolving the distributions is irrelevant in the noninteract-
ing case. The general procedure for including interactions is there-
fore clear:(1) At eachr, compute\ using the known distri-
B. Including interactions butionsf(p,r). (2) Given\, choose a step siz&r in accor-

To account for the interactions of the particles with eachdance with Eq(19). (3) Choose a subset of particles from

other one must first choose an appropriate step &izdor the ensemble such thatla} fractign=Ar/A of thg total en-
evolving the distribution. The natural choice is the mean freeSemble will under_go collisions and change their energies and
path, A\, or some fraction thereof. If the interaction cross momgnta accordmg_ly. To account for they Lfactor In the

D X ' effective cross section, we arrange the ensemble in order of
section iso, then we can define

increasingv, and let that fraction of particle with the
A YD) =n(N){(ove), (9) smallestv, participate in the interactions. After these steps

are carried out, the distribution function is knownrait Ar

wheren is the density and,, is the relative velocity of the and the procedure can be repeated.

two interacting particlegto be discussed in more detail be-  The particle densityi(r) which goes into Eq(10) is cal-

low, in Sec. IlI). However, the time-independent Boltzmann culated analytically and therefore does not depend on the

equation we are solving is mathematically equivalent to thenumber of the test particles. To find the densify) we first

usual time-dependent version only after dividing by the ra-compute what it would be in the absence of particle produc-

dial velocity. Thus our collision term is related to the usualtion:

one by a factor of 1/, , which modifies the definition of the 5

mean free path to h
no(r):nhr—z, (14
A1) =n(r){ ¢! (10
v |- where the subscript 0 means that this density is before the

particle creation process is taken into account. The radius of
We takev, in this formula to be the minimum of the radial the horizon isr,=1/(4w7Tgy). To find the density at the
velocities of the two interacting particles. In practice thishorizon, we note that if the BH absorption cross section
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o(E) was a constant, then the BH would be a perfect black
body, and the density of radiation would be thermal. How-
evero(E) is suppressed @&—0 and only reaches its geo-
metric optics value ofoy=277G?M? in the limit as E
—oo. Thereforen,, is reduced from its thermal value by a
factor of I's=[d3po(E)f.(p)/fd3poyf.(p). This has
been computed in Ref8] to be

56.7
—— electrons,
27w

I's=1 204 (15)
—— photons.
27w
Then the density at the horizon is
3 (a)
ﬁng(s)TgH electrons or positrons,
Nh= > (16)
?rbg(s)TgH photons,

where{(3)=1.20206(Rieman zeta function

To account for particle creation we use the test particles to
find the fraction of new fermions and bosons created at each
step. LetN¢p(r) be the number of electrofiphotong in the
shell of widthAr at radiusr. We will definePy,;(r) as

Nirp(r)
P rN=————-. (17)
fo)(") Nerp1(rn)
Then, using Eq(14) through(17) we obtain (b)
§F P.(r) et or e FIG. 2. Feynman diagrams for the dominant contribution@}o
n(r)= {@3) E 2 Ml (18) bremsstrahlung(b) pair production.
w?(4m)? r?

2L Py(r), . resent these particles with some much larger nunieof

test particles. In the application to heavy ion collisions it is
In this way, particle densities can be computed at any step byjecessary to reduce the cross section by the fadiN, to
keeping track of the relative increase in particle numbergyoid overestimating the number of collisions. This is be-
Ppy- Later, we shall also refer to the ratio of all particles atcause in the latter situation, individual nucleon positions are
r versus at the horizon; kept track of, and two particles are only allowed to collide if
nu(r)+ N (r) they come Within a Qistangkgcz \/.0/77 of each pther. If th_e
B A number of particles is artificially increased while proportion-

Np(rp) +n¢(ry) ally decreasing the cross section, the physically meaningful
mean free path will remain constant. In our case, since we do
not follow the spatial trajectories of particles, but instead
compute the physical mean free path, it is consistent to allow
all the test particles to interact over a distancaegardless
The factor 4.17 comes from computindg’ 321"}, . of how large the ratid\N;/AN is. Thus there is no need to

To generalize the previous results to quarks and gluons igeduces proportionally to the number of test particles in the
straightforward: one must multiply the photon density by apresent problem.
factor of 8 to convert to gluons, and the electron density by a
factor 3¢ to getn; flavors of quarks.

A final issue concerns the number of test particles used to
represent the ensemble, versus the actual number of particles The most important processes contributing to photosphere
coming from the BH. For example, within the first radial formation around the BH are bremsstrahlueg{-eey) and
incrementAr near the horizon, the actual number of particlesphoton-electron pair production e¢y—ee e*), whose
AN=47-rrﬁArn(rH) might be too small a number to gener- dominant Feynman diagrams are shown in Fig. 2. Both have
ate a smooth distribution function. We would prefer to rep-cross sections oD(«?), which at first sight might make

P(r)

_ Pb(r)+4.17Pf(r)
B 1+4.17

(19

lll. SCATTERING CROSS SECTION
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them seem less important than the leaddgr?) processes 1 oc rﬁ
like Compton scattering. However the latter are elastic and S m n(fh)r—zp(ff)
e\ c e f

change the distributions only by randomizing the momenta,
whereas the former are inelastic and increase the number of Tey |4
particles while reducing their average energies. Thus the = 3( )
elastic scattering processes appear to be less relevant for de-

termining the properties of the photosphere even though theyherefore the effects of elastic scattering should only be-
are faster than the inelastic ones. Before going on to a desome important when the BH temperature starts to exceed
tailed description of bremsstrahlung, let us examine this is~5 TeV. We will discuss our numerical investigation of this
sue more carefully. regime below, although most of our work focuses on BH

temperatures below 1 TeV.

A. Elastic scattering processes B. Bremsstrahlung cross section

One could argue that elastic interactions like Compton The relativistic differential cross section for bremsstrah-

scattering ¢y—ey) or electron-electron scattering might |ung in the center of mass frame[is3,14
change the size of the photosphere somewhat, but they will

not affect the most important observable property, which is do(w) 8ar§ 4 w? 4E(E-w)] 1
the energy spectrum of emitted particles. It is the 2 body do  Eo §(E_ w)+ E In mw ol
interactions like bremsstrahlung which principally distin- ¢ 23

guish the photosphere from freely streaming particles. How-
ever there is one sense in which elastic scatterings may beherefi=c=1, r.=a/m,, E is the initial energy of each
important: by randomizing the particle momenta, they mightelectron, andw is the energy of the emitted photon. It di-
postpone the tendency for the relative velocities of particleverges foro—0, but higher order corrections essentially im-
to approach zero, due to the bulk, outward radial motionpose an infrared cutoff7].
This in turn could keep the bremsstrahlung mean free path, The form of Eq.(23) implies that the probability to emit a
Eq. (10), small out to larger radii, enlarging the size of the photon diverges as its energy goes to zero. On the other
photosphere. hand, emission of a zero-energy photon has no effect on the
Suppose the mean free path for elastic processes is givestectron which emits it. A convenient way of rendering the
by M\e(r) at a distancer from the black hole. Their cross section finite, while at the same time accounting for the
momentum-randomizing effects will be important for the photons which carry away significant energy, is to use the
photosphere only in regions whekg<r. This is because energy-averaged total cross sect|@rl3]
the length scale over which random momenta become in-
creasingly radial at a given distanceis r itself. If Ag(r) — j «
exceeds, then scatterings start to lose in the competition 7] E
against geometry.
The relativistic limit of the Compton cross section, in the The cross section for photon-electron pair production shows

dU)d 8ar?In s 24
% w=~oalg nﬁ. ( )

laboratory frame, is the same functional dependence in the extreme relativistic
limit and we therefore use the same estimé4) for both
27ma® E interactions.
Oc™ meE nﬁ' (20) An improvement on the present treatment would be to use

the actual differential bremsstrahlung cross section as a dis-

tribution which would produce low energy photons with

We can then estimate, as higher probability. One would have to impose an infrared
cutoff on the emitted photon energy and show that no mean-
ingful physical properties of the photosphere depend on this

MY ) =on(r) = on(r)P(r), 21 cutoff. Here we Eave taken the simpler approach of approxi-

e (N=aen(r)=aen(rn)P(r) @D matingdo/dQ =o/4, and choosing the energies and direc-

tions of the final state particles at random in the center of
mass system, subject to the constraint of conservation of

with the particle density given by Eq18) and the particle four-momentum.

production factor by Eq(19). Below, we will show that
when elastic scattering is ignored, the QED photosphere ends
at a distance ofrf~me‘1, and for large Tgy, P(ry)
~bT3,, with b=4.5x10"°GeV 2. Furthermore, the aver- Bremsstrahlung processes do not occur in vacuum but in a
age particle energy at the horizon will be given by its valuebackground plasma of almost radially propagating particles.
at the horizon,~3Tgy, divided by P(r). To see whether These background particles suppress the bremsstrahlung
our neglect of elastic scattering is consistent, we should coneross section if they are sufficiently dengbe LPM effect

pute r¢/A.=(meho) 1, and ask whether it ever exceeds [20]). A simplified means of accounting for this is to replace
O(1). Using the above results we get the vacuum electron mass$., by its thermal value,

C. Thermal mass
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Mgy =M+ m3(T). (25) 10° e s
QED

This procedure, although not exact, gives the correct position 100 O —— Test particle model
of the pole of the electron propagator in the energy-
momentum plane to an accuracy of 10%b]. In a gauge
theory with coupling constarg, in a thermal background,
the plasma mass is given loy,=gT{C(R)/8, whereC(R)

is the quadratic Casimir invariant for the fermion transform-
ing in the representatioR of the gauge group. However,
even if the background is not in thermal equilibrium, we find
by computing the electron self-energy in the plasma that the
formula for m, which was originally derived in the thermal 10
case is still correct:

0 N ——- Estimate

Thermal mass, GeV
)

4

d®p 0% 10° 107 10° 100 100 10° 10
mg:gzc(R)fm(ff(prb(p))’ (26) (a) Distance from the black hole, 1/GeV

wheref ) (p) is the distribution function for a single polar- QCD
ization of the background fermiongyauge bosons [i.e., —
fry(P)=(e¥T= 1)1 in the thermal cadeFor a collection

of test particles which represents these distribution functions,
the integral may be approximated by taking the average of
1/p over all electrons and photons, respectivi@gyarks and
gluons in the case of QODCounting polarizations, we ob-
tain

——Test particle model

Thermal mass, GeV

dma(ngpe ) +n p, M), QED
m2=< 167 n
P q -
3| 3n, (Pa

hadronization point

1> + %“}; l> ., QCD. (27 10% | vacuum quark mass 8 MeV

10" 10
Near the BH horizon where the particle densities are high, () Distance from the black hole, 1/GeV

the plasma mass dominates over the vacuum mass, and leads

to a significant reduction in the bremsstrahlung cross section, FIG. 3. Thermal masgand the estimaté28)] in typical (a) QED

sincegomy; 2. Failure to take this into account would give a @nd (b) QCD photospheres.

misleading estimate of the onset of the photosphere in the ] ] ) )
case of QED. affect our simulation very close to the horizon, which does

Several aspects of the implementation of thermal mass iROt aPpear to be an important region as regards the observ-
the test particle model should be mentioned. First, in(8g. ~ aple features of the photosphere. Hence it is simpler and
ne andn,, are the actual electron and photon densities calcuseemingly a good approximation to ignore redshift.
lated analytically, whereas, andp., are kinetic energies of As in Ref.[7], we can estimate the thermal mass of an
the test particles, assumed to be relativistic. Secondly, w&!ectron I tr;e QED photosphere  usingn(r)
recalculate the fermion thermal mdssing Eq.(25)] at each = Ter(3/2 "/ (?(4)%r?) for thi/densmes of both pho-
step in radius. Becaus®gy, changes, if the fermion momen- tons and electrons, andrg,,/(3/2) ) for average particle
tum was held fixed, its total energg=\m2 +p2, would  ENErgy at radius. Here, \V(r) is the number of bremsstrah-

change. Hence, we assume that the thermal mass correctiJff’d €vents an average particle undergoes between the hori-

is done at the expense of momentum in such a way as ton and radiug. Since in each such scattering one new

keep its total energf constant. particle is produced, (3/2§") is the factor by which the total

[The reader may wonder whether energy should indeed blg_umber of particles has increas_ed. In the test-particle model,
conserved, due to gravitational redshift. In fact all significantSince the total number of particléé(r) is known at each
redshifting of the outgoing particle energies occurs withinStep, this increase is calculated directly Bgr)/N(rp).
the first few Schwarzschild radii of the horizon, where the Then,
classical concept of particles is not yet well defined, due in >
part to the de Broglie wavelength being of the same order as I \/m2+ o i( N(r) 28
the Schwarzschild radius. Moreover, the Hawking spectrum th e m(4m)?r?\N(ry))

(1) refers to energies as observed far from the BH. If we

were going to try to include redshift effects, we should blue- Figure 3 shows how the thermal mass depends on radial
shift the initial particle energies accordingly, so that asymp-distance from the BH for two illustrative cases: the QED
totically they have the usual distribution. This would only photosphere of a BH withT =1000 GeV, and the QCD
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photosphere for & =10 GeV black hole. We see that in the

QED plasma the factor of 87 is dominant over any growth 10 ‘ ‘ ‘ 7
in density as the radius increases, which causes the thermal 10° | ———- Radius of distribution // 1
mass to decrease monotonically. On the other hand, in the > 44* | —— Interaction range , ]
QCD plasma, the particle production factid{r)/N(ry) is 8 s vl
more influential(due to the running of the coupling constant : 0 ¢ o 3
with energy, in particular and just before hadronization g 10° [ ,/ E
starts, at average particle energ{& near the QCD scale § 10" L ,/
Agcp, the thermal mass may again increase. Our perturba- S 10° | //
tive formulas should not be trusted quantitatively in this re- % . //
gime, however. Figure(d) also shows that the analyticap- 8 10 | e 1
proximation(28) my, and the numerically computed values g 10° ¢ // ]
are in reasonably good agreement. - w0t b <—— Photosphere — 3
//
D. Interaction distance and relative velocity 10'-3 16-2 10"1 160 161 162 163 164 165 10°

The distance at which particles can interact via brems- Distance from the black hole, r (1/GeV)

strahlung and pair production is an important parameter, FIG. 4. Maximum distance of interactiomy;", in a typical

since we have to demde which test particles may mtera_\chD photosphere T, = 1000 GeV), indicating the rapid dissipa-
with one another and which may not. In the heavy ion colli-iy, of the photosphere at distanaes my," .

sion problem, those test particles were allowed to interact

which were within a critical distancb.= o/# from each 5 >
; ; " ; V(P1-p2)*—mim

other. Notice that in that case, the relative velocity of the two Vyel= 12

particles was typically large because the interacting nucleons EiE;

were not moving parallel to each other. But in the present
case of BH radiation, two particles which are nearest neigh- P1: P2
bors typically are moving in almost the same direction, i.e., = 2( 1- 1P, )
radially, leading to a suppressed relative veloeity; . Such
particles have a small probability of interacting, since they\yhose second form is valid in the relativistic limitn this
make a Sma” Contribution to the inVerse mean free path, Eqarge_radius regime we re'y upon the randomization of ve-
(9). The dominant interactions involve pairs of particles with|gcities provided by the scatterings themselves to keep the
large relative velocity. Near the horizon of the BH, suchmomenta from becoming purely radial, which otherwise
pairs would consist of particles on opposite sides of the BH¢ayseg),,, to tend toward zero. Nevertheless the inevitable
moving away from each other. o radialization of momenta as increases quickly overcomes
Although classically it is somewhat counterintuitive t0 the randomization due to scatterings, causing the particles to
have interactions between particles that have already passgdcome freely propagating and marking the end of the photo-
each other, as it were, there is no reason to exclude them $@nere. This behavior is shown in Fig. 4. Although our
long as the particles are still within the range of the imerac'matching between the<m;;,* andr>m; ! regions is some-
tion. For bremsstrahlung it has been shd@f] that at rela- \hat crude, we believe it captures the essential physics, and
tivistic energies, small momentum transfers of the ofder hat 4 more accurate treatment, using detailed information
=m, contribute the bulk of the total cross section. Therefore;p ot each particle’s trajectory, would only change the esti-

the distance at which particles can interact via bremsstrahsate of the photosphere’s outer radius by a factor of order
lung (and pair productionis of orderm; * in the vacuum. In unity.

the plasma, accounting for thle LPM effect, the cutoff instead
becomes the thermal masg;". . _ IV. NUMERICAL RESULTS: QED PHOTOSPHERE
Therefore in the radial interval,<r <mg,” (assuming the
BH is microscopic so that the photosphere can indeed)form  This section will summarize the results of test particle
a given particle in the plasma is always able to interact witrsimulation of black hole emission when only electrons, pos-
some other particle, with a large relative velocity,<2. It  itrons and photons are taken into consideration. This restric-
is not necessary to assume particles interact only with theiion is appropriate for black holes withigy<Agcp. We
nearest neighbors, or to keep track of the exact spatial trajeavill also treat higher temperatures in this context for the sake
tories of the particles, which simplifies our task of evolving
the ensemble of test particles.
Of course the above procedure no longer works at radii This definition ofv ., arises from comparing the detailed form of

larger thanmt_h:_L' At that point we adopt the procedure of {he collision term in the Boltzmann equation with that of the scat-
randomly pairing particles, assuming the pairs representring cross section. It is important to notice that the scattering
nearest neighbors separated by the average interparticle digngle betwee, andp, is evaluated in the rest frame of the BH.
tancen(r) "3 and computing their actual relative velocity, This is the same frame in which the Boltzmann equation is most
given by the formula naturally formulated for the present problem.

(29
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FIG. 6. Radii of inner QED photosphere surface for different
FIG. 5. The number of scatterings an average particle undergoddack hole temperaturgblack dot3. Solid line represents inverse

between the horizon and radius M(r). regression over these values; see B4).

of understanding, deferring study of the effects of quarks ang@roduction factorP and the average energy of the particles

gluons until the next subsection. emerging from the photosphefg; . The latter is relevant
because it is the average energy of particles that may even-
A. Photosphere formation tually reach a distant observer. We will point out significant

W firm the f . faoh here for black hol discrepancies between these results and the fluid model used
e coniirm the formation of a photosphere for black hole;, [7], and derive empirical formulas from our simulations

temperaturesTg;~100 GeV and higher, as was originally . —
suggested if7]. The photosphere first appears at a radiuszg(r);‘t’hnrg_lt_he dependence of, ry andE; on the BH tem-
' BH -

ro~ 10%, (wherer = 1/47Tg is the Schwarzschild radiys
and is characterized by a region of intense collisions termi-
nating at a distance af;~10"—10°r,, from the black hole.
The effectiveness of the collisions is demonstrated by a very The radius of the inner surface of the photosphek i6
slow increase, or even decrease, of the mean free path in tisefined byA\(r;)=1, i.e., the radius by which on average
photosphere compared to the interior and exterior regions. every particle originating at the horizon has undergone one
The photosphere forms only for black holes above a cereollision. The values of; in units of 1 GeV 1=0.197 fm are
tain critical temperaturd.. We use the same definition of plotted in Fig. 6 as a function of black hole temperature. As
T. as was introduced by HecklIgT]. The idea is to define a one can see from the graph, decreases with the tempera-
quantity V(r) denoting the number of scatterings an averagdure and is closely fitted by
particle undergoes between the horizon and some radius
>ry,. The criterion for having a photosphere is taken to be
that on average every particle undergoes a collision at least

once between leaving the horizon and escaping to infinity, in
other words that We know that the radius of the Schwarzschild horizon is also

inversely proportional to the black hole temperatusg
lim Mr)=1. 30 = 1/47Tgy, so that

r—oo

Inner radius

_ 1
ri—KTBH, K

(6.446+0.003 X 10" 4. (31)

4
ri=7rh22><104rh. (32
T, is then the temperature of a black hole for which this limit
is exactly unity. The critical temperature we obtainTis gy this criterion, the photosphere starts to develop much

=50GeV, whereas the result following from the approxi- ¢joser to the black hole than was predicteg<10°r ;) in [7]
mate method of Ref.7] is 45.2 GeV. Our determination of using a fluid model for the interacting particles.
M(r) is shown for several black hole temperatures in Fig. 5.

Edge radius

B. Photosphere parameters The outer radius of the photosphere, can be defined as
Here we will present the photosphere parameters obtaineitie distance after which particles effectively free stream
from simulations for approximately 30 different black hole away without significant interactions with one another. The
temperatures. These parameters include the radii of the innenean free path quickly begins to diverge at this point. Af
and outer surfaces; andr; respectively, the total particle is the mean free path at stéphen the condition\; ;1 /\;
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FIG. 7. Radii of outer QED photosphere surface for different 4000
black hole temperatures. The solid line shawsl/m,, the radius
beyond which particles can no longer interact with each other by g 3500
[&)
bremsstrahlung. 8 3000
S
>\;i/\i_; is a convenient criterion to define the end of the & 2500
photosphere, and; is just the radius the particles have 3 500
reached by step. This value is easily found in practice g J
because in the next step aftgr, \ is usually several orders o 1500
of magnitude larger than its previous value, implying that the % 1000 {
particles have become virtually free. Becawge) is diverg- S
ing so quickly neary, the latter is inherently difficult to 500
determine precisely, even when the steps size is made o
smaller near the edge of the photosphere. Great precision in 0 1000 2000 3000 4000 5000 6000 7000 8000
r; is not essential, however, because it is not an observable ®) Black hole temperature, GeV
guantity.

FIG. 8. Particle production factdd(r¢)/N(r,) versusTgy for

The values of r; remain in the same range AL ,
(@ Tgu<1.5TeV and(b) Tgy<8 TeV. Solid line is the quadratic
(1700-2200 GeV?) for all black hole temperatures shown g e resultdEq, (33)]. BH

and are consistent with being independentgf, at the ho-
rizon. Only the statistical dispersion around the mean value [0.026 GeVy Tgu<2 TeV:

decreases with rising temperatFég. 7). The mean value is
0.226 GeV? Tgy>2 TeV;

approximatelyr;~2000 GeV'!, which is close to Inh,.
This is easy to understand in light of our previous discussion
(Sec. IlIC and Fig. Bof the range of the bremsstrahlung 45x10°° GeV 2 Tgu<2 TeV;
interaction, V\_/hose. maximum value_ i; of ordeml/ Be- =r4.2>< 105 GeV 2, Teu>2 TeV.
cause the trajectories of particles within the range of interac-
tion rapidly become parallel at radii beyond this cutoff, the
photosphere quickly dissipates.

(34

The dominant quadratic term implies that the particle num-

ber density in the photosphere increases rapidly in the last

stages of black hole evaporation, Bsipproaches the Planck

scale. The slightly different dependences figgs>2 TeV
Another useful parameter for characterizing the photo-andTgzy<2 TeV can be understood by the argument of Sec.

sphere is the total particle production factor, given By Il A: this is the temperature where randomizing effects of

=N(r{)/N(ry), whereN(r) is the number of test particles at elastic scattering become relevant. However, the effect is not

radiusr. P can be used to quantify the probability of inter- dramatic.

actions inside the photosphere, since at each collidion

—N+1. Figure 8 show# as a function of black hole tem- Average final energy

perature. We find that it can be represented by a quadratic fit

Particle production

From an observational point of view, the reduction in av-

(solid line): erage energy of emitted particles is one of the most relevant
) consequences of the photosphere. At the horigns ap-
P(Ten)=aTgn+bTgy, (33 proximately 3.Tgy. But the photosphere can reduce this
number dramatically, so that a distant observer sees a much
where softer spectrum. Our results for tAgy dependence of the
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1200 - ' - ' - - - This is a remarkable result since it predicts that for black
holes of temperatur@g,=100 GeV M <10'?q) the effec-
> 1000 L % *** Results o tive temperature of emitted particléthat which would be
CHEE — Inverse law regression inferred by observers far away from the hois actually
= lower, the higher is their temperature at the horizon. For an
E’ 80.0 | 1 individual black hole, which is losing mass and hence be-
o * comes hotter, this means that its apparent temperature goes
g s0.0 - i down. The word “temperature” is used loosely here: the
o spectrum is nonthermal, with a higher luminosity at low fre-
© quencies than that of a blackbo@see Fig. 10 beloy
€ awof ] Equation (36) was derived on the assumption that the
< black hole horizon temperature does not change much on the
200 ‘ , ‘ ‘ ‘ ‘ ‘ time scale of particle diffusion from the horizon to the outer
0 200 400 600 800 1000 1200 1400 1600 edge of the photosphere. Nevertheless, we expect the quali-
(@) Black hole temperature, GeV tative picture to be the same even for black holes tempera-
120.0 : : . . ; . , tures above this limit of validity. It should also be kept in
mind that we are discussing only electromagnetically inter-
> 1000 . acting particles so far. The behavior of the QCD photosphere
0] (below is quite different.
= 800 | § The time development of an individual BH, based on the
g above results, can now be described. As far as only QED
® ool il emission is concerned, a photosphere starts to develop
_g around the black hole when it evaporates to a masM of
© 00 | =5xX10%g. At this point the average energy of emitted par-
8 ticles, instead of going up inverse proportionally to the BH
2 mass, levels off and begins to decrease. On the other hand,
< 200¢ \\\\4 | the total luminosity increases, and the spectrum becomes
] } ‘ ‘ ‘ softer than that of a black body. The outer edge of the photo-
00 07000 2000 3000 4000 5000 6000 7000 8000 sphere remains at a radius of 4004m_*. However, its
) Black hole temperature, GeV inner radiusy;~ 700, shrinks with the Schwarzschild ho-

FIG. 9. E,, average particle energy at the outer edge of theliZon . Eventually, if the steady-state assumption remains

QED photosphere, fof@) Tgy<1.5TeV and(b) Tg<8 TeV. valid at these temperatures, the edge will cooEte-m,,
when the positrons and electrons annihilate and no further

average energy at the edge of the photospHereare dis-  ¢0°ling occurs. .
playeg in Fig.gg). These vglues are psignificparrlietl(y higher than To give some idea of h,OW the results of the test particle
those (1 MeV) found in Ref.[7], and the temperature- Method differ from the estimates [i7], where a nonperfect
dependence is also very different. This apparently stem uid model was us_ed, we tabulate the relevant quantities in
from the use of a fluid description {Y] which is not really able |, for three different BH temperatures.

applicable.

We can computé&; from E; and the particle production C. Inside the photosphere

factor, Eq.(33):
a A more detailed picture of the plasma can be seen from

Ny N the particle momenta dist_ribL_Jt_ions at differgnt radii inside the
E (2'7F+3'15F) Tgh photosphere._ Since no §|gn|f|cqnt |ntera_ct|ons s-tart b_en‘ore
Ef: L . ~10%,, particles move increasingly radially until the inner
P aTgytbTgy boundary of the photosphere. By this point they have on
average undergone one interaction and their momenta begin
3.1 to get randomized. Close to the end of the photosphere, the
(39 mean free path increases the radial components of the mo-
menta again start to increase. These developments can be
seen in the distributions of the transverse momenta. In Fig.
'10 we show the distributions of the fraction of momentum
which is transverse to the radial directionp/p

=pt/\/pt2+pr, for several radii inside a sample photo-

Ta+t bTgy’

wheren,, n; andn are the respective densities of bosons
fermions, and all particles at the horizon. In the limit of high
black hole temperaturesi€b Ty Tg> 10 GeV):

Ge\2 sphere. These figures show the overall growth in particle
E;=7.4x10% © _ (36)  density as well as the shift to largpf as one goes from the
TeH inner boundary of the photosphere toward its interior.
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FIG. 10. Distribution ofp,/p for several radial shells in the QED photosphere of a BH With1000 GeV.

D. Spectra quarks and gluons at the temperatures we are considering.

Finally, we examine the particle energy spectra at theWe now turn our attention to the QCD photosphere.

black hole horizon and at the photosphere edgig. 11. QCD photosphere
The shift toward lower energies is thg most S|gn|f|§:ant dif- A black hole whose temperature exceedsocp
ference between the original distribution at the horizon and_ g0 Mev, thus having a masdlg<5x104g, emits
those within the photosphere. The two are shown together ifuarks and gluons which, as proposed by MacGibbon and
Fig. 12, where it can be seen that the softening in energy igveber in Ref[8], fragment into hadrons, decaying in their
accompanied by an increase in the number of particles, as tarn into stable particles. We have modeled the interactions
required by energy conservation. of the quarks and gluons before hadronization takes place. In
The QED photosphere by itself serves as a kind of toythis regime, as suggested by Heckler in Réf, a quark-

model for realistic black holes, which are also emittinggluon plasma similar to the electron-photon photosphere in
QED may develop, analogously changing the energy spec-

_trum of the particles.
TABLE |. QED photosphere parametefemperature at hori-

zon, inner and outer photosphere radii, and average particle energy E. Test particle method in QCD
at the outer edge of the photosphefer several black hole tem-

peratures obtained in test particle simulations Our treatment does not attempt to give a detailed model of

QCD interactions after hadronization begins. However, the

onset of the photosphere can be established in terms of free

quarks and gluons interacting with each other. We assume
60 GeV  1.5<10°fm 8.6x 10° fm 97.0 GeV that hadronization occurs at a distance~oj\5éD and that

300 GeV 30 fm 9.6 10° fm 79.5 GeV no significant softening of the particle spectrum occurs after

1000 GeV 7.9 fm 9.8 10 fm 44.2 GeV this point. Hence, we make the same test particle simulation

as in QED, only with different interaction cross section,

Teh ri M E;
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0.030 HORIZON
(Hawking Distribution)

0.020

2000 4000 6000 8000 10000
(a) Particle energy, GeV FIG. 13. Non-Abelian contribution to quark-gluon bremsstrah-
lung.

To investigate the photosphere in QCD, we recall that the
key ingredient was the inclusion of-23 body interactions
in the collision term of the Boltzmann equatidB). Like
electrons and photons, quarks and gluons can also interact
via bremsstrahlung qg—qqg) and pair production g
—qqq). The dominant diagraméwhich give large loga-
rithms in the cross section at low momentum transfer due to
t-channel propagatorare the same as for QED, Fig. 2. In
addition, there are intrinsically nonabelian contributions like
Fig. 13 which we do not expect to be parametrically larger
than those of Fig. 2. We will therefore make the simple ap-
bttt e proximation of modeling the bremsstrahlung and pair pro-

0 50 100 150 200 duction cross sections using the same form as in QED, but

(b) Particle energy, GeV replacing the fine structure constant by and the electron
mass by the mass of the lightest quark:

PHOTOSPHERE EDGE

FIG. 11. Energy spectrum of a 1000 GeV t1@) black hole at
the Schwarzschild horizon and near the edge of the QED photo- 8a 2E

sphere. o5l = —2—In P (37
Mih th

masses, and number densities. Because of the much larger

coupling constant and greater number of degrees of freedorp{eremth_ /m2+ m2 using the QCD plasma mass, Eg7),

we expect the photosphere to develop at temperaflisggs  and we takemq to be the average of the up and down quark
far below the critical temperature for QED,~50 GeV, and massesm,=8 MeV. Based on the previous QED results,
to reach higher densities than in the QED case. heavier quarks are expected to make a subdominant contri-

. bution to the photosphere, since their bremsstrahlung cross

10 sections are smaller by a factor of the mass ratio squared.

10° b Photosphere edge The dependence of the thermal quark mass on radial distance
in the photosphere was already shown in Fig. 3.

10° | In contrast to QED, the QCD coupling constant depends

0 L strongly on energy. To leading order in perturbation theory
[17],

10° ¢

107 | Horizon ag(p)= Lom (38

o ST (33 2n)In(u?ASep)’

10° L where in our radial evolution we take to be the average
particle energy at a given radius,gcp~200 MeV, andn;

ranges between 3 and 5 for the BH temperatures we are
considering, depending on the number of quark species with
masses less than the average energy at a given distance from
FIG. 12. Same as Fig. 11, but with the two spectra superposedhe horizon.

1 10 100 1000 10000
Particle energy, GeV
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When the effective temperature of the quark-gluon 10 . ‘
plasma becomes of ordé¥qcp, perturbation theory inwg Black Hole Temperatures
breaks down, and the quarks and gluons hadronize. This pro-
cess will be discussed in Sec. IV G. At distances greater than
AééD, instead of a gas of quarks and gluons, we will have a
plasma of pions and nucleons, which can in principle con-
tinue to cool through pion bremsstrahlungn—nnsm or
mm— ). However the residual strong interactions of
pions and nucleons are screened, relative to those of the
guarks and gluons, by confinement. Also the relevant scale
for the range of pion bremsstrahlungris‘rl, which is much
shorter than the range of quark-gluon brehmsstrahlung. We
expect these two reductions in the strength ef 2 scatter-
ing processes to make the hadrons much less effective than , L ;
quarks and gluons in perpetuating the photosphere. Thus one 10° 10* 10° 10
might anticipate that the QCD photosphere ends rather Distance from the black hole, 1/MeV
abruptly beyond distances of ordﬁgéD.

To semiquantitatively investigate this post-hadronization FIG. 14. Average number of scatteringsin QCD photosphere
regime, we modeled the hadron gas by replacigdy the asa function of radius for several black hole temperatures.
pion-nucleon fine-structure constamt/47=0.09, obtained
from low-energy pion-nucleon scatterifi§jg]; we also sub- coupling constant criterion to defing in the results that
stituted the quark mass with the pion thermal mass, whicHollow. Figure 15 shows that; is well described by a loga-
we estimate analogously to Eq&5) and(27). The result is  rithmic growth in the photosphere radius with the black hole
that hadron-hadron interactions are indeed ineffectual foremperature:
prolonging the photosphere. Henceforth we simply use the
hadronization criterion to determine where the photosphere
ends.

Number of scatterings, N

-2

rs=A+BIn (40

BH
1 GeV/)’
F. Parameters of QCD photosphere

We have found that the QCD photosphere starts to dejhere A=3.25+0.09GeV 1=0.65fm and B=1.45
velop for any black hole whose temperature exceeds a critis- g gg Ge\ 1=0.29fm.

cal value QCD also differs from QED for the onset of the photo-
sphere, whose inner radius is denotedrby We find that
T.=175 MeV. (39 significant QCD interactions begin quite close to the horizon:
ri~ry, for the whole range of BH temperatures for which the
QCD photosphere forms.

Irr:tllsc:ellls tg]rg:)%::ti?et\;\é? &rg%ségfp?;%gmifeloxv 2;:2:2 vflri]t?? The parameter which best characterizes the intensity of
. . . : : nteractions in the QCD photosphere is the total particle pro-
the analytical estimate ifi7], T.~Aqcp. Recall thatT, is QCDp P P P

defined to be the temperature at which each particle on av-

erage undergoes one scattering during its outward propaga- < 10.0 . - P

tion. In Fig. 14 we show the average number of scatterings & g0 | i

per particle as a function of distanc&{r), at several BH = sol | Logarithmic regression |

temperatures. In contrast to the QED cdBe. 5, where s

M) levels off at a universal value of the final radiug 3 70t :

marking the end of the photosphere, in QCb depends % 6.0 | ,

strongly on the temperature. The radius at which hadroniza- §. 50 | ]

tion takes place grows witlig, which will be quantified g

below. s 407 ]
The precise definition of the final radius,, differs in the 2 380¢ .

QCD case from that which we used for QED: for QCD we 5 54 | i

must decide just where hadronization occurs. One can imag- $

ine several possible criteria: when the interparticle spacing & 1.0 ¢ ]

[n(r¢)]" ¥ begins to exceeak(séD; when the average par- T o0 1 1‘0 100

ticle energyE(r) becomes of ordel\cp; or when the T (GeV)

coupling constantxg(rs) becomes of order unity. We find

that all three are roughly equivalent in that the valuer of FIG. 15. Radius of the outer surface of the QCD photosphere

depends only marginally on which one is used. We adopt thér;) versus logarithm of the black hole temperature.
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1000 . 1.000 ks ' ‘ ]
- s, ——>T =15 GeV
e Y
= I T H =1 o--o| = e
% Linear regression >0.100 | > exp(-3.3 E / GeV) |
= s ] e
5 100 _g “ “{-g; “g‘g)&‘ 3 .
'.6 ~ | LJ Bv:,dhé.‘ 'Q\ % 6 g
3 % 0.010 “‘_“Mg (e -y ! o ]
9 2 fs & Gannol ¥
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3 10 : 0.001 ' ‘ ,
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p FIG. 17. Linear-log plot of QCD photosphere spedinarmal-
ized to have same peak vajuer three different horizon tempera-

! 10 100 tures, and the analytic fdN/d E=exp(—E/300 MeV).
Black hole temperature, GeV

FIG. 16. Total particle production in the QCD photosphere ver-logarithmically withTgy, . Particles emitted from the horizon
sus black hole temperature. with average energi;~3Tgy fragment in the photosphere
into lower energy particles. The high&g,, the more par-
duction factor,P(Tgp) =N(r{)/N(ry). As shown in Fig. 16, ticles are create¢Fig. 16. The average particle energy de-
we find that it increases quite linearly with black hole tem-eases as they propagate outward, until it reacBes
perature: ~300 MeV at the photosphere edge, where hadronization oc-
curs.
Tan The results for the photosphere parameters for several
P(TBH):(B'GEO'OD@' (4D characteristic black hole temperatures are summarized in
Table Il. As is evident, the average particle energy can de-
crease by several orders of magnitude in a QCD photosphere.
fow the full spectrum changes is illustrated in Fig. 18,
where we show the energy distributions of the particles at the
horizon and at the photosphere edge of a 1.5 GeV black hole.
*h this example the average energy decreases by a factor of

L SO e13, and the number of particles increases by the same factor,
wheredN/dE is significant by a Boltzmann distribution, given by P(1.5 GeV)[Eq. (41)].

This, again, contrasts with the QED case, which displayed
noticeable quadratic dependence Dgy at high tempera-
tures.

The final spectra at the photosphere surface are not e

Of course it is not the quarks and gluons that might reach
a distant observer, but rather the subsequently produced had-
Eocexp(—E/To), (42) rons and their decay products, especially the photons. We
will therefore consider the processes by which the QCD
g_lasma creates a potentially observable gamma ray or anti-

where the effective temperature at the photosphere is ind .
proton signal.

pendent ofTgy :

To=300 MeV. (43) V. POSSIBLE EXPERIMENTAL CONSEQUENCES OF
THE PHOTOSPHERE

In Fig. 17 we show the superimposed spectra at the photo- Finally we would like to see what difference the photo-

sphere for three different initial temperatur@g,=1.5, 15 ; :

. sphere makes for observational cosmology or astrophysics.
_ar;cé ::’g Se\é’ algn%xgh;ge'g?zr)ﬁ Thle speoc:[[[]aearﬁan(;rméll-n Erom the foregoing it is clear that the spectrum of radiation
12 av S Ximum vaiue s shapes ®m an individual black hole near the end of its existence

compared. They rise very sharply frodiN/dE=0 atE=0. : : .
The actual normalization of the flutN/dEdt will be dis- ‘t’)";'se%e ozo?ﬁédﬂ;‘%nzoﬁﬁge‘é;g”}nth;dd”i;gf]' xpeciation

cussed below.
From our Slmmatlons "’?t different temperatures we can TABLE Il. QCD photosphere parameters for several black hole

reconstruct the time evolution of the QCD photosphere of art‘emperatures obtained from the test particle simulation

individual BH. A black hole that has reached a temperature '

greater thanT,=175MeV, corresponding to a mads=<5 T r—r ; E E

% 10**g, emits quarks and gluons which almost immediately Br Fn f ! f

begin interacting to form a photosphere very close to the 200 Mev 2.2 fm 49 fm 600 MeV 300 MeV

horizon,r,,=<0.1fm. As the black hole temperature continues 1GeV 0.4 fm 19 fm 3.0 GeV 300 MeV

to rise, the photosphere inner radius shrinks along with the 50 Gev 0.008 fm 49 fm 156 GeV 300 MeV

horizon (i~r,=1/4%wTgy), while the outer radius grows
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30.0 the pion fragmentation functiof2,8] and the Lorentz-
transformed spectrum of photons from? decay?
HORIZON ) )
(Hawking Distribution) d°N, _ f = _ dg.(E;) d°N, 44
20.0 0l dEydt Eg ™ dEy dEﬂ.dt,
i -(7-, whereEy=E,+m2/4E.,. The number of photons of energy
{' I E, created by a pion moving with velocitg and decaying
10.0 isotropically in its rest frame is
dg,..(E, 2 2
Ory(Ex) _ S, s
d Ey ymﬁﬁ \/Eﬂ._ m
‘ MMy 0 _ . .
0000 3.0 6.0 9.0 12.0 15.0 wherey=(1—8%)~Y2. The pion flux is[8]
(a) Particle energy, GeV N _s jw ; dg,.(Q.E,) dN, .
8000 dE.dt T Je, Q dE, dQdt’ (46)
PHOTOSPHERE EDGE where the sum is over relevant species in the plagoarks
6000 and gluong For the number of pions with enerdy,. pro-
duced per unit energy by each quark or gluon, we use the
empirical fragmentation functiof2,21]
—d, wVeE\ltg/ @
2000 Lastly, dzNj /dQdt is the quark or gluon flux at the outer
edge of the photosphere. In what follows we treat quark and
Wl o o o gluon jets equally and thus Wri@deNj /dQdt=dN/dQ.
%00 05 10 15 Combining Eqs(44) through(47) we obtain:

(b) Particle energy, GeV

d?N, " E 15/8 " 4040 1 E.|2dN
FIG. 18. Energy distribution of quarks and gluons at the horizon £ i = T3 o2 2 "0/ doO’
of a 1.5 GeV black hole and at the edge of the QCD photosphere.” Fo ExVEZ—m JE, Q (?18)

grated contributions of black holes to the diffuse gamma rayvhereEy,=E ,+ me/4Ey.

or cosmic antiproton backgrounds should be shifted to lower We have calculated the integréd8) numerically for a

energies. The first step is to compute how quarks and gluorlarge range of black hole temperatures. The results for one of

in the QCD photosphere fragment into observable particleshem (Tg,=50 GeV) are presented in Fig. 19 and compared

We will then integrate the individual BH fluxes over time to the results obtained neglecting the photosphere, but taking

and over the initial mass distribution of BH’s to arrive at the into account direct quark fragmentation at the horizon and

diffuse background fluxes. subsequentm® decay, as in Ref[8]. Also shown are the
spectra of photons emitted directly from the black h@le-
glecting the QED photospherand from the QED photo-

A. Hadronization and final spectrum of QCD photosphere sphere, which just starts to form at this temperature. The
actual full spectrum of a 50 GeV black hole is the addition of
Roughly speaking, the QCD interaction is perturbativethe two solid lines. The results are in agreement with Fig. 1

(as<1) when the distance between the particles is smallepf Ref.[19], except for the QED photosphere spectrum, as

than A¢p. This condition is satisfied in the photosphere discussed above.

region. At larger distances, however, vacuum fragmentation We see that the photon flux from the QCD photosphere

of quarks and gluons will occur, which is what happens afeaks at an energy aofi./2; if the pions were at rest then all

the photosphere edge. For an accurate calculation of the final

photon spectrum, we should first compute the neutral pion

flux coming from the photosphere parton distributions using 2we differ with [19] concerning the limits of integration here. The

a jet fragmentation code, and then the phOtOﬂ flux reSU'tingninimum and maximum photon energies from a decaying pion

from 7%— yvy decays. However, following Ref19] we can  poosted to energ§ = ym, areE,=E_(1+ JI—y73)/2. Invert-

estimate this spectrum as a convolution of the quark-gluoing this equation implies that a photon of enefgycan come from

spectrum, available from our test particle simulation, withpions with energies satisfying,>E,+mZ2/4E,,.
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107 ; . ; : . -5
—— Including =
21 L ] L
10 QED —_ Eg&gho“s]pg)here k) — no photosphere
20 Z — —- photosphere
10 3 E N-o -10 |
2 10 L
1 10 1 S
D, A8 ’ 2
®10° ¢ s 4 =
® / E-151
B (AT / )
c 10 L 7 ] =
<] / g
B 4 L7 ] L
S10" ¥
[=% _ . A . ‘
10° © 205 3 4 5 6 7 8
14 log(2Ey/my)
10" | ]
10" , . . et FIG. 20. Photon emission spectrum fron? decay for black
10° 102 10" 10° 10' 10° 10° holes, ignoring photosphere, withg;=50MeV (narrowesy, in-
Photon energy, GeV creasingTgy by factors of 10, up to 500 TeVwides). Dashed

curve shows the spectrum including photospheee text for nor-
FIG. 19. Photon emission spectrum from=50GeV (M =2 malization).
X 10*2g) black hole. Solid lines are spectra which include photo-

spheres. Dashed lines are given for comparison and represent the . s
results for photons from direct quark fragmentation at the horizon_?0 the actual Hawking distributiofup to an overall normal-

and subsequent® decay(QCD), and for direct photon emission '_Zation factor ‘_NhiCh can be computetb Obtain these func-
neglecting the QED photosphef@ED). tions. They will be useful later when we integrate the BH

radiation over time. Although the spectra are really analytic
photons would have this energy, Hi is Doppler shifted by aty=0, the derivative changes so quickly there that the best
the pion motion, and the width of the distribution grows with fit is obtained by using an odd function fg>0 and then
the average energy of the pion. Figure 20 shows the photoletting y—|y| to cover they<0 side. Also shown in Fig. 20
spectra for a large range of BH temperatures in the casi the corresponding spectrum, divided B§; for the photo-
where the photosphere is neglected. As_ a functiony of sphere, whose parton flux is taken to b@N/dQ
=log(2E,/m,), these spectra are symmetric unger —y. — _ oy o/T,) where T,=300MeV. Like the nonphoto-
Because the toztal pgwer OUtPUt of the BH goes III(esphere results, a photon spectrum computed using this distri-
JdQQANdQ~Tg, itis convenient to display instead the pytion should be multiplied by a factor a3, (for Tgy
quantity Tg3dN, /dE,, as we have done in Fig. 20. We fit >T,) to represent a BH with horizon temperattfgy, to
these functions to 10th order polynomials, insure that the power output at the photosphere is equal to

that at the horizon for any value @ty .

l0g10( TadN, /dE,) =2 anly|"
B. Diffuse gamma ray background
y=log;o2E,/m, (49 Finding the contribution of black hole radiation to the
o S diffuse photon background consists of two steffs: first
whose coefficientsup to 8th order, which is still a good integrate the contribution of a single BH over time, &gyl
approximation are given in Table Ill. The absolute nor- integrate this result over the initial mass distribution of the

malization follows from the ansatzdN/dQ=(Q/ individual BH’s. Let us denote the time-integrated spectrum
Ten) 2 exp(—Q/Tg)/(3!) which we took as an approximation emitted by a single black hole N, /d E,. Going from an

TABLE lIl. Coefficients for photon fluxes fromr’— yy used in Eq(49).

Tan Qo a; a as ay as s az ag

50 MeV —-5.660 —1.634 —3.055 —1.853 1.308 —1.518 —1.207 2.169 —1.596
500 MeV —4.938 —0.973 —-1.059 -0.353 1544 —2.191 1.566 —0.710 0.189
5GevV —5.289 —-0.822 -—-1.124 1.016 -0.818 0.6191 —0.418 0.195 —0.057

50 GeV —5.882 0.237 —4.838 7.965 —8.251 5.528 —2.430 0.695 —0.125
500 GeV —-6.270 —-0.795 —1.136 1.105 -0.747 0.378 —0.146 0.041 —0.008
5TevV —-6.770 —0.777 —1.243 1.338 —-0.991 0.514 -0.184 0.044 —0.007

50 Tev —7.270 —0.735 —1.402 1549 -1.105 0.521 -0.163 0.033 —0.004
500 Tev —-7.770 7.316 —24.23 2772 —-17.30 6.561 —1.580 0.244 -0.023
photosphere —5.070 —1.177 —1.629 —0.515 1.506 —1.965 1.155 -0.411 0.0648
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initial time t; to the final timet;, and accounting for the T 4
redshifting of the photons between the time of emission and 3 5| __ no photosphere -
the presenttg), = —— photosphere

dN; [t dN Ng 2

f
d—El=J dtz(t) =" [Z(DE], (50) 5 Tt
Y ¥ b4 =~ -8
3

wheredN, /dE, is the m°0— vy flux derived in the previous ug' -9t
section. Notice that we must multiply bottN,,/dE,, and its °-10;
argument by the redshift factet=(1+2z). It is more con- a 11
venient to integrate over the BH temperature, however. The é"_
time-temperature relation can be found by equating the rate -12 =7 : : \ ‘ o
of change of the BH mass with its power output, to obtain 0 °'5Log"(prf¢?on2éﬂer§y5/ N?é(\]/) 35 40

[3,2]
FIG. 21. Theoretical prediction for the diffuse gamma ray spec-
trum from decaying black holes, with and without the QCD photo-

_— 4
dat a(T)GT, sphere, assumin@g=7.6x 10 °h, 2.
a= 0.57d1/2+ 0.23:11, (51) dNy * le
R TB-2__-
iE CML dTT e (57)

wheredg is the number of degrees of freeddspin, charge
and coloj of spins which can be emitted by the BH at the
given temperature. If we ignore the weakdependence of
«a, Eq.(5)) gives the time-temperature relation

The photon flux per unit energy dN,/dE, times the
speed of light and a geometric factor,
(47) " 1[37dp[d(cosh)cosh=1/4. We have computed this

1 flux both with and without the QCD photosphere to see the
t—tizﬁ(Tfa—Tfs) (52 effect of the latter. The result is shown in Fig. 21, where we
have normalized the no-photosphere curve to agree with the
for a BH with initial temperatureT; at imet; . Let us now Predictions of Ref[10] at E=100MeV, for the case of
assume that; =0 and defineT, as the initial temperature of sn=7.6X10 °hy“, which saturates the experimental
a black hole which is disappearing todal, ~100MeV. limit. One sees that although the photosphere dramatically

Thent,=1/(3aT2), and we can write the redshift factor as SUPpresses the spectrum e 100 MeV, the effect is small
at lower energies.
to) 2/3

T, \3 [T,\%°28 The 100 MeV energy range is the most important one for
n ( ) —( ) (53)  setting limits on the primordial BH contribution to the en-
ergy density of the universe, for the following reason. The
Thus theoretical prediction for the diffuse background spectrum
goes likeE ! at low energies ani 2 at high energies, with
dN, JTf(Ti) dT dN E~ 100 MeV~m_. being the region where the slope changes.

WZ(T)d_Ey[Z(T)E’/]' (54  On the other hand, the extragalactic flux measured by the
Y

Z=1+2z=

T

T

Energetic Gamma Ray Experiment Telesc¢pERET) has
an E~21003 energy spectrunj22], intermediate between

The final temperature in this expression is given by the two theoretical slopes. Therefore as one increékgs

T(1—(TIT,)% 3, T,<T,: from small values, the first place where the theoretical pre-
fz[ ! o oo (55  diction comes into conflict with the observation is at the
s Ti=T, . “knee” of the theoretical spectrum. The photosphere has

only a 60% effect on the flux at these energies. In Fig. 22 we
show where a line with the observed slope first encounters
the predicted spectra %3y is increased. The intercept de-
-8 creases by a factor of $6=1.6 when the photosphere is

) ECMM(B, (56)  taken into account; thus the bound Oy is only slightly
weakened.

Next we must add up the contributions from all black
holes. The distribution of initial BH masses is taken td e

dN _ (B—2)Qgup.
dMm; M2

M,
M,

whereQgy is the fraction of the critical density of the uni-
verse which is in primordial black holeg= 2.5 for the usual

equation of statg=p/3, andM, ~10'°g is the mass of a A similar effect of the photosphere can be found in the
BH with T;=T, (hence a BH which is disappearing in the predicted flux of antiprotons, which is interesting because of
present epoch Then, tradingM; for T;, the integral over two current experiments which search for antimatter coming
initial BH's gives the spectrum of diffuse gamma rays as from cosmic sources, BES23] and AMS[24]. Since the

C. Antiproton background
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FIG. 22. Close-up of the 100 MeV region in the previous figure,
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FIG. 23. Instantaneoup,p fluxes from BH’s with Tgy

showing where a line with the slope of the observed spectrum be=1 GeV (solid lineg and 10 GeV(dashed lines including (“w/

comes tangent to each curve.

effective temperature of the BH is limited to300 MeV by

the QCD photosphere, we expect a reduction in the flux OEAQCDEO.Z GeV,

ph.”) or neglecting(“no.ph.”) the QCD photosphere, plotted as a

function of the kinetic energy.

chosen o] that

F(Q)

protons and antiprotons relative to predictions using thefédxp(xp/crm)dcr/dxp=l and C being a constant. How-

Hawking spectrum.

ever we did not find this to be a good representation of the

~ The computation is somewhat simpler than for photons;ctyal data in the vicinity of the peak, for any constant value
since we only need the fragmentation of quark and gluon jet§¢ ¢ \we have thus relegated the folid) for representing
into antiprotons, with no additional subsequent decay as ifhe tails of the distribution, which in any case make a sub-

the case ofr’— yy. A rough fit to the fragmentation func-
tion can be inferred from actual data foe'e~

— jets—hadrons. LeQ be the quark or gluon energg, the
antiproton momentum, and,=p/Q the momentum frac-
tion. From Fig. 17 of Ref[25] we find that the normalized
cross section fop,p production can be fit by

Xp dg: myINXp+b1,  Xp>Xmay; 58
T dXy | MaInX,+by,  Xp<Xmax:

where
m;=-—0.259, b;=0.014;

m,=0.318, b,=(My—my)INXyaxt by,
(59

dominant contribution to the final antiproton flux.
The fragmentation function is related to the cross section

by

dg 1 do E x, do
—— = —. (62)
dEp Otot dEp p Otot pr

The p,p flux from a single black hole is then
de—Fd dg c dN 63
dE, ‘. Qd_Ep(Q’ p)m- (63

We show the numerical results for four different cases in Fig.
23: black holes withf =1 GeV andT =10 GeV, ignoring the
photosphere, and the same BH's taking the photosphere into
account. We have used the results shown in Fig. 1 of Ref.

and the momentum fraction where the distribution peaksj10] to fix the absolute normalization. The only effect of the
Xmax, €mpirically depends on the parton energy according tthorizon temperature, when the photosphere effects are in-

IN Xma= —0.97 log Q/GeV) —0.95. (60)

Equation(58) only gives a good approximation for values
such that X,/ o, do/dx,=0.03; the tails of the distribu-
tion are better represented by a Gaussian,

Xp do

a?(Q)

where the width is supposed to depend @nlike o%(Q)
=C(In®24Q?%/A?—1In%? 2IA?), with w=0.35GeV, A

(61)

2
In xmaxlxp)

F(Q)exp( -

Otot pr

cluded, is to multiply the distribution by a factor of{T,)?

for T>T,, whereT,=300 MeV is the effective temperature
of the photosphere. This factor comes from demanding that
the total power output of the BH is the same with or without
the photosphere.

To find the diffuse antiproton flux, we should integrate
over the black hole temperature and the distribution of initial
massedtemperaturgsas we did for photons, in Eq$54)
and (57). The only difference is that we are interested in
nonrelativistic as well as relativistic protons, so we must red-
shift the momentum rather than the energy. Instead of the

factor ZdN, /dEy[ZEy] in Eq. (54), we get
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0 C \ \ ‘ Simulation of microscopic black hole emission in both
T = - ———- no photosphere QED and QCD energy ranges corroborates the idea of photo-
3 .ol N with photosphere sphere formation pioneered by Heckler[if]. We find that
(; any black hole of masM <5x10"“g develops a cloud of
o a4l interacting quarks and gluons which extends a certain dis-
£ tance from the black hole horizon. The evolution of such
= small (r<0.08fm) black holes is dominated by mass loss
2 -6 1 through Hawking radiation. Part of this radiation is in free
e quarks and gluons which are processed in the QCD photo-
3 -8¢ sphere until their average energy drops to the pdint
~Aqcp, Where they hadronize into stable particles and fast-
-10_2 1 6 1 5 decaying pions. Another part consists of electrons, positrons

and photons. Once the black hole mass drops bébw?2

X 10'?g, these particles interact significantly enough to form
FIG. 24. Diffuse backgroung,p flux from integrating over ~another, less dense cloud at a distance about 700 times the

time and initial distribution of BH'’s, as a function of the kinetic horizon radius. This QED photosphere extends over a dis-

log(K.E./GeV)

energy.Qgy is the same as in Fig. 21. tance of about 400 fm, where it dissipates and emits much
less energetic, but more numerous, electrons, positrons and
di 22Edi photons. o . _
Z—L[ZE ]— —2 —P[E,] (64) Energy distributions of the particles leaving both photo-
dE P Eo, dE, spheres were obtained and shown to greatly differ from the

original nearly-thermal Hawking distribuﬂons by being soft-
where Eq=Z?(E;—m?)+m?. The result(normalized to  ened to much lower average energids:300MeV for

agree with Fig. 2 of Re{10]) is shown in Fig. 24. Again, we oD, andE ranging from 100 Ge\(for a 102g black hole
take the BH density to be the maximum allowed by they, g 5MeV (for a 16 g black hole in the QED case. We
gamma ray background}g;,=7.6x 10~ °hg . used the QCD spectra to compute the contributions of indi-
The recent observations by BESS give an antiproton fluxjigual black holes and all BH’s in the universe to potentially
of (8+2)x10°m ?sr'sec'Gev! at E;=0.2 observable gamma ray and antiproton signals, and compared
—0.3GeV, and higher values up tox2.0"? at larger ener- o the previous expectations based on ignoring the photo-
gies; thus the bound oftgy from antiprotons is set by the sphere. In the regions where the experimental sensitivity is
low energy range of the observations. Comparison with Figgreatest, the photosphere lowers the fluxes by only a small
21 shows that the nonphotosphere prediction fortlex is  factor: 1.6 for photons and 4 for antiprotons.
somewhat in excess of the data at these energies, suggestingOur findings do not support the approximation made in
that one might be able to set slightly stronger limits@p,  Ref.[7] of treating the photosphere as a fluid. Rather we get
using the antiproton flux rather than gamma rays. Howevera picture of a steadily expanding cloud of particles which
the predicted flux taking into account the photosphere isiever quite thermalizes, and has interactions which are pri-
10°6=4 times weaker, and in better agreement with the datamarily low in momentum transfer. This is how we interpret
It might seem surprising that the low energyflux is not  the fact that our Boltzmann code gives much smaller photo-
degraded more than it is by the photosphere at kinetic enegphere, hence much less energy degradation of particles, in
gies belowm, . Apparently it is the tails of the distributions the case of the QED photosphere, than claimef7in This
of the underlying partons which are mostly responsible fordiscrepancy did not appear for the QCD case because there
producing low-energy protons, and the largest contributiorboth approaches find that the photosphere ends when had-
will come from black holes with temperatures somewhat beronization begins. Furthermore we do not find a relativisti-
low the nucleon mass. In this regime the difference betweegally expanding photosphere, which was also claime[¥]n

having the QCD photosphere or not is minimized. on the basis of the fluid approach. This led us to find larger
differences in the diffuse gamma ray background between
VI. CONCLUSION the photosphere and nonphotosphere predictions than found

by Ref.[19]. The reason is thaf19] undoes the energy-

Our main results can be summarized as follows. The testdegrading effects of the photosphere to a large extent by
particle method of solving the Boltzmann equation, previ-boosting the distributions from the fluid frame to the ob-
ously used for analyzing heavy ion collisions, was applied tcserver frame, a step which is not necessary in our approach,
the problem of black hole evaporation. The method wassince we always work in the latter reference frame.
adapted to the situation of steady-state diffusion of particles It is disappointing that the observable consequences of the
emitted by a microscopic black hole. A code to simulate thephotosphere are small in the experimentally interesting en-
bremsstrahlung and pair production interactions of the testrgy ranges. If we were lucky enough to have a nearby BH
particles was developed, leading to solutions for the particleeach the end of its existence however, a real experimental
distribution functions at any distance from the black holetest might be possible, since the spectra for individual BH's
horizon. have radically different characteristics with or without a
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