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Formation of a Hawking-radiation photosphere around microscopic black holes
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We show that once a black hole surpasses some critical tempefatirethe emitted Hawking radiation
interacts with itself and forms a nearly thermal photosphere. Using QED, we show that the dominant interac-
tions are bremsstrahlung and electron-photon pair production, and we estigjaten,/a>?, which when
calculated more precisely is found to bg;~45 GeV. The formation of the photosphere is purely a particle
physics effect, and not a general relativistic effect, since the photosphere forms raugh§chwarzschild
radii away from the black hole. The temperatdref the photosphere decreases with distance from the black
hole, and the outer surface is determined by the consffainn, (for the QED caskg since this is the point at
which electrons and positrons annihilate, and the remaining photons free stream to infinity. Observational
consequences are discussed, and it is found that, although the QED photosphere will not affect the Page-
Hawking limits on primordial black holes, which is most important for 100 MeV black holes, the inclusion of
QCD interactions may significantly effect this limit, since for QCD we estinatg~ Aqcp. The photosphere
greatly reduces the possibility of observing individual black holes with temperatures greatdr thasince
the high energy particles emitted from the black hole are processed through the photosphere to a lower energy,
where thevy-ray background is much higher. The temperature of the plasma in the photosphere can be
extremely high, and this offers interesting possibilities for processes such as symmetry restoration.
[S0556-282(197)03102-0

PACS numbes): 95.30.Cq, 98.70.Rz

I. INTRODUCTION the black hole emits thermal radiation from its surfatak-
ing into account, of course, finite size effectdacGibbon
As first shown by Hawking in 19751], quantum theory and Webbel5] have shown that the observed spectrum is
predicts that a black hole emits thermal radiation. The posnot thermal simply because emitted particles such as quarks
sibility of observing this thermal or “Hawking” radiation fragment into hadrons, photons, neutrinos, etc., and this frag-
from, say, a solar mass black hole is impractically small: thementation plays a major role in determining the spectrum.
entire black hole would emit only a few hundred quanta per There is another possibility, however, for affecting the
second, and this is much too small of a flux to possibly beobserved spectrum. If the particles emitted from the surface
observed at astronomical distances. interact with one anotheas they propagate away, then the
However, since the temperatufgy of the black hole and spectrum observed far away from the black hole will not be
hence, the flux of radiation, is inversely proportional to thethe same as the emitted spectrum. In fact, if the particles
black hole mass, the possibility of detecting Hawking radia-interact strongly enough, then a photosphere will develop
tion from much smaller mass black holes becomes observaround the black hole, and the average energy of the particles
tionally feasible. Page and Hawking, and several other auat the outer surface of the photosphere will be much less than
thors[2—4] have placed upper limits on the density of very the average energy of particles emitted directly from the
small masgtherefore, very hotblack holes by constraining black hole. A similar effect also occurs in the Sun, where the
the total radiation produced to be less than the observesurface is much cooler than the central core, which produces
v-ray background radiation. This method constrains the denthe energy.
sity of black holes with temperatures of order 100 MeV. This  Previous authors have considered the possibility that the
particular number arises from the fact that a 100 MeV blackemitted particles do interag8,6], and they uséperhaps top
hole has a lifetime on the order of the age of the Universesimplistic arguments that the radiation emitted from the
and although it is true that higher temperature black holeblack hole interacts too weakly to form a photosphere. In
have higher fluxes, they also have much shorter lifetimespaticular, they consider 22 body interactions, such as
and the important quantitifor background measuremenis  compton scattering, and correctly show that these are negli-
the time-integrated flux. Therefore, 100 MeV black holesgible. However, using standard QED, we will show that
contribute the most to the-ray background. We should note bremsstrahlungand photon-electron pair productjopro-
here that since there are no known astrophysical processessses are important {23 body interactions and, for high
that can produce these small mass black holes, these coenough black hole temperatures, the particles scatter and dra-
straints all assume they were produced in the early Universematically lose energy as they propagate away from the black
hence, they are called “primordial black holes.” hole. The principal idea is that at relativistic energies, the
An important issue in finding the constraints on the den-bremsstrahlung cross section is roughly constamepen-
sity of black holes is to determine the emission spectrum oflent of energy Since the density of emitted particles around
the black hole. At first glance one might expect the observethe black hole increases with the black hole temperature,
spectrum of radiation from a black hole to be thermal, sincghere will be a temperature at which bremsstrahlgagd
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pair-production scattering will become dominant. Although are two ways to understand this physically. One way is to
this scattering is not enough to completely thermalize theconsider that the bremsstrahlung process can be regarded as
emitted particles, a sort of near-thermal photosphere formghe following: two electrons collide and exchange a photon,
and the average energy of the particles decreases dramatind one of the electrons is scattered into an off-shell state,
cally. and subsequently, decays into an on-shell electron and a pho-
The different sections in this paper are roughly self-ton. The off-shell electron will travel a finite distance before
contained. In Secs. Il and Ill, we discuss the subtleties of th& decays; therefore, the process occurs in a finite volume.
bremsstrahlung cross section in some detail. In Sec. IV, w&he other way to understand the finite interaction volume is
apply this cross section and obtain a formula for the numbediscussed in the next section.
of scattering " an average particle undergoes as it propa- The amount of volume needed is simple to approximate:
gates to infinity, and find that for some critical black hole since the cross section is proportionalrg  and is deter-
temperatureN'=1. Section V investigates the details of the mined by the minimum momentum of the off-shell electron.
photosphere, namely, the radius of the inner and outer suffhe off-shell momentum of the electron is, by conservation
face and the temperature and velocity of the fluid as a funcef energy and momentunp, k, wherep andk are the four-
tion of radius. At the end of this section and in Sec. VI, themomentum of the final electron and photon. Sihpe~E,
general characteristics of the photosphere are described. |R|~E, and the average angle of photon emission is
Sec. VIl we discuss the the effect of including QCD interac-~m,/(2E) [8], one obtaing- k~m§. Therefore, the mini-
tionS, and in Sec. VIII we discuss the observational consemum scale size needed for this interaction to occur is

quences of the photosphere. ~m, . We will see in the next section that the finite inter-
In this paper we will neglect all general relativistic effects gction volume is important for two reasons: bremsstrahlung
(except for Hawking radiation itself because most of the needs a finite amount of volume to occur, and any particles
interactions take place at a radius rgyy, wherergy is the  yithin a separation~m; * can interact via the bremsstrah-
radius of the black hole. lung process. ©
Note that along with the bremsstrahlung process
Il. BREMSSTRAHLUNG CROSS SECTION (e+e—eey), there is the similar process of photon-electron
pair production ¢+ y—ee*te™). When we speak of brems-
strahlung, we will also tacitly include pair production be-
cause they have cross sections with the same functional de-
gendence at relativistic energigg shown in Eq.(2).

For simplicity, let us first consider QED only. In a later
section we will consider the effects of QCD.

In the relativistic limit, the differential cross section for
bremsstrahlung in the center-of-momentum frame is found t

be[7,8]
IIl. BREMSSTRAHLUNG SCATTERING:
d(r(w) 8C¥rg 4 = +w2 I 4E2(E—w) 1 PLASMA EFFECTS
do  Eow 3( ©) E : méw 2) In a pure QED theory, electrons, positrons, and photons

(1) are emitted from a black hole that has a temperature
Tey>Mge, Wheremg, is the vacuum electron massie
wherefi=c=1, ro=al/m, is the classical electron radius, will assume that the energy spectrum of the particles emitted
E is the initial energy of an electron, andlis the energy of directly from the black hole is perfectly thermal, though in
the photon. The divergence of this differential cross sectioneality there are spin and finite source size eff¢&is We
asw—0 is remedied by higher order corrections, which es-will make another simplifying approximation by noting that
sentially impose an infrared cutoff. since the density of particles near the surface of the black

In our application, we will not be concerned with this hole is the thermal density at temperat(ig,, then from
infrared divergence because low energy bremsstrahlung pheonservation of particle number we obtain a formula for the
tons, w<E, will not significantly contribute to the energy density of particles at radius
loss of the electrons. If we take an energy-averaged cross
section o= [w(do/dw)dw/E, we can obtain an approxi- d®p r2BH 1 Tgy
mate expression for the cross section that is insensitive to the ”O(V)*zJ' (ZT)sf(p) T2 T2 G &)
infrared divergencé7]:

where the radius of the black holegy=21/(47Tgy),
o ~8ar2In§ @ f(p)=(eEPTenx1)~1 (for fermions and bosonsand re-
rem 'mg’ call that thed angle should only be integrated 92, since
the particles are being emitted from a surface, the subscript
This is in the center-of-mass frame. Examination of the funcO is to remind us that we have not taken particle production
tion w(do/dw) reveals that the average energy lost in eachfrom scattering into account. We will use this approximation
collision is <E [8]. for density for both photons and fermions.

The interesting and well-known behavior of the relativis- In calculating the density we must also take into account
tic bremsstrahlungand pair-productioncross section is that that bremsstrahlung and electron-photon pair creation are
it does not decrease with energy. However, one must keep in
mind that the cross section is large compared to the energy
scale of the particles, and there is a minimum interaction ‘The plasma mass, as defined below in this section, is always less
volume required in order for the process to take place. Therehan the vacuum mass at a radiusrgy, whenTgy=Mge.
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(6)

particle-creating processes. Therefore, with each scattering, max AT
more particles are being produced, and the particle density J\/Ef NGE
increases. Since the combinatioes +e*—e*e*y and '
e*+y—ee'e” are all possible, let us simplify the picture
and treat the electrons, positrons, and photons all as “pal
ticles” that undergo 2- 3 body interactions: every two par-
ticles that interact create a third particle. Then, f6particle
scatteringgsee Eq(6) below], we can account for the effec

of particle creation by replacing the density tengiby

min

(Certainly, if N>1, the particles will begin to significantly
interact, and possibly form a photosphere.

In order to understand the important physics involved in
t this problem, let us first consider a naive calculation\gf
and assume that the electron mass is equal to the vacuum
electron mass, i.em,=mg., and that, since the minimum

M) interaction volume ism_®, we assumer,=m;! and
n(r)=(— No(r), (4)  rma==. Using Egs.(6) and(5), and neglecting for the mo-
2 ment the density enhancement of E4), we obtain
\év:é%hsgﬂgﬁt:; that the density grows exponentially with N o3 EMZTBH. -
rem 271_4 Moe Moe

The relativistic bremsstrahlung mean free path of elec-

trons and positrons at radiusis ) ) ] o ) .
In this naive picture, particle interaction becomes important

(i.e., N=1) when

n(r)o'brenJU| 2
2 Tegu= P Mg~ 20 TeV, (8)

me
= 8n(nNa’in(2Tgy/my)’ ®

N(r)=

and most of the particles scatter at a distangg" from the
where we have approximated the vector velocity differencedlack hole.
between colliding particles to b|~1, and the average However, there are some problems with this naive picture.
energy of the electronB~Tgy. For example, at a distanaa,, from the black hole, the
Before proceeding, let us digress for a moment and disaverage interparticle spacing at this temperat(8g is
cuss why one can approximate|~1. For the sake of clar- n~Y3~amg; which is much smaller than the bremsstrah-
ity, let us consider localized particles escaping from thelung interaction lengtHit is even smaller than the electron
black hole with an energ¥ and a size roughly E. The  Compton wavelengih and one would expect this high den-
bremsstrahlung interaction involves an exchange of a virtuadity “plasma” to affect the cross section. A second and re-
photon between the particles and is an “action at a disfated problem is: what occurs in the regiorem_*? Al-
tance.” The question is, what is the typical range of thethough the interaction distance of bremsstrahlungjs, it
interaction, or rather, how far apart can the particles be angoes not mean that the interaction is turned off at shorter
still interact? The answer isot 1/E, rather the answer is that distances. It does mean, however that the cross section is
the range of the interaction isklAwherek is the the momen-  suppressedor “screened?). This is very similar to the
tum exchanged between the particles, i.e., the momentum efandau-Pomeranchuk-MigdalLPM) effect, where the
the virtual photon. As shown by several authors such as ibremsstrahlung cross section of a beam of electrons on a
Ref. [9], the dominant contribution to the cross section doesarget is suppressed because the interaction distance is so
not come from largé, but rather from smalk such that the |arge that the electrons can scatter via Coulomb collisions
average momentum exchanged-isn, (this is indeed why during the bremsstrahlung interaction, and, therefore, sup-
the cross section goes asrr@. Therefore, particles as far press the bremsstrahlung cross secfibii.
apart as Ih, will interact via bremsstrahlung. Another, perhaps more lucid, way of regarding the effect
Now, if a particle is emitted from the black hole of radius of bremsstrahlung suppression is to realize that the brems-
1/(47Tgy) and it can interact with particles within a dis- strahlung processes are not occurring in a vacuum, but rather
tance 1., then it is easy to see that fdrg,>m,, the in a bath of radiation, or “plasma.” In our application we are
particle can interact with other particledl around the black calculating interaction rates which involve cross sections of
hole Therefore, if one averages the vector velocity differ-particles in a background plasma which is iffadmos} ra-
ence between the “colliding” particles, one can see that thigddially propagating collection of particles. When calculating
is similar to averaging over an isotropic distribution, and forquantities that include the masses of particles in a plasma, we
relativistic particles we can then approximdtg=1. To  must be careful to include the plasma mass of the particles.
summarize, localized particles a distancapart do not have To a very good approximation, the plasma effects are easily
to be “moving towards” each other to collide, the important included in cross sections by simply replacing the vacuum
guantity to consider is the possible momentum exchangethass squaredng—>mg+ mgm, where mg is the vacuum
k if they interact: ifd<k ™! then the particles will interact, if mass, anan,, is the plasma mass. This can be easily under-
d>k~?! then the interaction will be negligible. stood by realizing that the finite temperature cross section is
Let us defineN to be the number of scatterings that anfound by calculating Feynman diagrams which are identical
average particle has undergone as it travels figgp to  to the vacuum diagrams, but replacing every propagator by
I max from the black hole: its finite temperature counterpart. The problem is then re-
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duced to finding the finite temperature self-energy, or in ef- 102
fect, finding the plasma mass. Let us define the total electron
mass in a plasma to be

TTTT T 1T T TR T T T DO T Ty T Ty 1 i

A1l

10 Toy=1TeV

M= mge+mj(n,T,p), (9)
Tay=45.2GeV
where we have explicitly noted that the plasma mass is a
function of density, temperature, and momentum. The actual
functional form of the electron plasma mass does not take
this form, but it is accurate in the limit of very small or very
large plasma magsompared to the vacuum masand these

are the limits that we will be interested in.

So the question is, what is the plasma mass of an electron
propagating away from a black hole? The electron is propa-
gating in a kind of plasma, but it inot a thermal plasma
since the density is not homogeneous, and the particles are
not moving in random directions, but rather they are propa- 10-4 ol ool vl vl vl svd sl 3
gating nearly radially away from the black holeecall the 10-¢ 10-* 10-2 1
black hole is a small, but finite size souyc&he calculation r (MeV-1)
of the plasma mass of a particle in an inhomogeneous,
nonisotropic medium is nontrivial, and is beyond the scope /G- 1. The average number of bremsstrahlung or photon-
of this paper. We will instead use a simple estimate for theelectron pa"'pmduc“on Scf"ltte”ngéthat ane- or photon under-

goes as it propagates a distancaway from the black hole, for

plasma mass by noting that, for a thermal plasma with den\-/arious black hole temperaturég,, . Note that\ approaches unity

sity n and temperatur@, mi e ma~4mkan/E (see, for ex- ¢, Ton=Toi=45.2 GeV.
ample,[11]), wherek is a constant of order unit is the

average energy of the particles in the plasma, and we have

made the rough approximation thatE¥1/E. We will, Norent=
therefore, use the estimate that the plasma mass of a particle

near a black hole is

T T ||ll|||

Tou=1GeV

[IRRARLL |
1 IIIIIII|

Number of scatterings &

10-3

aba5

473

(12

( e) e
mO mo !

keeping in mind that this expression is valid only for

,  Aman(r) 4ma(312)2 N=1. Using thg defini_ti_on/\/(Tcrit)=1, and approximating
ms ~———=~ —, (10 a,~5, we obtain a critical temperaturg,;; for the black
pm
E ab(47T r) hole
where we have used E@) and assumed that since the av- (4m3a,) Y2 m
. . . b Oe
erage energy of a particle emitted from a black hole is Cm~(—_5,—) —~45 GeV. (13
~ayTgy, Whereay~5 [5], and since the average energy of In(e™?) | «
a particle decreases with each scattering, we estimate
through conservation of energy thata, Tgy/(3/2)V. Numerically solving Eq(11), we find thatN,er=1 when
IV. ONSET OF PHOTOSPHERE Teit=45.2 GeV. (14)

Let us consider a more accurate calculation bremsstrah-

lung scattering, which includes plasma effects discussed it thiS temperature, outgoing particles will scatter on aver-
the previous section. Combining Eqg)—(6), we obtain a 29 at least once via bremsstrahlung and photon-electron

formula for the number of bremsstrahlung scatterings a pa@ir-production processes. When the temperature increases

ticle undergoes traveling to a distardrom the black hole: 2POVE€Tent, the particles scatter yet more, and at some point
it is necessary to think of the plasma as no longer free

streaming, but as an interacting fluid.
), (11) We can also analytically estimate the behavioAGivhen
it is much larger than unity by noticing that when one as-
sumes N>1, one can use Egs10) and (11) to self-
where we have explicitly shown the electron mass as a funceonsistently findn,(r)>mg, and
tion of distance away from the black hole, since the plasma
mass varies with density. 2 2 502
Equation(11) can be solved numericalsee Fig. 1, but Mr)=~ In[8aTeur (IN3/2) I/ )],
we can also determine solutions analytically by approximat- (In3/2)
ing (3/2)V~1, and approximating the argument of the loga-
rithm to beTg /Mg, (because most of the integrand comeswhere we heldV in the logarithm to be constant, then itera-
from the region wheren,,~mg.). Integrating fromrg, to  tively kept the highest term. Comparing to numerical results,
infinity, we obtain this was found to be better than 1% accurateX6r1.

J\/(R)%8a3f

B

R (312Mng(r) [ 2Tgy
SN TTmEm me(r)

(15
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V. THE THERMAL PHOTOSPHERE

n 350
We have shown that when a black hole rises above a 10
critical temperatureT.;, the Hawking-radiation particles 2 2
bremsstrahlung scatter many times as they propagate away §10 B !
from the black hole. AsV gets large, the radiation will have 2 i

to be described in a qualitatively different way. If the mean & 10?1 -
free path is short enough\ &r), then a kind of photosphere
will form, and a fluid description is more appropriate. 1020 | S VU S NN I S

The unique environment of microscopic black hole photo- 1005 T——T——T—T T T T T 1
sphere, however, complicates the issue: the average energy <
and density of the particles are changing so fast as they g
propagate away from the black hole, that the particles never ~
have enough time to fully thermalize. That is to say, the fluid
in the photosphere is an imperfect fluid.

In order to show this, consider the following arguments
which reveal an inconsistency with the perfect fluid descrip-
tion. Let us assume for the moment that the particles scatter 1 108 108 109
enough that at some point they become a thermal, perfect T, (MeV)
fluid. In the rest frame of a fluid element, the time scale for B

particle Scatterlng-mfp must b_e smaller than the time scale FIG. 2. The total photon flux and average photon energy that a
for any change in macroscopic paramet@tsch as tempera- ¢, aay observer will see as a function of the black hole tempera-
ture) of the fluid eIemzenh_'ﬂl. For a relativistic plasma at e T, The dashed line is an extrapolation of what occurs at the
temperaturd’, 7~ (a“T) " In the rest frame of the black  citical temperaturer@P~45 GeV. The(local) maximum in the
hole, the time scale for change in macroscopic parameters {hserved energy is at aboit,,, and the minimum at abouty, .
~r/v~r [this is also borne out by Eq17) below]. Conse-

quently, boosting to the frame of the fluid, we find fyig is thermalized via viscosity and so the temperatiire

m~r/y). Therefore, the perfect fluid conditionnp<7y,  should decrease more slowly tham.1/
becomes In order to find a solution to this problem, which ideally
would be solved via the Boltzmann equation, we will make a
a®Tr simplification based on the inconsistency stated above. That
y >1. (16) is, since the perfect fluid equatidid7) will not allow for

a?rT/y>1, and the microscopic equatiofss) will not al-

2 < :
Since we have assumed that the fluid is a perfect gas, we cé‘ﬁw for a*rT/y<1, we will then assume

determine other relations betwedn v, andr by simply

employing conservation of energy-momentud), T#"=0) a’Tr - (18)
and entropy[d,(su)=0] using spherical symmetry, and Y
assuming that the fluid obeys the relativistic equation of state
(p=p/3): We will employ this constraint along with conservation of
energy in order to find'(r) andy(r), but first let us discuss
T, v, Iy u;/z the general form of the photosphere. One should keep in
=—=——, (17) mind that even though we can identify as approximately

Ta o m N ui the average energy of the particles in the rest frame of the
fluid, we use the term “temperature” loosely since the fluid
where y=(1—u?)~ 2 is the Lorentzy factor of the fluid, is not a perfect fluid.
andT, is the temperature of the fluid at radiug etc. The general form of the photosphere will be a thick shell
The inconsistency comes from the following observation:of plasma(see Fig. 2 The fluid at the inner surface of the
if the particles interact just enough to meet the perfect fluidphotosphere shell will have some “temperaturgy, and as
constrain{Eq. (16)] at some radius,, then according to Eq. a fluid element of the photosphere propagates outward, it
(17), the constraint is subsequently violated at abyr 5, and  will cool until it eventually reaches a temperature below the
the fluid is no longer considered to be perfect. However, ifelectron mass. This is the outer surface of the photosphere: at
one as to look at the microscopic interactions, occurring athis point the electrons and positrons will annihilate, and the
r, one would find copious scatteringncreasing withr),  photons will free stream away to infinity. This picture is
which leads one back to assuming a perfect fluid. The solusimilar to the fireball model of Goodmdi2].
tion to this inconsistency lies in realizing that the fluid is not ~ The radius o, temperaturd, and velocityu, of the fluid
perfect and Eq(17) is incorrect. Another way of stating this of the inner surface of the photosphere are found from Eq.
is that the temperature and velocity of the fluid change sig{18) and the conservation of energy-momentum at the
nificantly over a mean free path, so there is a large amount dfoundary of the inner surface of the photosphere. We will
entropy productiofid,(su*)>0]. The production of entropy make the approximation that on the inside of the boundary,
can be seen as a consequence of the viscosity of the impdhere is a free-streaming radiation, and on the outside of the
fect fluid; a certain amount of the bulk kinetic energy of theboundary there is a near-thermal plasma at temper&igre
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and we will assume the boundary is a thin layer. Thus, we yoTen |2 1
will apply the conservation of energy-momentum M= o Tp=Mge,
47Tmoe a’moe
4, T#"=0 for a planar surface. The energy-momentum ten-
sor for radiation-free streamin@n one direction is and
kK" T 1/2
Yo'!BH
TiY= , 19 = _
fs — Pfs kg (19 Yp (47Tm0e) (26)
where p¢ is the energy density of the free-streaming radia-In terms of critical temperatur@.,
tion at radiug  from the black hole, ank* is the (averaged
. .. C . 1 T 1/2 T 1/2
momentum four-vector of a particle of radiation. The fluid in . BH | eH 27)
the photosphere is an imperfect gas, but let us assume that Pa’mge\ Tei) Y Teit)

the boundary conditions will not be much affected if we
assume for the moment that the fluid is perfect. For a perfecthe average energy observed far away from the black hole
gas, Thr=(po+Po)U§ug—pog™’. By assuming a steady (beyond the photospheres roughly

state, one obtains two equations

. TBH
Eobs™ a-th')’pr'\“ Moe

1/2
_— , 28
Tcrit) ( )

pts=(po+Po) Yalo,  p1s=(po+Po) YoUs+Po, (20)

for which one can solve for the velocity of the perfect gas atvhere an~3 is obtained from a pure thermal plasma, as

the inner boundary of the photosphere: opposed toa,~5, which is obtained from the black hole
spectrum. Figure 2 shows the average energy an observer
Up=1/3, (21)  beyond the photosphere will see for a given temperature of

the black hole inside.
and the formula for the energy density of the fluid, in the rest ~ Since the density of photons g} in the rest frame of the
frame of the fluid, black hole is~ ypmge we can estimate the total number of

photons emitted by the black hole per second,
2aT3,

PO=2p1s= (1 222 (22 . Ten ( TBH) 12

N ~ —
photons a,Z Tcrit

(29
where, as stated earlies, is defined asa=p/(nT)~=5, and

we have once again assumed a relativistic equation of statehich is roughly Tgy/Tei) Y% @ times greater than the par-
Using the fact thap,=aT,n~(2a/7?)Ts, and using Egs. ticle emission rate directly from the black hole. See Fig. 2.

(21) and(16), we obtain an estimate of the parameters of the One can also estimate the number of electrons and posi-

inner surface of the photosphere trons left over after interactions between them have “frozen
out” from the rapid decrease in the photosphere temperature.
4 Yo 9 The freeze out density is determined by comparing the mean

fo= 2 a1 To= 2 Ty, and Yo=g- (23 free path to the radius, as before. If we approximateethe
Yo& lBH ™ L oy —me /T
density in the rest frame of the fluid a§r~T3e Moe’" then
Notice that the size and temperature of the photosphere atbe mean free path in the rest frame of the black hole is
functions of the black hole temperaturgy . A~eMe/T/(ya?T). If we imposer=r at the outer surface
We can then determiri€ and y at larger radii by simply of the photosphere, we finah,.~mge(Tei/Tan) v, -
using Eq.(18) and the conservation of energy. Assuming Therefore, in the rest frame of the black hole we find at the
u~1, the conservation of energy requirement in the photoouter surface of the photosphere that the freezing-out density
sphere becomes roughly of e is Ng=~m3o(Teit/Tew) Y% and the total number of
e™ emitted per second by the photosphere is
r2y2T4=~r22T3, (24) P yiep P
. (47T)mo TBH 172
and with Eq.(23) we find Nez~—7—|=—| , (30)

@ Terit

YoTen | 8 Yoa Teur | 1 which is roughl -

_|_ro'BH _ | fo% 'BH ghly a factor of aboutgy /T less than the

T(r) 23|, ¥r) . (29 2
dar A photon emission rate.

. Th_e temperature of the photosphere decrease_s as the ra- VI. THE BIG PICTURE
dius increases, and eventually the temperature will decrease
to mge. This is the outer boundary of the photosphere since Now, we can describe the whole picture of the photo-
most of the electrons and positrons will annihilate at thissphere which forms around a hot black hédee Fig. 3. At
point, and the mean free path will become so large that thélack hole temperature$g<T.~ 30 GeV, there is no
particles will simply free stream to infinity. Using Eqd.7) scattering and no photosphere, the particles free stream away
and (23) we find the parameters of the outer surface of thefrom the black hole, and the far away observer sees the ther-
photosphere to be mal spectrum directly emitted by the black hdlee are ne-
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photosphere grows. For low enough black hole temperatures,
we can treat the photosphere as steady state, that is the effect
of the changing black hole temperature is negligible. Once
the black hole temperature increases to the point where its
lifetime gy is equal to the light crossing time of the photo-
sphere, that is when

Photosphere

Black Hole
I'ph=CTBH, (32)

then the photosphere is no longer in a steady state. Beyond
this point, the black hole will evaporate quicker than the
photosphere dissociates, and there will be a period when
there is a remnant photosphere, with no black hole in the
center.

The lifetime of the black hole is found from its rate of
mass loss:

Strictly speaking, one must also include a factor of the rel-

FIG. 3. A schematic black hole and QED photosphere. For€Vant degrees of freedom such as quarks, gluongStdut
black holes with temperatur@g,>To~45 GeV, the electrons, Since we are only including the presence of photons, elec-
positrons, and photons emitted from the black hole travel a distanc&0ns, and positrons, we will neglect this factor. The lifetime
~(a?Tgy) ~* before they begin to bremsstrahlung scatter. Eventu-7gy Of the black hole is then
ally, the particles scatter enough that a near-perfect fluid photo-
sphere forms at, with some temperaturg,. The temperature of 2
the fluid decreases as it flows outward, and atT=my, and most T~ ﬂ
of thee™ annihilates. The photons then free stream to infinity, now BH BTSH '
with an average energy & p~ Moe(Tay/Teri) Y2

(33

whereMp, is the Planck mass.

The important features of the black hole and its photo-
sphere are summarized in Table | for various times during its
evolution. For the final moments of the black hole, we are
assuming a naive picture that the black hole simply evapo-
rates into radiation, with a maximum temperatureM, .

glecting the fragmentation of quarks, eff)).

As the black hole temperature risesTtgy= T, brems-
strahlung and photon-electron pair production begins to oc
cur. The particles will begin to scatteAf1) via brems-
strahlung and pair production at a radius of
r=(8a?Tgy) %, and as they continue to scatter, they will
eventually form a thermalized photosphere at a radius
ro~4ml(a*Tgy). The characteristics of the photosphere are
described in the previous section, and represented in Figs. 2
and 3. The bremsstrahlung process also occurs in QCD. In this

As the black hole continues to increase in temperature, thease, two quarks collide and emit a gluon, and the coupling

VII. INCLUDING QCD

TABLE |. Characteristics of black hole and QED photosphere at various times. Note that the average
particle energyE,,s observed far from the black hol@eeyond the photospherés much smaller than the
black hole temperature. Note also that when the black hole becomes so hothatrgy, it quickly
evaporates and leaves behind a remnant photosphere, which eventually dissipates. All values are approxi-

mate.

Photosphere Ten Eobe (g e Mgy
initially forms 45 GeV Moe (a®mge) 72 10° sec 16t g
Tey=10 TeV 10 TeV 10 MeV 10° cm 10 sec 1bg
I oh=CTgH 10° GeV 1 GeV 10°% cm 10 8 sec 14 g
Photosphere — PoGeV 1¢ cm — —

finally dissipates
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ag is much larger than the QED coupling. Adding quarks,background(when it is converted to photonsit this point
gluons, and QCD interactions to the picture will, therefore,will be negligible. Therefore, the QED photosphere will have
change the critical temperature, size, and structure of the negligible effect on Page-Hawking limit.
photosphere. However sinceT2(P~ A gcp~ 100 MeV, the QCD photo-
_In order to show this, let us use a simple model of QCD.gphere may play a dominant role in determining the number
First of all, because of the asymptotic freedom of QCD in-of 100 MeV photons emitted by a black hole. Clearly, a full
teractions, the average interparticle spacing must be less thacyjation including QCD interactions is needed in order to
Aqep: determine the energy spectrum of particles coming from the
n—1/3(r)<AQCD’ (34) phot_osphere. !n general, one would expect an added flux of
particles starting at energies Agcp. Furthermore, com-
in order for the coupling constant to be small enough thapared to the previous calculations of the spect&in there
perturbation theory is valid. When the interparticle spacing iswill be much smaller fluxes at energi&s>T; because in
larger than this, the quarks and gluons simply form hadronshe standard calculation, one expects a black hole with
etc., which is described by MacGibbon and Weblgr Tey~ E to produce particle of enerdy, whereas, due to the

For simplicity, let us assume that the QCD bremsstrahphotosphere, these fluxes are actually produced by black
lung cross section has the exact same form as the QED crofgles with Tgy~E?/(mgea®?), which have masses

section, only one must now use the strong couplig and  _g/(my,a*? smaller than expected from the standard cal-
the mass of the quark involved, : culation, and so the total energy that these smaller mass
8a3 2E blgck holes can c_ontribute to theray background at energy
US@EF _25|n_. (35) E is E/(mgea®? times less than the standard calculation.
my Mg Another way of constraining the density black holes is

. . based on the fact that we have not, as far as we know, ob-
Once again, we must take into account the plasma mass Qg eq an individual black hole evaporating in its final stages

the quark, and we do so by following the same prescriptior‘[3,4'1a_ For example, Halzeat al.[4] show, using the ther-
as for the plasma mass of the electrd®). We also will 5 radiation plus quark fragmentation model, that if a a

simplify the problem by estimating that the smallest mass o} 5.k hole with Tey=100 GeV, which has a lifetime of

the quark isAocp. Therefore, we estimate about 16 sec and radiates 100 GeV photons is closer than
(NP4 1)2 about 1 p, then its emission will be above the 100 GeV
— (36)  background, and can be observed.

(47°r) If we apply the effect of the photosphere to the standard
This estimate will always ensure that the important scale i onstraints ?]n tQhEgiStﬁnce t?] indi\éidual blackhholes, we fipdh

- ; ; at, since the photosphere decreases the energy of the
the interparticle spacing, and that the smallest energy scale pgarticles emitted from the black hole, observation becomes

Aocp- Following the same procedure as in the QED case o . ;
QCD
we estimate that the critical temperature at which quarks be"—nUCh more difficult because the background is much higher

i ; CD_ 1. at lower energies. To illustrate this, let us use the example of
gin to QCD bremsstrahlung scatiée., A<=1): the Tgy=100 GeV black hole. The observer at infinity will
A only see photons that have been processed through the
TP~ —Q;,:;ZAQCD. (37)  photosphere, and as a result, will only see photons with an
*s average energy & oo~ Moe(Tan/ Teri) Y2~1 MeV. In order
The true value off3P is difficult to estimate, sincergis ~ [© Conserve energy, the photon flux will consequently in-
such a sensitive function of energy at these scales. Clearlgrease by a factor offgy/Eqys Over the standard no-
the scaleA ocp will be important, but a detailed model of Photosphere assumption. But the the obseryeay back-

QCD is needed to obtain a more accurate number. Sincground flux is proportional t&~%°[3]. In order to see the
TQED-. TQCD_ 100 MeV, it is also clear that QCD will play 100 GeV black hole, one must look in the 1 MeV energy

crit crit . .
an important role in the formation of a photosphere around 4n9e, where the background is much higher. Even though

2__ A2
mq—AQCD+

microscopic black hole. the black hole flux is increased by a factor Tf, / E s DY
the photosphere, this is not nearly enough to compensate for
VIIl. CONSEQUENCES FOR OBSERVATION the increase in background. Therefore, from this point of

view, the photosphere makes the observation of individual

As stated in the introduction, the Page-Hawking limit, black holes much more difficult, and the present limits must
which constrains the total flux of Hawking radiation from all be reconsidered. That is to say, individual primordial black
of the evaporating black holes to be less than the observeldbles may be a lot closer than the present constraints pre-
vy-ray background2-4], most stringently constrains black scribe.
holes emitting 100 MeV photons. Sind’@ﬁD~45 GeV, the The presence of the photosphere will change the con-
QED photosphere will not have a large effect on this con-straints on individual black holes in several other important
straint. Even as the temperature of the black hole increases Wways. If we consider observing the sky at some energy
the point where the photosphere begins to emit 100 Me\E,,s, then for some range of energi@8ye=<Ep= T,
photons agaifiwhen Tgy~ (101 T, see Fig. 2, the black  there will be black holes atvo differenttemperatures which
hole will have such a small mass compared to its mass whewill both produce photons of average enefgy,s and con-
it was a 100 MeV black hole, that its contribution to the tribute to a signal. For example, E,,s=10 MeV, then a
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black hole withTgy~10 MeV, which has no photosphere, indeed form around a black hole, and that this can have
and a black hole witiTg,~10 TeV, which has §QED)  important observational effects. In order to understand the

; : N full consequences of the photosphere, however, one must
'p:)ihgot%s p_lqt]a éeiow':lg\t;ograéidr;iﬁg ?1235252?5 W::]? el\r/ln(iatv p(hsoetgns include QCD interactions, which will cause the photosphere

; to form at lower black hole temperatures.
ngtgjgsh'%h?gga:‘itgﬁgtg;%thtg;hsalo Me¥ bla;:rlj dh(t)::aé In Nonetheless, even with the inclusion of QCD one might
! g 05~ Ten f lysis that the Page-Hawking limi h
total photon flux is of ordeEs; however, with the photo- expect from our analysis that the Page-Hawking limit on the

) density of primordial black holes will at most be affected by
fssp:‘:rgh:"’e find from Eqs28) and (29) that the photon flux  4n)y an order of magnitude or two. The observation of indi-
is roughly

vidual black holes, on the other hand, will be dramatically
E \3T. affected by the photosphere. The photosphere makes observ-
N~< Obs) %, (3g)  ing individual black holes much more difficult, and this
Tert) @ opens up the possibility that an individual black hole can be
which is much greater than the flux from the lower tempera-mUCh cIose_r than previous constraints presctibe.
ture black hole Another interesting as.pt_act of t_he black hole photosphere
However or{e should note that the 10 TeV black hole hacomes from the fact that it is a unique astrophysical environ-
' ent. The plasma in the photosphere can reach extremely

oo Seyerel i e e high emperatreecallT Ty, and one would expect
9 ) P P interesting physical processes to occur in such an environ-

tant observational consequence of the photosphere_. T ent. For example, at very high energies, one would expect
photosphere decreases the average energy of the pamclesstsp

_ mmetry restoration to occur, and this opens up a wide
such an extent that very high energy photoBig, can only  3nqe of possibilities. One simple example is baryogenesis.

be produced by extremely high temperature black holesgjnce the photosphere can reach temperatures well above the
which have such extremely short lifetimes, that they areg|eciroweak scale, one would expect baryon-violating inter-
practically speaking, unobservablgee Table )l This will  4¢tions to occur via the electroweak anomaly. Furthermore,
dramatically weaken the constraints made by high energyince the photosphere is naturally out of thermal equilibrium,
observations such as in Ré13]. all of the requirements for baryogenesis are pregbfit and
Because the photosphere decreases the energy of the emiis piack hole should produce a net baryon number in its
ted particles, the possibility that black holes are the source Oﬁhotosphere. One would also expect phase transitions, such
ultrahigh energy background photofe other cosmic rays 55 the QCD phase transition, to occur in the photosphere.
seems remote. Even by including QCD and electrowealtearly, the inclusion of other theories will make the black

theory, it would be difficult to produce ultrahigh energy hole photosphere much more complicated than the simple
or photons that would not be processed in the photospher@ED photosphere.

Of course, the black hole could emit other high energy par-

ticles such as neutrinos, but even in this case a neutrino ACKNOWLEDGMENTS
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