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Calculation of the Emergent Spectrum and Observation of Primordial Black Holes
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We calculate the emergent spectrum of microscopic black holes, taking into account the proposition
that a quark and gluon photosphere forms around the black hole. We find that the limit on the average
universal density of black holes is not significantly affected by the photosphere; however, we also find
that gamma ray satellites such as EGRET and GLAST are well suited to look for nearby black holes
out to a distance on the order of 0.3 parsec, and conclude that if black holes are clustered in our Galaxy
by a factor of orden0® they may be directly detectable. [S0031-9007(97)03070-6]

PACS numbers: 97.60.Lf, 04.70.—s, 95.30.Cq, 98.70.Rz

Since Hawking [1,2] first proposed that a black holetions, but this spectrum will be very different than the one
emits thermal radiation with an emission rate inversely proobtained using fragmentation of quarks coming directly
portional to its mass, there have been several calculatiorfsom the black hole. We also consider several observa-
of the emergent spectrum in order to verify or at the verytional consequences of this emergent spectrum, using the
least constrain the presence of the smallest, hence moSGRET and GLAST satellites as exemplary detectors.
luminous, ones. Nominally, aside from particle spin ef- Since it is reasonable to assume that fundamental
fects and gravitational backscattering effects close to thenodes will be present in a thermal bath, let us assume
black hole [3], one would expect the emergent spectrunthat once above a temperatufe> A, a black hole emits
to be thermal, since Hawking showed that the black holéndividual quarks and gluons. Hawking [1,2] showed
can be thought of as a black body with a temperature¢hat the emission rate spectrum for each particle degree
T = (8wGM)~!, whereM is the mass of the black hole, of freedom isdN/dE = T'y/2m[expE/T) — (—1)°]7},

G is Newton's gravitational constant, and we set the Boltzfor particles of energyE, where I'y is the absorption
mann constank = 1 (along withc = 1 andi = 1). coefficient which in general depends upon the spin of
However, when a detailed model of the physics of thethe particles, M, and E [3], and we have assumed
emitted particles is considered, the emergent spectrum béke black hole to be uncharged and nonrotating. In the
comes more complicated. For example, MacGibbon anegelativistic limit 7 > m the total rate at which particles
Webber [4] and Halzert al. [5] have considered black aredirectly emitted from the black hole can be expressed

holes with temperatures greater than the characteristig the formNtot = (10729)T, wheren is of order of the
QCD energy scalé\ ~ 200 MeV, where the black hole number of emitted relativistic particles at temperatilire
begins to emit quarks and gluons. They propose that thend can be calculated numerically [3,4]. Since this is
emitted quarks and gluons fragment into hadrons, whiclhe flux of particles crossing the Schwarzschild radius
further decay into photons, electrons, neutrinos, etc., ang, = (47 7)"!, the densityn(r) of emitted particles at
they convolve a jet code with the Hawking thermal specqg radiusr from the black hole is them = N/(477r2),
trum to determine the emergent spectrum. For black holgxpressing this in a more illuminating form, we obtain
temperatures abovk, the QCD degrees of freedom domi- 4 2

nate in the standard model and the ultimate products of n(r) = <ﬂ —S>T3, (1)
guark and gluon fragmentation will dominate the spec- 100 r?

trum; thus understanding the physics of the quarks an&or the QCD,n ~ 20; thus the average particle separa-
gluons is important for determining the spectrum. tion, defined agl = n~'/3 is thend(r) = T~ (ry/r)*/3.

In this Letter, we reconsider an important initial as- QCD is an asymptotically free theory of interactions
sumption made by MacGibbon and Webber, namely, thalbetween quarks and gluons. In general, when particles
the quarks and gluons emitted from the black hole discatter, the momentum exchanged must be at least of the
rectly fragment into hadrons. Rather, since the density obrder of their inverse separatieh !. As a consequence,
emitted particles around the black hole can be very highat distances smaller thak~' the QCD interaction is per-
(much higher than nuclear density) fér > A, we pro- turbative, while at larger distances, the coupling becomes
pose that the quarks and gluons propagate through thso large that vacuum fragmentation is dominant. In par-
dense plasma and lose energy via QCD bremsstrahlurtgcular, vacuum fragmentation of quarks and gluons will
and pair production interactions until the density of theoccur when they are separated by a distance greater than
outward-propagating plasma becomes low enough that th&~!. We see from the above formulas that offite> A,
quarks finally fragment into hadrons. One can then calcuthe quarks and gluons around the black hole will not im-
late an emergent spectrum by convolving this collection ofmediately vacuum fragment into hadrons because they are
lower energy quarks with jet codes or fragmentation funcclosely spaced in a kind of plasma. Rather, they will
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propagate for some distance in the dense quark-gluomatey, = (T/A)'? and r, = vp/A. An accurate cal-
plasma until the plasma becomes tenuous enough that vagulation of the spectrum would require using a Boltzmann
uum fragmentation will occur. This is important becauseequation to determine the exact spectrum of the nearly ther-
as the quarks and gluons propagate away from the blaakal quarks and gluons, and a jet fragmentation code for the
hole in the dense plasma, they can interact with each othdinal decay into pions and photons. We expect the approx-
via bremsstrahlung and pair production and decrease iimations used will be correct within a factor of order unity.
energy. In Fig. 1 we show the photon spectrum calculated using
This can be seen by following the arguments of Heckleithe above formulas both including and excluding the QCD
[6] (which are still subject to some debate), who hasphotosphere. Without the photosphere, the quark and
proposed that since the relativistic bremsstrahlung andluon spectrum is simply a blackbody spectrum (with spin
pair production cross sections are independent of energgnd finite size effects) at the temperatdre We see that
and since the density of particles around the black hol¢he main difference between these two spectra is that the
increases with temperature [EqQ. (1)], there is a criticalphotosphere spectrum has many more lower energy pho-
temperature for which the optical depth of an emittedtons. This is physically due to the fact that the photosphere
particle becomes unity. At this point particles begin toprocesses high energy quarks and gluon into many lower
scatter copiously, and a kind of photosphere forms aroundnergy ones, and these eventually fragment and decay
the black hole. The photosphere is a kind of fireball ininto lower energy photons. We also plot the spectrum
the sense that the nearly thermalized plasma propagate$ photons emitted directly from the black hole which
outward, decreasing in temperature until (i) the electronpeak at approximately7. The peak height is several
and positrons annihilate in the QED case or (ii) the quarkerders of magnitude lower than the peak from quarks
and gluons fragment or some kind of QCD phase transitiomnd gluons, mostly because the number of QCD degrees
occurs in the QCD case. of freedom which can decay into photons is large [4].
To simplify matters, we will assume that the plasmaThe total number of photons emitted from the QCD pho-
cools to the temperatur&, at which point hadronization tosphere, which peaks at energies of about 100 MeV, is

occurs. The emergent photon spectrum is a convolution of . T \2

the quark and gluon spectrum with the pion fragmentation N, =2 X 1024<a> sec!, (5)

function [4,5] and the Lorentz-transformed neutral pion €

decay into photons which scales ag?, which is a stronger function of black
dNy “ES+m2)/4Ey gN dgmy(Er) hole temperature than tHedependence of _blackbody par-
iE, fm JE. d—EydE”’ (2) ticle emission, or th&3/2 dependence obtained in the frag-

mentation model of MacGibbon and Webber [4]. Note that
wheredg,/dE = 2/(ymp) is the number of photons

of energyE created by a pion decaying isotropically in
its rest frame;y = (1 — B?)~!, and 8 is the velocity of
the pion [noteE, is Doppler shiftedm, /[2y(1 + B)] >
E, > m;/[2y(1 — B)]]. The pion spectrum is [4]

dNﬂ' . Q== dN](Q»TO) dg]ﬂ(Q’Eﬂ)
dE, 7 fQ:Eﬂ do dE, 0. (3)

wheredN;/dQ is the flux spectrum of the quark or gluon
j of energy O at the time of fragmentation, which is
on the outer edge of the photosphere where the plasma
is at a temperature ofy = A, and dg;,/dE, is the
relative number of pions with energ¥, produced by
j [4]. We will use dg/dE, = (15/16)z73%(1 — z)?,
wherez = E,/Q [5]. We approximate the quark and 10 ‘ "
gluon spectrum in the observer frame by boosting a thermal 10-t 1 10 10% 10° 10* 10° 108 107 108 10°
spectrum at temperatuf@ with the Lorentz gamma factor Energy (MeV)
Yp qf the outezr ezdgze of the outward moving photosphere FIG. 1. Instantaneous emergent spectra. Thick lines are for
dN;  0jv,7,0 fl (1 — Bcosh)coshd) aM = 10° g (T = 10 TeV) black hole. Thin lines fotM =
do - ) cosg—o elyr@(=Bcost)/To] + 1 ° .10“ g (T = 100 GeV). The solid lines are spectra which
include photosphere: the ones peaking at about 100 MeV are

the emergent spectra of the QCD photosphere; the ones peaking

wherea; is the number of internal degrees of freedom ofét about 1 MeV are for the QED photosphere. For comparison,
I we plot the dotted lines which are the direct fragmentation

particle j, the sign in the Fienominator is for fermions or results of MacGibbon and Webber [4], and the dashed lines
bosons, and we have we integrated over the surface of thgnich are the direct photon emission spectra. The actual full
photosphere with radius,. Using Ref. [6], we approxi- spectrum is the addition of the two solid lines.

photons/sec/MeV
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once the black hole is above the QED critical temperature 10°
of about 45 GeV, the direct photons will also be processed
through a QED photosphere and be degraded to low ener- 10%
gies [6]. We have included the QED photosphere spectrum
in Fig. 1, which peaks between 1 and 10 MeV and pro-
ducesN, =~ 5 X 10%%(T/100 GeV)*? sec’'. The extra
power ofT'/2 in the QCD case comes from the multiplic-
ity of fragmentation of quarks into pions.

Let us examine several observational consequences of
the QCD photosphere. The most important consequence
involves the search for individual nearby primordial black
holes. When developing a strategy and interpreting the
results of a direct search for expiring black holes, one
must consider the density, emergent spectrum, and lifetime e b bt s s et e
of the black holes, all of which are a function of black ! 10 10 10" 10®  10° 10°
hole mass, and the detector sensitivity and background, Mass (g)
which are a both a function of photon energy. First, one

: ; FIG. 2. Observational distance limits. The dotted line is the
can determine the optimum energy range to search f inimum average distance to the nearest black hole of mass

these black holes by considering the background: sincgy using the Page-Hawking constraint [10] and assuming a
the observed gamma ray background scales approximatetjustering factor, = 10°. The solid (dashed) lines pertain to
as E 24 in the range 1 MeV to 10 GeV, one can show GLAST (EGRET). Lines sloping upward show the maximum
using the example of the spectrum of Fig. 1 that fordistance a black hole can be detected for the GLAST (EGRET)

- . point source sensitivity, and the line sloping downward shows
l?la(?k holes with” < 10 Tev (hlgherT. black_hples have the maximum distance at which a black hole can be and
lifetimes shorter than 1 sec, and emit negligible amountsjj| cast ten photons on the detector, integrated over the

of radiation), the optimum signal to background lies in thelifetime of the hole. As the observation time of the detector
range of 1 to 10 GeV. increases, the intersection of the lines effectively moves to the

Next, one can determine the optimum black hole mas!€ft [See Eaq. (6)], possibly intersecting with the Page-Hawking
to which the detector is sensitive. Naturally, lify is constraint.
the photon emission rate of the black hole, & the
limiting flux to which the detector is sensitive, thén<  density ofM < M. black holes, and' is the local density
Ign/4md?, whered is the distance to the black hole. We enhancement of black holes compared to the universal
know thatlgy o« M ~2; however, the lifetime of the black average. We can make a similar limit on the value
hole 7 o M3. One must, therefore, also require that theof {N° by assuming that if EGRET and GLAST find
total lifetime integrated number of photons incident on theno black holes after a time = (€A)~', then this will
detector is (ateas) greater than unity. To be more real- optimally constrain the density black holes with masses
istic, let us require the observed amount of photdps> Mo whose lifetime is7. However, there is a subtle
10. Thus,(Igu/4md*)Ar > 10, whereA is the area of the beneficial effect: after observing for a time> 7, larger
detector. When both conditions are met, one finds mass black holes, which have higher number densities,
10/(¢A). The optimal observing conditions thus occur Will have decayed to masH,. SincedM/dt = —a/M?
for black holes which just meet this criterion. By using (See, e.g., [5]), one can begin to constrain black holes
Eq. (5) and noting that ~ M3/3a (see, e.g., [5]), we With massM> = 3adt + My, where §r =1 — 7. If
can roughly estimate the maximum observing distancéhe constraint on the density @f, black holes isno <
dmax ~ 0.2 pc(A/2000 cm?)!/3(107° cm™2sec’!/€)/°, (Qd8/3)*1, where () is the solid angle covered by the
Let us consider two satellites: EGRET [7], which hasdetector, then we obtain the limit
already accumulated several years of data, and GLAST 9 M3 1.5 X 1010/ yr
[8], which is still in its planning stages. In Fig.2 we (N < Qd3< 3 >z O <5
show the maximum distance at which each satellite can Mo + 3adt
observe a small black hole, and determine that for EGRE®s long ast > 7. Simply put, observing for a longer
(GLAST), dmax = 0.11 (0.31) pc. time allows one to observe larger, more densely populated
One can refashion this limit into other useful limits. black holes which decay to the optimum observing mass
MacGibbon and Carr [9], and Halzest al.[5] use the M,, and this allows for better limits oy N'. For
Page-Hawking limit [10], which is discussed below, to EGRET (GLAST) with four years of observation one
find a generic limit on the local density of black holesfinds /N < 5.7 X 10'? (8.5 X 10'%) pc™3. Notice that
below a mass\ to be ny, < N ({/3)(M/M.)? pc3, this limit scales asy¢/A. One can also place a limit
where M. = 5 X 10'% g is the mass of a black hole on the local rateR at which black holes expire per unit
which has a life of the age of the Universdy =  volume. RoughlyR = n(M)/7(M) =~ (N a/M}. For
1074 pc3 is the Page-Hawking limit on the average EGRET (GLAST) one find® < 1100 (17) pc3yr~!.
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Comparison of these results to previous results is diffi- Another consequence involves the Page-Hawking limit
cult because nonstandard particle models were often used.0], which constrains (or possibly measures) the density
For example, there have been several limits place® on of primordial black holes by comparing their expected
based on the Hagedorn model [11], which presumes thatontribution to the gamma ray background, for a given
the number of degrees of freedom increases exponentiallylack hole density, to the actual observed background.
with temperature, a fact that has no experimental suppoilacGibbon and Carr [9] and Halzeat al.[5] have
for energies up to about 1 TeV. It is important to note,studied this approach in detail, using a model of direct
however, that Alexandreast al.[12] use the standard fragmentation of quarks and gluons (i.e., no photosphere),
model of MacGibbon and Webber, and conclude from datand they conclude that black holes with mass less than
of a TeV air shower array tha@ < 8.5 X 10° pc 3yr~!.  about 10'® g cannot contribute more than a fraction
However, as illustrated in Fig. 3, the photosphere dramati€ gy < 10~% of the critical density of the Universe.
cally alters the lifetime integrated spectrum, and the ex- We have performed the same calculation including
pected flux of photons above 1 TeV is about 4 orders ofhe effects of the QCD photosphere and verified, as
magnitude lower than the MacGibbon and Webber resultsuggested by Heckler [6], that the QCD photosphere does
which translates into a limit o®R 6 orders of magnitude not significantly change (i.e., less than a few percent)
weaker (higher). Note especially that when the photothe limit on Qgy found previously [5,9]. The effect is
sphere is included, the lifetime integrated spectrum desmall because the QCD photosphere becomes important
creases ag “ instead ofE 3. In fact the total number only at temperatures abovd, and black holes with
of photons above energy, produced by a black hole of these temperatures do not significantly contribute to the
initial temperaturg is N, =~ 2 X 10*(GeV/E,)?, which  total number of photons at 100 MeV. There is one
is valid for energiest, > (T/GeV)!/2 GeV. This is to important difference in the spectrum: above energies of
be compared to the result of Halzet al., which finds about 300 MeV the spectrum including the photosphere
N, « E;Z. This lower flux at high energies renders anyis proportional toE~*, whereas previous results show a
search for primordial black holes with TeV air shower ar-E~* dependence [5,9]. The steeper slope is due to the
rays impractical. degrading of high energy quarks into lower energies as

It is interesting to note that Wright [13] points out that they are processed through the photosphere.
the anisotropic component of the gamma ray background As a final note, since the QCD photosphere will emit
may be explained by the presence of primordial blackcharged pions as well as neutral ones, there will also be
holes clustered in the halo of our Galaxy. If black holesa flux of neutrinos, electrons, and positrons up to several
are responsible for the anisotropy, then he figdy” =  orders of magnitude larger than previously assumed, with
(2-12)/h X 10° pc 3, whereh is the Hubble parameter, spectra very similar to the photon spectrum in Fig. 1.
and this is only about an order of magnitude lower thanThis will make constraints on (or possibilities of detection
the estimated detection limits of the GLAST project. of) high energy neutrinos [14] and positrons [9] from

black holes much more important.
This work was supported by DOE Grant No. DE-FGO02-
91ER40690 at The Ohio State University.
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