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Comment on “ Thermodynamics of Black Holes:
An Analogy with Glasses’

In a recent paper [1], Nieuwenhuizen has pointed out
drawbacks in the present equilibrium formulation of black
hole thermodynamics which assumes the same tempera-
ture for black hole and heat bath. He has applied nonequi-
librium thermodynamics developed for glassy systems to
black holes by bringing in the cosmic background radia-
tion (temperature T.,) as a heat bath. He shows that the
well-known laws of black hole dynamics are in accor-
dance with the laws of thermodynamics far from equilib-
rium obeyed, e.g., by glasses. This approach results in
the entropy production rates on short and long time scales,
the latter occurring at the Hawking temperature Ty (inter-
na temperature). Again the third law of thermodynam-
ics (i.e., vanishing of the entropy at 7., = 0 and fina
black hole evaporation) deviatesfrom thethird law of black
hole dynamics which deals with extremal black holes with
Ty = 0 but finite entropy. Thus it is important to con-
sider not only the quantum evaporation of the black hole
but also its absorption of the cosmic background radia-
tion; so that for the present 7., = 2.73 K, only black hole
masses smaller than 2.2 X 1078M,, evaporate. Within the
above framework, this Comment points out further that for
an evaporating black hole of mass M to accrete (absorb)
either ambient radiation or matter, its luminosity due to
Hawking radiation (which is Ly ~ hc®/G*M?) must be
less than the corresponding Eddington luminosity [Lg ~
10%8(M /M) ergs/s, Mo being the solar mass] at which
radiation pressure from the hole drives away the ambient
medium. (Lg isobtained by equating the radiation pressure
and the gravitational force.) The mass M* at which L =
Ly isobtained from ic®/G*M*> ~ 108¥M* /M, and this
givesM* = 1.5 X 10" g(notethat Lz/Ly scalesas M?).
Thus for a black hole to effectively accrete or absorb en-
ergy from the ambient heat bath (radiation), it must have
amass M > M*. In the early universe T, was large
and in his Eg. (19), Nieuwenhuizen estimates the tem-
perature at which the entropy of ordinary matter and the
entropy of the same matter as a black hole was egual,
which turns out to be 10'>k. However, it is a known co-
incidence, for example [2] that the quantum mechanical
entropy of a black hole (Sy, = M?) equals the classical
entropy of themass M, i.e., S.; equalsthe number of nucle-
onsin M, for ablack holemass M = 10'* g, which indeed
corresponds to atemperature around 10'2 K. It also holds
that the Schwarschild radius of such ablack hole equalsthe
Compton wavelength of the proton r,. Thus Spn/Sc ~
(Rs/rp) ~ 1, for Tpn ~ 10'2 K. 1t is probably a coin-
cidence that such black holes (of mass M ~ 10'* g and
T ~ 10'? K) with equal quantum and classical entropies
evaporate over the Hubble age. For such cosmological con-
straints on black hole temperatures, see [3]. Moreover, in
the early universe, which isradiation dominated, the radia-
tion temperature T changes rapidly with time (¢) and is
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known to follow a time-temperature relation of the form
Tz = [(10'° K)/'/2 (9)], so that a radiation temperature
of 10" K, occurs at + = 10™* s. The above relation fol-
lows from the standard cosmological picture (with the
Robertson-Walker metric) where the scale factor evolves
with thedensity asR/R = (87 G p/3)"/?, and substituting
for p = oTg/c? (o, the Stefan-Boltzmann constant) for
the radiation-dominated energy density, the above tempera-
ture-time relation follows. It is supposed to hold through-
out the radiation-dominated era to very early epochs.

In the early universe, black holes are formed when
metric fluctuations exceed unity. As this is a short time
phenomenon, it has nothing to do with black hole thermo-
dynamics. Thus in the early universe, this could happen
if the external radiation pressure forced material inside
the Schwarzschild radius provided it began with a density
sufficiently in excess of the ambient average density p
[4]. Since the density in the radiation dominated era
as a function of time is given by p = 3/327Gt?, the
mass of radiation in causal contact after time r is My =
(4mt/c)c3p, and substituting for p, this implies that
at an epoch less than ¢, only black holes of mass My =
c’t/8G form. For aradiation temperature of 10'? K, oc-
curringat ¢ = 107% s, only black holeswith My = 10°? g
can form, which have Hawking temperature <10~° deg.
Combining the relations for My and T above it turns
out that for black holes formed in the early universe, the
Hawking temperature and the background radiation tem-
perature are comparably the same only for T = Ty =
10°(7Kg/K) = 10°? K, or for Planck mass black holes
with M =10°g a t=10s Now a a time r,
only black holes of mass My = ¢3t/8G form, which
have a Hawking temperature Ty of /7Kgt obtained
by substituting for My in the Hawking formula [Ty =
(hc®/8mGMyuKp)]. Now equating Tk and Ty above,
we have fi/mKgt = 10'°/¢1/2, giving 1'/2 = /7Kg X
109, which implies a Tz = Ty = 10°7(Kp/h) =
10°2 K. (This aso implies a corresponding lower time
limit.) Thus the conclusions in Ref. [1], for equality of
Ty and Ty for Tx = 10" K [Eg. (19)] are not justified.
Indeed, 10'* g black holes with Ty = 10'> K form at
t = 1072* swhen ambient 7 = 10?2 K.
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