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It is argued that the internal evolution of a generic black hole leads to a "'fat cigar" configuration near the tuner (Cauchy) 
horizon, inside which curvatures are planckmn The mechamsm responsible ~s an enormous inflation of the effective internal 
mass of the hole, caused by blueshfft of the radiative tad of the collapse at the Cauchy honzon W~thm the ogar the evoluuonary 
history ~s governed by unknown quantum effects, but may be as short as a Planck t~me 

In its capacity to probe levels of Nature inaccessi- 
ble to observational techmques of the day, theoreti- 
cal physics has traditionally scored some of its most 
conspicuous successes A well-known astrophysical 
example ts the "no  hair" theorem [ l ]  for generic 
gravitational collapse into a black hole, which pre- 
dicts that the field exterior to the event horizon should 
settle radmtively into an unexpectedly simple (Ker r -  
Newman)  form, characterized by just  three parame- 
ters mass, angular m o m e n t u m  and charge 

H u m a n  curiosity does not recognize practxcal hm- 
ltatlons The next step inevitably beckons: to extend 
the exploratory reach of theory inward But it has been 
known for twenty years that even a theoretical expe- 
dttlon will generally not progress far beneath the sur- 
face before meeting an impediment  at the black hole's 
inner  horizon [2] The lngoing hghthke sheet of this 
horizon (corresponding to infinite advanced t ime)  
is a "Cauchy horizon",  an absolute hmlt  to future 
predtctablhty from generic m m a l  data prescribed at 
the onset of collapse. It is also violently unstable to 
lngolng wavelike perturbations,  which are blue- 
shifted and amphfied (classically, without l im i t )  in  
its v~cmity 

It thus appears that attempts to probe a black hole's 
interior must generally be called off long before ap- 
proaching the nuclear region r ~  ( 1 0 - 2 ° c m )  ( m /  
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mo) 1/3 where the ambient  curvature m / r  3 becomes 

and remains plancklan [ 3,4 ]. We shall argue that this 
impression is incorrect, that the trip to the inner  ho- 
rizon already embraces all but the last l0  -43 s of the 
black hole's entire classical h~story The Cauchy ho- 
rizon is not a curtain around an unknowable spa- 
cious mterlor  but  the ult imate brick wall where a ge- 
neric collapse terminates Here, the geometry 
approaches a universal form m which charge and an- 
gular momentum,  the last vestiges of black hole m- 
dlvlduahty,  themselves becomes irrelevant 

The mechanism responsible for this remarkable 

outcome is a combinat ion  of two effects Transverse 
irradiation of the Cauchy horizon by outward emis- 
sion from the collapsing star focusses its generators, 
causing it to contract The resulting t~me-dependence 
has the crucial effect of separating the Cauchy hori- 
zon from the tuner apparent horizon, which con- 
tracts faster (fig. 1 ) In these circumstances the sec- 
ond effect is catastrophic lnflowlng gravitational 
radiat ion from the radiative tall of  the collapse, blue- 

shifted at the Cauchy horizon, precipitates a total 
collapse of the inner  apparent horizon The result may 
be described as an inflat ion of the effective internal 
mass-parameter of the hole as one approaches the 
Cauchy horizon at fixed retarded time 

Because charge and angular m o m e n t u m  are con- 
served (the latter at least approximately, m an axl- 
symmetric scenarto it wdl be conserved exactly), 
these parameters become relatively ins~gnlficant in 
the final state There appears to be nothing able to 
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Fig 1 Conformal map of the analytically extended exterior ge- 
ometry of a collapsing spherical star, with radmtive inflow and 
outflow The section to the left of the stellar boundary (stapled 
curve) bears no resemblance to the physical interior space Shown 
are the event horizon (EH), Cauchy horizon ( CH ), tuner appar- 
ent horizon (AH) and curves of constant r (dotted) To make 
the figure legible, the degree of deflation of AH has been toned 
down, and the outflux turned for just a brief interval 

stop the mflaUon until  the ambient  curvature reaches 
planklan values, when unknown quan tum effects 
come into play At this point  the internal mass-pa- 
rameter will have reached a value m ~ m3/m2p1 at the 
Cauchy horizon (too is the mass of the stellar progen- 
itor) Inside the black hole formed from a star o f t en  
solar masses, this is about 1060 times the mass of the 
observable universe v Since the Cauchy horizon is di- 
vorced from causal contact wtth the exterior, no trace 
of this inflation is perceptible to an outside observer, 
who sees the black hole as qmescent and records the 

mass mo 

The two quahtattve features responsible for mass- 

inflation that we have isolated above are character- 
lStlC of a generic collapse However, the phenomenon  

is most easily illustrated for the simple example of a 
sphensymmetr lc  charged (Relssner-Nordst rom) 
black hole Because of the similarity of the charged 
and rotational tuner-horizon structures, th~s ideal- 

lzed case should be sufficiently representative 
The metric of an arbitrary spher isymmetnc space- 

time can be written 

ds2 =gab dx~ dxb + r2 dQ2 

(a ,b ,  = 0 , 1 ) ,  

m which ( x  °, x ~ ) are arbitrary co-ordinates m the 

"radial" ( t lmehke)  2-space (0, ~0) = c o n s t ,  and gab, r 
depend on x °, x ~ only We define scalar f i e lds f (xa) ,  

m ( x  a) by 

_ _  e 2 
1 - 2m + =f=gab(Oar)  (Obr) ( 1 ) 

r -& 

where e may be interpreted as a charge parameter, 
here taken for s lmpl io ty  to be a constant  

The Einstein field equations are then contained in 

O~m=4xrZT~bObt , r.ab +K~ab=--4XrTa b , 

m - - e 2 / r  
x -  -½Off(r, m ) =  - r2 

These equations, which are covarlant under  two-di- 
mensional  co-ordinate transformations [ 5 ], are eas- 
fly verified, for example by specializing to standard 
Schwarzschild co-ordinates r, t They imply the con- 
servatlon laws (r2Ta b) b = 0  The semi-colon denotes 

two-dimensional  covarlant differentiation, and the 
(separately conserved) electrostatic stress-energy 
contr ibut ion has been prededucted from Ta b 

Two-dimensional  wave equations for the key van-  

ables follow from the field equations" 

[]r--  r, aa= -- 2~¢ , [-]m= - - r -  l ( 41zr2) 2TabTab , 

[ 3 1 n f = 1 6 z t f  -2 ( 1 -  ~2)  Tabr, ar, a -  ~Z)R 

(2) 

(3) 

with ~2)R=20rx(r, m)  the curvature scalar of the ra- 
dial 2-space. These equations are easy to integrate 
(formally), using the general prescription that [] 7J= ~0 
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gives the value of  ~P at the point  A in radial  2-space 
a s  

~P4=-~ ~ ~odS+~c+~D- tPB,  (4)  
4C'BD 

with integrat ion over  the in ter ior  of  the hghthke 
rhombus  whose vertices are A, C, B, D, labelled 
clockwise from noon 

The schematic  essence of  mass-inflat ion can be 
unders tood from a generahzat lon o f  the D r a y -  
' t  H o o f t - R e d m o u n t  ( D T R )  relat ions [6] These 
pertain to the colhston or  crossing of  two thin, con- 
centric spherical  shells, one expanding,  the other 
contracting, with the speed of  light (In the general- 
ized form of  these relations,  the background can be 
an arbi t rary  spher lsymmetr lc  field ) Their  lntersec- 
non,  at event  q(Uo, Vo) (say) ,  d iv ides  the radial  2- 
space into four sectors A, C, B, D in w h i c h f ( x " ) ,  de- 
fined by ( 1 ), has dis t inct  forms f4, ,fD, correspond-  
lng (for example)  to different  mass functions m4, 
mD Then the generahzed D T R  relat ions require that  

f4( q)#~( q) =fc( q)fD( q) 

The proof  can be read of f f rom (4)  appl ied to 5U=lnf, 
with integration over  an Infini tesimal hghthke rhom- 
bus enclosing q Since the integrand (3)  is l inear in 
the dlStr lbut lon-hke stress-energy,  with no bi l lnear  
term 6( U -  Uo)fi( I ' -  Io)  (we are using hghthke co- 
ord ina tes) ,  the double  integral gives zero 

From the DTR relat ions it follows that  if  two con- 
centra ted streams of  energy converge near  a horizon 
of  the intervening space B, so t h a t f s ( q )  is very small, 
then [/4(q)[ must  be very large, which means that  
the mass pa ramete r  m4 in this space after collision 
has been Inflated by a large factor (This  argument  
has been appl ied  by Blau [7] to e laborate  Eardley 's  
scenario for the "dea th"  of  a white hole by accret ion 
and blueshlft  on the past  horizon ) 

In sector B, the apparent  hor izon (where f =  0 ) and 
the Cauchy horizon ( inf ini te  blue shift surface) co- 
incide Arguments  based solely on the D T R  relat ions 
cannot allay doubts  that mass-inflation may be merely 
an art ifact  o f  this coincidence To confi rm that  infla- 
tion is associated with the Cauchy - not the apparent  
- horizon, and that, far from depending on their  co- 
incidence, it hinges crucially on their  separat ion un- 
der  t ransverse i r radiat ion,  we turn to a con t inuum 
analysis 

The large blueshlft  near  the Cauchy horizon per- 
mils  use of  a short-wavelength ( "op t i ca l "  or "gravl-  
t o n " )  approximat ion ,  In the spiri t  o f  Isaacson [8 ], 
for the gravi tat ional  wave-tall  propagat ing inwards 
Our  idealized cont inuous model  (fig 1 ) accordingly 
considers noninteract ing hghtllke streams T f b =  
pLl alb and T f~ b =PR n ~n b flowing leftwards and right- 
wards in a spherlsymmetric  black hole of  fixed charge 
e As a result o f  the inflow, the mass mL(V) measured 
on J -  increases with advanced t ime v from its init ial  
value m~, tending asymptot ica l ly  to a m a x i m u m  mo 
m o - - m L ( v )  ~L ,-p (p>~ 1 1) [9] .  

We introduce Kruskal  co-ordinates  U, V adapted  
to the Cauchy horizon of  the static black hole which 
the external field approaches,  so that  

V= - e x p (  - tCoV) , 

(too ~ - e ' - )~ /2  
too - r° 2 ro =too  - (mg - e  2) 1/2 

The radial  hghtlike vectors can be normal ized  so that  
la = -- 0a ~; na = -- 0a U The conservat ion laws re- 
quire that r2pL and rZpR be independent  of  U and V 
respectively, so that  

4~rrZpL = LL ( t r) = (Xo I ") - 2 dmL (V) , 
dr., 

47rr2pR = L R (U)  ( 5 ) 

The factor I r-2 exhibits the two blueshift  factors, of  
gravl ton energy and numerical  flux, at the Cauchy 
horizon 

The effect of  these cross-flowing streams on the ef- 
fective mass m ( U, ~') can now be inferred from (2)  
and (4)  Assuming the leftward and r ightward fluxes 
turned on at t imes I'~ and U~ respectively, one can 
easily obtain 

m( U, I ') 

b 

= ( -  g c ~ ) - I L R ( U ' ) L e ( V ' ) d U ' d V  ' 
UI I I 

3 !- lJ'l L (/-' ) "~- #}'l R (/,I ) - - / ; Z  1 ( 6 ) 

It follows from (5)  that re(U, t ' )-- ,oo as V--,0 from 
below, IfLR(U) is positive [The posslblhty that rgc,v 
may diverge in this hmlt  is easily excluded by apply-  
lng (4)  to the equation [] In( -tgc,  v) = 
r - 4 ( 3 e 2 - - t  2) ] 
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Although this spherical model is highly idealized, 
the qualitative features responsible for mass-infla- 
tion remain operative in a generic, rotating collapse 
One may expect quite generally that the geometry be- 
comes increasingly Schwarzschild-hke, with a huge 
and growing mass parameter m, as the Cauchy hori- 
zon is approached. Asymmetries, whose angular scale 
is still of order unity at the Cauchy horizon, become 
locally Insignificant compared with the extremely 
small (ultimately plancklan) length-scale assocmted 
with m 

Before the ambient curvature m / r  3 actually reaches 
Planck values, and breakup of the spacetlme contin- 
uum mvahdates the conventional picture of wave 
propagation, no mechamsm for curbing the inflation 
appears able to function. For instance, depletion of 
the graviton inflow through scattering off bumps of 
the inflating background curvature never becomes 
effective, because size of the bumps - proportional to 
I V] ~/2 _ never catches up to the blueshffted gravlton 
wavelength, proportional to I VI 

Transition from the classical to the quantum phase 
of evolutmn is marked by a hypersurface ZQ on which 
m( U, V)/r3~ 1 (in Planck units), where r( U, V) 
ro(U), the radius of the Cauchy horizon. On Planck 
time-scales, ro(U) IS nearly constant, transverse ir- 
radiation by the (unblueshlfted) stellar outflux gen- 
erates contraction on a time-scale comparable with 
ro According to (6), m ( U, V) is an increasing func- 
tion of both U and V, with Om/OU~IV[ -~, 
Om/OV~ V -2 Thus, ZQ lies within Planck distance 
from the Cauchy horizon and is spacehke. Unlike the 
situation in cosmology, the quantum phase of inter- 
nal black hole evolution develops from a known and 
relatively well-defined initial state on Y.Q 

With the dynamics of the quantum evolution one 
enters a realm of speculation. The correct effective 
action for quantum gravity at plancklan scales is un- 
known, for one thing But some of the possibilities 
can be enumerated 

Inflow from the radiative tail of the collapse will 
stop, certainly beyond the Cauchy horizon and pos- 
sibly just before it The later history of the geometry 
may reasonably be assumed to depend solely on r 
(here a tlmehke co-ordinate) The Kantowski-Sachs 
models then provide the simplest mmisuperspace 
description 

Quantum analyses of such models [ 10 ], based on 

the Elnstein-Hllbert action for pure gravity, ehclt 
nothing to ameliorate the classical inevitability of 
singularity formation within a proper time 

r = ( r ' )  '/2 
i \-~--Mj d r~  1 , 
0 

where M ~  r~ is the inflated mass They show that the 
wave function is exponentially damped for histories 
(e g with spacehke trajectories) not terminating in a 
singularity, illustrating Wheeler's "law of unanim- 
ity" [ 11 ] for the correspondence between classical 
and quantum singularities Nor does inclusion of sca- 
lar and vector fields [ 12,10 ] appear to offer realistic 
hope of  escape from some form of singularity. 

While use of the Elnsteln-Hllbert action under 
these extreme conditions is certainly unfounded, cos- 
mologlcal studies based on more general gravita- 
tional lagrangians has not yet progressed beyond the 
simplest (usually Robertson-Waiker) models Het- 
erotic stnng theory singles out the Gauss-Bonnet class 
of actions in ten dimensions [ 13 ] It would certainly 
be of interest to examine their Implications for 
Kaluza-Klein cosmologles with four-dimensional 
Kantowskl-Sachs sections 

In the above scenarios, duration of the quantum 
phase is of the order ofa Planck time. Taking account 
of vacuum polarization may conceivably prolong this 
to macroscopic scales If the axial component of vac- 
uum stress along the cylindrical 3-spaces r=const.  
happens to be a tension, one can adduce arguments 
[4 ] suggesting that curvature within r = ro may be self- 
regulator, never overshooting the Planck threshold 
In that case the singularity is deferred to a time at 
least comparable with (and perhaps greatly exceed- 
ing) ro. 

The many uncertainties surrounding the quantum 
evolutionary phase will not be resolved soon But a 
definite picture of the evolution down to the Cauchy 
horizon appears to be emerging To the extent that 
the region of plancklan curvature that fills the inte- 
rior of this surface may be considered "singular" for 
ordinary physical purposes, it can be said that we have 
a complete picture of the internal history of a generic 
black hole up to the formation of a "fat cigar singu- 
larity" near the Cauchy horizon 
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