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UDK 514.7THE BEGINNINGS OF BLACK HOLE HORIZONSD.R. BrillAbstratThe beginning of a blak hole horizon is the set of points where generators enter thehorizon. Several properties of this �entry set� and the early horizon near it are shown: It is thelous of the horizon's self-intersetions, and it is spaelike of dimension zero, one or two, wherethis is de�ned. It is onneted but an bifurate in possibly ompliated ways. On spaelikesurfaes the entry of generators manifests itself in a kink in the horizon. The kinks propagateat superluminal speed until they �run out of steam,� slow down to light speed and disappear.Kinks generally run from the main ollapse region to seondary ollapse events until no morenew generators enter the horizon. This is illustrated by ollapse of two mass onentrations,and by the ase of a large number of partiles.Key words: blak hole, horizon, rease set, kink.IntrodutionWhen a body ollapses gravitationally on its way to forming a blak hole, it beomesmore and more di�ult to send signals to an observer at large distanes, beause thesignal tends to fall bak onto the ollapsing matter. What ounts is the speed of thesignal, so light is most likely to esape. As gravity beomes stronger, even light emittedfrom one point on the body's surfae in most diretions will not get to the observer(it falls bak or goes into orbit), and eventually there is just a single, �vertial� diretionand a single �last� ray from that point that reahes in�nity. The �last rays� from allthe points of the ollapsing body onstitute a family of non-interseting null geodesis(if they interseted they ould not be �last�), and therefore rule a three-dimensional nullsubspae, alled the horizon.Beause there is a unique null diretion of four-dimensional spae-time at any pointon a null surfae, the light one of the point is tangent to the null surfae (if it intersetedthe null surfae, there would be more than one null diretion in the surfae). The futurelight one lies on one side of the null surfae, the past light one lies on the other.In the ase of the horizon, the future light one lies on the inside, therefore nothingfrom the inside an, in the future, esape to in�nity on the outside � the interior isblak. When all of the body has fallen through the horizon, the blak hole has beenformed. Heneforth, it has its own dynamis, independent of the ollapsed matter1.Above we have thought of the horizon's null geodesis as light rays populated byradiation that started from the surfae of the ollapsing body. But the null geodesisthemselves, and the horizon generated by them, an of ourse be extended bakward intime, into the earlier-time interior of the body. The earlier interior of the horizon hasthe same blakness property as the later interior, sine the earlier interior an ausallypropagate only into the later interior, beause, as mentioned, null urves an ut throughthe horizon only from the outside to the inside.

1This statement should be taken with a grain of salt. It is true for a given initial position ofthe horizon (even for the entry set disussed in this artile), but this initial position depends highlynonloally on the whole future history of spae-time.



108 D.R. BRILLOn the other hand, if we go far enough bak in time, the body was typially farenough dispersed and gravity was su�iently weak that esape to in�nity was possiblefrom every point in the interior. At that time there ould not have been a horizon.Therefore suh horizons (as opposed to the eternal horizons of eternal blak holes)must have a beginning in spae-time. The entral question of this paper onerns thenature of this beginning. 1. A simple exampleThe spherially symmetri ase � when there are no gravitational waves � an betreated exatly. We onsider a spherial shell of matter that ollapses under its owngravity. Depending on the matter's equation of state, the ollapse may or may not lead toa blak hole � the pressure may be large enough to stop the ollapse. The simplest ase,when a blak hole is always formed, is that of pressureless dust. We also assume that theshell's thikness is in�nitesimal, but its mass is �nite, and that it radiates neither intothe interior nor the exterior, so that these are vauum regions. The general featuresof the geometry are however independent of these detailed assumptions. Beause ofBirkho�'s theorem, the spae-time geometry in the vauum regions must be some formof the Shwarzshild geometry. In the interior of the shell it is the m = 0 , �at Minkowskigeometry, beause that is the only version of the Shwarzshild geometry whih is notsingular at the origin r = 0 . In the exterior the metri is the Shwarzshild metri forall times with a onstant mass parameter. It represents the total gravitational mass ofthe shell or, later, of the blak hole that will be formed.Spherial symmetry implies that in this kind of geometry the �last rays� that pene-trate to large distanes start as a light one at the enter of the spherial shell (Fig. 1, a).On any spaelike surfae ontaining this point of origin, the shell has not yet rossedthe horizon � the horizon starts before the gravitational ollapse is omplete, possiblyeven before the latter has begun. In the interior Minkowski spae of our example, thislightone spreads out in the normal way until it reahes and rosses the shell of matter.The matter de�ets the rays so that they now no longer expand but stay at the onstantradial Shwarzshild oordinate r = 2m , whih is a null surfae in the Shwarzshildgeometry. We ould say that the horizon started with foresight at a time that wouldallow it to expand and ross the shell with just the right size that orresponds to theshell's total gravitational mass � if we an attribute foresight to something that is de-�ned only in hindsight. But there are no loal properties that distinguish points on thehorizon. One may therefore wonder whether there is any physial signi�ane to themathematial onstrut of a horizon that starts somewhere in spae-time and spreadsout until it has reahed its �nal stationary size.2. Observing the horizonNormal objets an be seen either by emitted or re�eted light. The horizon ofa lassial blak hole, being blak, does neither2. However, light emitted just outsideof the horizon does get out, and in priniple an show us the loation of the horizonwith arbitrary auray. If our ollapsing shell emits radiation, this will be reeived atlarge distanes with inreasing red shift as the shell approahes the horizon, and themotion of the shell will seem to slow so that the outside observer never sees it ross thehorizon, but get arbitrarily lose to it. Of ourse to �see� the atual dimension of theshell, orretions have to be applied for the lensing of the shell's own gravity. In thesame way one an in priniple observe the beginning horizon in the interior of the shell,
2If we allow interation with quantum �elds, then, as Hawking showed [1℄, �blak holes are red hot�and ould therefore be seen as a glowing sphere, if properly interpreted.
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a) b)Fig. 1. a) Horizon due to a ollapsing shell S of matter. The early horizon an be observedby means of light that starts at point a , passes point b , and esapes. b) The solid arrow isa horizon generator, the inside of the horizon is to its left. A point A after the beginning B ofthe horizon has a neighborhood of inside points (ross-hathed). A point C before B has noinside points in its neighborhood. Another generator (dotted arrow) through B divides theseinside and outside pointsif radiation is emitted near it, say by matter that ollapsed before the main shell (point
a in Fig. 1, a). In this ase a orretion also has to be applied for the distortion of theimage as the light passes through the shell, and this is the main e�et that would showthe horizon at its earlier, smaller size (as opposed to that seen from point b).A more likely way to observe a blak hole is via the radiation it absorbs: a blakhole throws a shadow. No suh diret observation has been made (all known blakholes were identi�ed by the ation of their gravity on material bodies), but omputersimulations an show a blak hole in front of a bakground star �eld as a dark regionwhere no stars are seen [2℄. Gravitational lensing prevents the hole from elipsing anyof the bakground stars, but the star images are pushed away radially to form the darkregion, an image of the blak hole, itself distorted by the lensing3. A blak hole that isforming ould be observed in the same way by taking into aount the distortion of thelight as it passes through the ollapsing matter.It should be noted that, in aordane with the global nature of a horizon, all itsobservable e�ets depend on large regions of spae-time, for example on long timesbetween emission of light and its observation. The forming horizon has no loal, short-time observable properties � the interior of the ollapsing shell, where the horizon forms,is after all just simple �at spae, and any horizon property that a loal observer seesould be attributed to a Rindler horizon [3℄.3. The horizon begins where it ends towards the pastA horizon divides spae-time into an inside and an outside, it has spherial topol-ogy and an inreasing area. The general future behavior of its generators is also wellknown: they move in the outward diretion and expand away from eah other, withthe expansion approahing zero at large times. How do they behave toward the past?

3For a spherial blak hole the apparent radius of the blak disk is √

27/4 times its horizon radius.
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a) b)Fig. 2. The horizon and the entry set (heavy urve) near the end of the entry setAs null geodesis they an be ontinued into the past diretion, but if the horizon hasa beginning, there must be a beginning or entry point on eah generator, where thisgenerator �rst enters the horizon. One entered, the generator stays on the horizon.In the ase of spherial ollapse the entry point is the vertex of a light one, where allthe generators interset. It seems reasonable to suppose that in the general ase notall generators interset, but only neighboring ones, as ours on a typial austi. Thisausti behavior however turns out not to be the general behavior.Why must generators interset at an entry point? Consider a small neighborhoodof a point A on a generator after the beginning B (Fig. 1, b). The horizon divides thisneighborhood into �inside� and �outside� points, where in�nity an be reahed4 fromthe outside but not from the inside points. A similar neighborhood of a generator pointC before the beginning ontains only outside points. The dividing surfae between theseinside and outside points must be another part of the horizon, and one of its generators(dotted) must also go through the entry point. This point, then, is the entry point fortwo generators, and any entry point is rossed by at least two horizon generators, whihin general are distint.The set of entry points � whih I will all �the beginning� of the horizon � is the set ofself-intersetions of the horizon. The intersetion of two null surfaes with distint nullnormals (the two generator diretions) is spaelike, so the beginning of the horizon isa spaelike set. Sine the horizon is three-dimensional, this intersetion has dimensiontwo or less. However, it is not neessarily a manifold, it an bifurate, for example.It will in general have end points (Fig. 2, a). As we approah an end point the two nulldiretions of the two interseting generators approah eah other (the angle betweenthem, de�ned in the usual way by salar produts, tends to zero). At the end pointthere is typially only one suh diretion, it is a austi point, and this diretion isalso tangent to the beginning set. (A less ontinuous way to end the beginning set isto have an in�nite number of generators at the end point, see Fig. 2, b). So typiallythe beginning is spaelike, but at its boundary it beomes null.Beause no beginning point an lie on or within the light one of another begin-ning point (otherwise the �rst point would be inside the horizon), one an always �nda spaelike surfae that ontains the entire beginning. In a time-sliing assoiated withthis spaelike surfae, the entire beginning ours simultaneously. We an take thisspaelike surfae as an initial surfae. On later spaelike surfaes of this sliing thehorizon spreads out from the beginning, and it an be onstruted by a Huyghens-typeonstrution. Eah point on the later horizon is uniquely (but not one-to-one) assoiatedwith a point of the beginning: this assoiation is implemented by the horizon generators.
4By �reahing� Y from X, I mean that there is at least one ausal urve between X and Y.



THE BEGINNINGS OF BLACK HOLE HORIZONS 111The assoiation is however one-to-one between any earlier and later horizon,5 beausegenerators do not interset after the entry-set. The map provided by motion along thegenerators is therefore ontinuous and on-to-one. Even a short time after the beginningthe horizon has the same spherial topology it has in the asymptoti future. This impliesthat the entry set must be onneted.4. General spaelike surfaes and hange in topologyA spae-time with horizon is often more onveniently presented as a time foliationby spaelike surfaes in whih the entire beginning of the horizon does not our onone of the surfaes, at one time. That is, some of the t = const surfaes an utthrough the entry set. The (two-dimensional) horizon on suh a spaelike surfae thenhas a kink (a slope disontinuity) at the plaes where the beginning meets the spaelikesurfae. This is so beause at a beginning point, two null surfaes interset, and theirtraes on the spaelike surfae likewise interset. Think of the horizon on the spaelikesurfae as a wave front, propagating at the speed of light; the intersetion of two suhwavefronts will then propagate faster than the speed of light, and new waves (generators)are reated at this point, similar to the way a speeding boat reates its wake.On a general spaelike surfae the horizon an have several kinks, and it may not havespherial topology. For example, if the spaelike surfae weaves �up and down" throughthe entry set, the horizon an onsist of disonneted piees. Figure 3 gives an example.As time inreases and we proeed from one surfae of the foliation to the next, thehorizon inreases in area, new generators are added and the kinks in the horizon runalong the entry set. The unusual topology is only temporary in an asymptotially �atspae-time. Sine the horizon eventually beomes smooth and spherial, the topologialfeatures must disappear. This topology hange is assoiated with kinks propagatingtoward eah other and �annihilating.� (I inlude in this term ases suh as the ontrationof a ring of kinks, as long as at the moment and loation of annihilation the spaelikesurfae is tangent to the entry set.)There will also be kinks that run in the outward diretion and disappear withoutan annihilating partner. They do this by slowing down to the speed of light. As a kinkapproahes the speed of light, the two interseting surfaes propagate more and morein the same diretion. In the limit the slope disontinuity vanishes and there is no morekink. Sine the kink runs along the entry set and its speed orresponds to the slope ofthat set, in the limit this slope must be that of the speed of light. So the entry set isspaelike at interior points, but beomes null at its edges, as was remarked before.The two ways that kinks an disappear di�er in their physial signi�ane. An an-nihilation an our anywhere on the entry set, it depends on the hoie of the foliationby spaelike surfaes. The disappearane of a single kink an our only on the more re-strited boundary of the entry set, and furthermore it is assoiated with matter havingfallen through the horizon. At the kink, null generators diverge in di�erent diretions,and to make the kink disappear, their diretions have to beome parallel by gravitationallensing, typially due to matter passing between them. However, for the spherially sym-metrial shell the horizon is always a sphere without a kink to be eliminated when theshell falls through the horizon. We will next see why this example is atypial.
5By a small streth of nomenlature we use the term �horizon� both for the three-dimensional nullsurfae in spae-time and for the trae of that surfae on one of the spaelike time-slies in a timedevelopment of the spae-time.
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�Fig. 3. Shemati piture of the horizon when ollapse in two regions produes two blak holes,whih later join to form a single blak hole, with a single horizon. The entry set is the heavyurve, and a few of the generators that originate there are shown. The infalling matter is notshown 5. ExamplesSuppose we have two equal, widely separated regions in eah of whih the ollapseis nearly spherial. A �long time� after blak holes have formed in eah region, and asthese holes fall toward eah other, their horizons join. For simpliity assume that theon�guration is rotationally symmetri about an axis onneting the two regions, andre�etion symmetri about a plane midway between the two regions. Beause of theaxial symmetry, the entry set must be one-dimensional and lie along the axis. The twoseparate horizons join beause new generators, needed to form the �bridge,� enter inthe region between the blak holes. If the time sliing respets the symmetries, theevent of joining will our at the mid point of the re�etion symmetry, this point ispart of the entry set and therefore spaelike related to the beginning of the horizonsof the separate blak holes (whih, as we saw, ours even before the ollapse has beenompleted). So there is no sliing-independent meaning to the statement about �longtime� above. When the two horizons �rst form, they have kinks (onial singularities,in this symmetri ase) that will run toward eah other at superluminal speed andannihilate [4℄.This senario of the initially separate ollapses an be understood if we think of eahregion as an ideal spherial ollapse with a perturbation due to the other region. Theunperturbed horizon is generated by radially outgoing null rays that all start at oneevent (�vertex�) at the region's enter. Null rays that are well on their way to in�nitybefore the seond region approahes will be little hanged by this perturbation, so thepart of the horizon generated by them will still have essentially the same spherialshape. However, the null ray of the unperturbed horizon that heads along the axis, andnull rays in some solid angle about the former will be aptured by the seond blak holeand therefore do not make it to in�nity. These diretions must be exluded from thehorizon, and this angle de�nes the angle of the kink in the horizon on early spaelikesurfaes. The same is true about null rays of the unperturbed horizon heading in thediretion away from the other region: in the unperturbed geometry they almost made itto in�nity, but gravity from the other region attrats them bak into the ollapse region.On early spaelike surfaes the horizon therefore also has a kink on this opposite side.A shemati representation of a setion of the spae-time through the axis (angulardiretion suppressed) is shown in Fig. 3.A very similar piture (Fig. 4, left) applies if the mass ontained in one region is muhlarger than the other � a ollapse to a blak hole followed by a smaller amount of matterfalling in [5℄. The main di�erene is that the time sliing is di�erent, and that most of thehorizon generators start inside the initial ollapse. A smaller number ontinue to enteras we wait for the seond ollapse, and the horizon has the orresponding kink during
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Fig. 4. Left: Horizon and entry set (heavy urve) of a two-stage ollapse [2℄. The main ollapseours near the bottom of the �gure, where most of the horizon generators (arrows) enter.Later-entering generators inrease the horizon area in antiipation of further matter (rossingat blak irle) to be added to the blak hole. Some of the generators are ontinued bakwardto show that they do ome from outside the horizon. Right: Horizon in (2 + 1) -dimensionalMinkowski spae for six equal ollapsing point masses. The edges of the bottom pyramid arethe entry set, the heavy blak line is a typial generator that enters at the left edgethis waiting period. In this onnetion the �matter� does not have to be stress-energy,if ould also be an equivalent amount of gravitational wave energy.If the two regions are partile-like and do not form separate blak holes, but approaheah other and then undergo gravitational ollapse, the piture is not muh di�erent.But a more reasonable time sliing for this ase would have the horizon start at a pointbetween them, spread out into a spherial shape with onial points at eah end, andbeome smoothed out after the ommon horizon has engulfed both partiles.An interesting ase is the ollapse of several, symmetrially arranged partile-likeregions, whih an approximate the ollapse of a spherial shell. The interior approx-imates �at spae-time as in the interior of the spherial shell. In an approximatelyplane time sliing with the same symmetry, the horizon should exhibit the same sym-metry. For example, if the infalling partiles are at the orners of a ube, the horizonon these spaelike surfaes has a ubial shape. The kinks, whih must our beforethe infalling matter has rossed the horizon, are at the verties and edges of this ube(sine kinks are at most one-dimensional and form a onneted set). After the ornersof this horizon-ube have swept over the infalling partiles, the edges and orners of theube beome rounded, and as this rounded ube expands it beomes more and morespherial. In spae-time the entry set onsists of the sharp-edged part of the history ofthis expanding ube, it is a set of blades, all interseting at one enter point, and intriplets along the history of the orners. Fig. 4, right shows the horizon of an analogous
(2+1)-dimensional spae-time, where six partiles ollapse. Here the horizon on spae-like surfaes is an expanding hexagon, until the six partiles ross the horizon at thesix orners. This is also an example of an entry set that bifurates.In these examples, most of the horizon generators enter along these blades, only oneper blade enters at the vertex. If the ollapse involves a larger number of partiles, thenumber of blades also inreases, and the angle de�it per blade dereases orrespond-ingly. In the spherial limit of an in�nite number of partiles, angle de�its and thekink vanish. Generators no longer enter on the blades, they all ome from the vertex ofwhat is now a light one (rather than a �light pyramid�). Thus the spherial limit withits single point of entry is very atypial.



114 D.R. BRILLConlusionsThe beginning of a blak hole horizon, whih is the set of points where generatorsenter the horizon, is a global property of spae-time, like the horizon itself. It is thelous of the horizon's self-intersetions and is spaelike of dimension zero, one or two,where this is de�ned. It is onneted but an bifurate in possibly ompliated ways.On spaelike surfaes the entry of generators manifests itself in a kink in the horizon.The kinks propagate at superluminal speed until they �run out of steam,� slow downto light speed and disappear. Kinks generally run from from the main ollapse regionto seondary ollapse events until no more new generators enter. This was illustratedby ollapse of two mass onentrations, and by the ase of a large number of partiles.�åçþìåÄ.�. Áðèëë. Èñòîêè ãîðèçîíòîâ ÷åðíûõ äûð.Íà÷àëî ãîðèçîíòà ÷åðíîé äûðû ïðåäñòàâëÿåò ñîáîé ìíîæåñòâî òî÷åê, â êîòîðûõ îá-ðàçóþùèå âõîäÿò âíóòðü ãîðèçîíòà. Ïîêàçàíû íåêîòîðûå ñâîéñòâà òàêîãî ¾âõîäÿùåãîìíîæåñòâà¿ è áëèæàéøèõ ê íåìó òî÷åê ãîðèçîíòà: ýòî îáëàñòü ñàìîïåðåñå÷åíèé ãîðè-çîíòà, îíà ïðîñòðàíñòâåííî-ïîäîáíà è èìååò ðàçìåðíîñòü íóëü, îäèí èëè äâà òàì, ãäåðàçìåðíîñòü îïðåäåëåíà. Îíà ñâÿçíà, íî ìîæåò ðàçâåòâëÿòüñÿ, âîçìîæíî, ñëîæíûì îá-ðàçîì. Íà ïðîñòðàíñòâåííî-ïîäîáíûõ ïîâåðõíîñòÿõ âõîä îáðàçóþùèõ ïðîÿâëÿåòñÿ â âèäåèçëîìà ãîðèçîíòà. Èçëîìû ðàñïðîñòðàíÿþòñÿ ñî ñâåðõñâåòîâîé ñêîðîñòüþ äî òåõ ïîð,ïîêà íå ¾âûäîõíóòñÿ¿, çàìåäëÿþòñÿ äî ñêîðîñòè ñâåòà è èñ÷åçàþò. Èçëîìû îáû÷íî ðàñ-ïðîñòðàíÿþòñÿ îò ãëàâíîé îáëàñòè êîëëàïñà äî âòîðîñòåïåííîé äî òåõ ïîð, ïîêà íîâûåîáðàçóþùèå íå âîéäóò âíóòðü ãîðèçîíòà. Ýòî ïîêàçàíî íà ïðèìåðå êîëëàïñà äâóõ ñêîí-öåíòðèðîâàííûõ ìàññ è â ñëó÷àå áîëüøîãî êîëè÷åñòâà ÷àñòèö.Êëþ÷åâûå ñëîâà: ÷åðíàÿ äûðà, ãîðèçîíò, ìíîæåñòâî ñêëàäêè, èçëîì.
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