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BASIC QUESTIONS

L. What is a Black Hole? (the name?)

One wrong answer: "It folds a blanket of‘space-time around

itself and quietly goes to sleep." Thornton Leigh Page
(and close to Eddington, who said "nonsense'")

2. Do black holes exist?
This depends a good deal on answer to (1)

3. Where/when/why/how formed, what are they good for?
This is (mostly) not history



If Black Hole = escape velocity 2 ¢, two
essential concepts:

L. Finite speed 6f light: Galileo, 1638, Discorsi e
dimostrazioni matematiche, intorno a due nuove
scienze attenenti all mecanica & movimenti
local; Salviati (GG's alter ego) on Day }, the
lanterns in the mountains experiment ("large if
not infinite")

200,000 km/s (NOT in those units!) 1672, Io
occultations, Ole Rgmer)

301,000 km/s, James Bradley, ]728, aberration of
starlight

2. Escape velocity: Newton 1687, Principia
1704 Opticks (light is a particle, which is good
enough for small gravitational redshifts). Al
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The torsion balance, based on a design by John Michell, that was used by
Henry Cavendish in 179798 to weigh the Earth. (Philosophical Transactions

of the Royal Society of London)



I1f

/4 f(y fa, €
Vtﬁc ¢

fo 4 Y
R~ 144

VIL. On tbe Means of difcovering the Diffance, Magniiude, &c.

of the Fized Stars, in confequence of the Diminution 'as the
Velocity of their L:'Ebt, in cafe fuch a Diminution fbould be

Jound to take place in any of them, and fuch other Data fhould be
procured from Obfervations, as- would be farther neceffary for
that Purpofe. By the Rev. John Michell, B. D, F.R. S.
In a2 Letter to Henry Cavendith, Efg. F. R. S. and 4. §.

Read November 27, 1783.

DEAR SIR, Thornhill, May 26,. 1783.

HE method, which I mentioned to you when I was laft

. in London, by which it might pcrths be poffible to
find the diftance, magnitude, and weight of fome of the fixed
ftars, by means of the diminution of the velbcxty of their
hght, occurrcd to me foon after I wrote what is mentioned by
Dr. Priestrey in his Hiftory of Optics, concerning the di-
minution of the velocity of light in confequence of the attrac-
tion of the Jan ; bUE extreme dxﬁculty, and perhaps im-
pofﬁbxhty, of | procunng the other data neceffary for this pur-
pofe appeared to me to be fuch objetions againft the fcheme,
when 1 firft thought of it, that I gave it then no farther confi-
deration.  As fome late obfervatxons, however, begm to give
us a little more chance of procuring {fome at leaft of thefe data,
1 thought it would not be amifs, that aftronomers fhould be

apprized of the method, I propofe (which, as far as I know,
F 2 has.
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faussi sensibles 4 la distance qui nous et se-
f parc; ct combicen ils doivent surpasser ceux
que nous observons a la surlace du soleil ?
t Tous ces corps devenus invisibles . sont &
, Ja méme place oni ils ont été observés , puis-
qu'ils n’en ont point changé, durant leur ap-
parition ; il existe donc dans les espaces ce-
lestes , des corps obscurs aussi cousidérables,
et peut élre en aussi grand nombre, que les.
étoiles. Un astre lumineux de méme densité

que la terre; et dont le diamétre serait deux
L . —

cents cinquante fois plus grand que celui du
"

soleil , ne laisserait en vertu de son attrac-
- R,

tion , parvenir aucun de ses rayons jusqu'a
nous ; il est donc possible que les plus grands

corps lumineux de I'univers, soient par ccla
méme , invisibles. Une etoile qui , sans étre de

cette grandeur, surpasserait considérablement
Ie soleil ; affaiblirait sensiblement la vitesse
de la lumiére , et augmenterait ainsi I'étendue
de son aberration. Cette différence dans I'aber«
ration des ctoiles ; un catalogue de celles qui
ne font que paraitre, et leur position observee
au moment de leur éclat passager; la dé=«
termination de toutes les ¢toiles chapgeantes,

Teme 1L Y




WHAT IS A BLACK HOLE?

. Size close to the gravitational, or Schwarzschild radius

(Michell, LaPlace)

. Horizon (K. Schwarzschild; Kerr), R é'ZGM/cz

Stuff disappears at horizon, including information/entropy
(acecretion-dominated advection; advection dominated
accretion)

. Information/stuff hangs up at/around horizon

. Worldilines end (singularity) at r = 0, or prevented by

quantum effects. This was what most seemed to have
bothered Einstein, leading to his 1939, wrong, paper.
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Karl Schwarzschild in his academic robe in Géttingen, Germany. [Courtesy AIP



169. From Karl Schwarzschild" }

(ot the Russian front,] 22. XII. 15.
Verchrter Herr Einstein!

Um mit Threr Gravitationstheorie vertraut zu werden, habe ich mich niher mit
dem von [hnen in der Arbeit iiber das Merkurperihel'?! gestelite und in 1. Niherung
geloste Problem beschiiftigt.!®! Zuniichst machte mich ein Umstand sehr konfus.
Ich fand fur die erste Niherung der Koeffizienten g,,, auBer ihrer Losung noch fol-
gende zweite:¥!

Epo 3r3

Danach hiitte es auBer Threm o noch eine zweite gegeben und das Problem wiire
physikalisch unbestimmt. Daraufhin machte ich einmal auf gut Gliick den Versuch
einer vollstiindigen Losung.”’! Eine nicht zu groBe Rechnerei ergab folgendes Re-
sultat: Es gibt nur ein Linienelement, das lhre Bedingungen 1) bis 4)!* nebst Feld-
und Determinantengl. erfillt!”) und im Nullpunkt und nur im Nullpunkt singuliir
ist.

Sei: X, = rcos@pcosV  x, = rsingcost) x5 = rsind

- B_’i[;_“_’,,apo[_ﬁ_] Bu =1

3
R=(rP+a¥)? = r(l +%% +)
dann lautet das Linienelement:!®)

2
ds? = (1 " %)d:z - iR—-, - R(d0? + sin*0d¢?)
1 -1

R, 0, p sind keine ,erlaubten* Koordinaten, mit denen man die Feldgleichungen
bilden diirfte, weil sie nicht die Determinante 1 haben, aber das Linienelement
schreibt sich in ihnen am schonsten.

Die Gleichung der Bahnkurve bleibt genau die von Thnen in erster Nilherung er-

A | -
haltene (11),'®! nur muB man unter x nicht ; , sondem R verstehen, was ein Unter-

schied von der Ordnung 10-'2 ist, also praktisch absolut gleichgiiltig.

Die Schwierigkeit mit den zwei willkiirlichen Konstanten o und B, welche die
erste Niherung gab, st sich dahin, daB } einen bestimmtenWert von der Ordnung
o' haben muB,' so wie o gegeben ist, sonst wiirde die Losung bei Fortsetzung
der Niherungen divergent.

Es ist also auch die Eindeutigkeit lhres Problems in schonster Ordnung.!""!



Es ist eine ganz wunderbare Sache, da8 von einer so abstrakten Idee aus die Er-
klirung der Merkuranomalie so zwingend herauskommt. |

Wie Sie sehen, meint es der Krieg freundlich mit mir, indem er mir trotz heftigen
Geschiitzfeuers in der durchaus terrestrischer Entfernung diesen Spnznergang in
dem von Threm I[deenlande erlaubte.

ADM (GyGoU, Cod. Ms. K. Schwarzschild 2:2, 2-3). Schwarzschild 1992, pp. 36-39. (81 806). The
presentation here departs from that in the original, where both interlineations and undeleted portions
of the text that the interlineations have superseded appear.

WSchwarzschild (1873--1916) was Director of the Astrophysical Observatory in Poisdam.

Qi Einstein 1915h (Vol. 6, Doc, 24).

BIThe results reported in this document were published in Schwarzschild 1916a, which was sub-
mitted to the Prussian Academy by Einstein on 13 January 1916.

HiThe first-order solution for the field of a point mass given in Einstein 1915h (Vol. 6, Doc. 24),

{ o
eq. (4blis gpq = - 8P° -u . The square brackets in the equation below are in the original.
r

1The undeleted but superseded portions of the text that precede this point and have not been in-
corporated are set out in the following:

“Um mit lhrer Gravitationstheorie vertraut zu werden, habe ich mir die Aufgabe gestellt, das von
Ihnen in der Arbeit iiber das Metkulpenhel gestellie und niiherungsweise geloste Problem woméglich
vollstiindig zu losen. Man kann ja leicht das allgemeinste Linienelement angeben, das die nﬁugen
Symmelriceigenschafien hat, Von diesen ausgehend bestimmte ich zuniichst die erste Nitherung in
[hrer Weise und fand:

g‘,‘,--a—&' B pc +5 [L] 8y =1

also zwed willkiirliche GréBen o und B, was sonderbar war. Dann ging ich zur vollstiindigen Losung
iiber"”

1¥1The conditions are: (i) time independence; (i) spherical symmetry; (i) g;, = 0 (i=1, 2, 3);
(iv) the metric is Minkowskian at infinity (see Einstein 1915h [Vol. 6, Doc. 24], p. 833).

MFollowing Einstein 1915h (Vol, 6, Doc. 24), Schwarzschild used the field equations in coordi-
nates satisfying the condition /-g = |,

#1The line element given here became known as the Schwarzschild solution. See Eisenstaedt
1982, 1987, 1989 for discussions of its origin and of the history of ils interpretation.

®¥IThe reference is to eq. (11) in Einstein 1915k (Vol. 6, Doc. 24).

101eed should be & (see Schwarzschild 1916a, p. 194).

Win deriving an upproxlmate solution for the field of the sun, Einstein had pointed out that he had
no proof that his solution was unique (Einstein 1915h [Vol. 6, Doc. 24], p. 832). For a historical dis-
cussion, see Earman and Janssen 1993, pp. 140-141.



176. To Karl Schwarzschild 4

[Berlin,] 29 December 1915

Highly esteemed Colleague,

Your calculation providing the uniqueness proof for the problem!!! is extremely
interesting. I hope you publish it soon!(?l I would not have thought that the strict
treatment of the [mass-|point problem was so simple.

That your particular solution is of the 3rd order is immediately apparent for

- - Km - - -
reasons of dimension. For — is a dimensionless number. As your # must depend
T

on M, your expression

B ZpTo g
o0 = ~F=5"+ b5

i

in which .:% is a (dimensionless) number, thus requires that # be equal, a.part;‘

-
from a numerical factor, to ('_‘ﬂ) 1]
r

I am very satisfied with the theory. It is not self-evident that it already yields
Newton's approximation; it is all the more gratifying that it also provides the
perihelion motion and line shift, although it is not yet sufficiently secure.!*! Now |
the question of light deflection is of most importance.

With my best regards and wishes for the New Year, yours,

Eipstein. |



181. To Karl Schwarzschild 5,“”
[Berlin,] 9 January 1916
3

v

Highly esteemed Colleague, |
I examined your paper with great interest.!!) I would not have expected that
the exact solution to the problem could be formulated so simply. The mathe-
matical treatment of the subject appeals to me exceedingly. Next Thursday [ am
going to deliver the paper before the Academy with a few words of explanation.(?!
Meanwhile, I received another letter from you yesterday evening, which I
would also like to answer right away. Y Jan

1) The theory is fully developed, as far as the fundamental formulas are concerned,
so no other difficulties remain in the treatment of the individual problems aside
from the computational ones, which are, however, inordinately large. But you
will gather from the following reflection that no notable modification is made for
the perturbation problem.
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sufficient to produce secular effects accessible to observation. If M is taken for
planetary masses, then this relative quantity is diminished significantly. However,
secular variations that are produced by the interaction of the planets only amount
to at most 1,000” in 100 years. According to the theory, they would be modified
by the tiny fraction indicated. Thus a more exact development of the perturbation
calculation to modify orbital motion theory cannot provide anything within the
reach of observation.

2) The statement that “the fixed-star system" is rotation-free undoubtedly is
meant in a relative sense, which is described by a comparison.

The Earth’s surface is irregular as long as [ envisage very small sections of it.
But it approaches the flat basic form when I envisage larger sections of it, whose
dimensions are still small against the length of the meridian. This basic form
becomes a curved surface when I envisage even larger sections.

Likewise for the gravitational field. On a small scale the individual masses
produce gravitational fields that even with the most simplifying choice of rei-
erence system reflect the character of a quite irregular small-scale distribution |
of matter. If I regard larger regions, as those available to us in astronomy, the |
Galilean reference system provides me with the analogue to the flat basic form
of the Earth’s surface in the previous comparison. But if [ consider even larger |
regions, a continuation of the Galilean system providing the description of the!
universe in the same dimensions as on a smaller scale probably does not exist, |
that is, where throughout, a mass-point sufficiently removed from other masses
moves uniformly in a straight line. Ultimately, according to my theory, inertia
is simply an interaction between masses, not an effect in which “space™ of itself
were involved, separate from the observed mass. The essence of my theory is
precisely that no independent properties are attributed to space on its own.

It can be put jokingly this way. If I allow all things to vanish from the
world, then following Newton, the Galilean inertial space remains; following my
interpretation, however, nothing remains.

3) As concerns Jupiter, I understand that it is a difficult proposition for astron-
omers.!”! However, in my view the importance of the matter supports only on
standpoint, and that is: It has to work! Jupiter's moons could serve in studying
closely the systematic errors of which you speak; for the apparent displacemen
of Jupiter’s moons through light deflection is entirely negligible owing to th
smallness of the moon-Jupiter distance. The angle to be confirmed amounts
2-0.02" and is thus within the order of currently attainable precision.

4) Tt never occurred to me to t

hink - . .
(o 08B tnd otk nk of a clique against Freundlich. It is generally

such thinegs. Struve’s attitude i< underctandahle (4
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secular variations that are produced by the interaction of the planets only amount
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The Earth’s surface is irregular as long as [ envisage very small sections of it.
But it approaches the flat basic form when I envisage larger sections of it, whose
dimensions are still small against the length of the meridian. This basic form
becomes a curved surface when I envisage even larger sections.

Likewise for the gravitational field. On a small scale the individual masses
produce gravitational fields that even with the most simplifying choice of rei-
erence system reflect the character of a quite irregular small-scale distribution |
of matter. If I regard larger regions, as those available to us in astronomy, the |
Galilean reference system provides me with the analogue to the flat basic form
of the Earth’s surface in the previous comparison. But if I consider even larger |
regions, a continuation of the Galilean system providing the description of the!
universe in the same dimensions as on a smaller scale probably does not exist.j'
that is, where throughout, a mass-point sufficiently removed from other masses
moves uniformly in a straight line. Ultimately, according to my theory, inertia
is simply an interaction between masses, not an effect in which “space™ of itself
were involved, separate from the observed mass. The essence of my theory is
precisely that no independent properties are attributed to space on its own.

It can be put jokingly this way. If I allow all things to vanish from the
world, then following Newton, the Galilean inertial space remains; following my
interpretation, however, nothing remains.

3) As concerns Jupiter, I understand that it is a difficult proposition for astron-
omers.!”! However, in my view the importance of the matter supports only on
standpoint, and that is: It has to work! Jupiter's moons could serve in studying
closely the systematic errors of which you speak; for the apparent displacemen
of Jupiter’s moons through light deflection is entirely negligible owing to th
smallness of the moon-Jupiter distance. The angle to be confirmed amounts
2-0.02" and is thus within the order of currently attainable precision.

4) It never occurred to me to t

hink i : :
far from my mind to think of k of a clique against Freundlich. It is generally

such thinegs. Struve’s attitude i< nnderctandahle [4
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A

e is an old man and no longer has the flexibility needed to delve into new
,,gues That is why he assumes a negative stance on technical matters, and this
negative attitude also extends to Freundlich, whom he envisions somewhat as an ,
"incarnation of these things. I readily believe that Freundlich on his side has little |
" tact and lacks social skills, and in general has little psychological understanding [
' for his fellows, which only makes the circumstances more disagreeable.

;_' I do not take Freundlich for a very great talent, but for a person with a burning
jnterest and a remarkable tenacity. He was the first astronomer to understand the{’
significance of the general theory of relativity and to address enthusiastically the
" astronomical issues attached to it.1®] That is why I would regref it deeply if he were
| deprived the possibility of working in this field. T know from Imy own experience
‘that the necessary technical skills can be acquired, if the requisite understanding
and a great interest are combined. Should such deficiencies nevertheless hamper

‘the enterprise, help from a well-meaning expert could lead to valuable results.
Best regards, yours truly,

A. Einstein.



188. From Karl Schwarzschild )

[at the Russian front,] 6. 11. 16
Verehrter Herr Einstein!

Vielen Dank fiir Ihren Brief vom 9.ten Januar.!") Wegen Jupiter schrieb ich an
Hertzsprung,'! der mich gleich darauf aufmerksam machte, daf8 Jupiter die niich-
sten Jahre fiir uns zu siidlich geht. Diese extreme Genauigkeit ist nur zwischen Ze-
nith und vielleicht 50° Hohe erreichbar. Die Sache mufB daher siidlicheren Stern-
warten iiberlassen bleiben. Herr Freundlich kinnte sich ein Verdienst erwerben,
wenn er Sternvoriibergiinge und Bedeckungen aussuchte. (Mir scheint nur, daf sich
Herr Banachiewiz!3) schon fiir andere Zwecke damit beschiftigt hat). Uber Freund-
lich werden wir uns im iibrigen nicht zu leicht einigen und ich méchte nur noch sa-
gen: Hin- und Herreden iiber ihn niitzt nichts. Ich glaube nur, daB er es mit Struve
schon so weit verdorben hat, daB8 Sie am besten Ihren Einflul dafiir verwenden
wiirden, ihm eine andere Thiitigkeit zu verschaffen.!*)

Was das Inertialsystem angeht, so sind wir einig. Sie sagen, dafl jenseits des
MilchstraBensystems sich Verhiltnisse einstellen konnen, in dem das Galilei’sche
System nicht mehr das einfachste ist. Ich behaupte nur, dafl sich innerhalb des
MilchstraBensystems solche Verhiiltnisse nicht einstellen. Was die ganz grofien
Riume angeht, hat Thre Theorie eine ganz idhnliche Stellung, wie Riemann’s Geo-
metrie, und es ist Ihnen gewiB nicht unbekannt, daB man die elliptische Geometrie
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aus Threr Theorie herausbekommt, wenn man die ganze Welt unter einem gleich-
formigen Druck stehen LBt (Energietensor ~ p, = p, = p, 0).1%)

Ich kann nicht leugnen, daB Sie die dariiber hinausgehende Freiheit in der gliick-
lichsten Weise ausgenutzt haben.

Um mich mit IThrem Energietensor anzufreunden, habe ich inzwischen das Pro-
blem der Miissigen inkompressiblen Weltkugel behandelt (Energietensor
= p.=p,=~ P, +Pg)- Ich hiitte es nicht gethan, wenn ich gewuBt hiitte, da mich
so viel Schererei kosten wiirde (8!

Das Linienclement im Inneren lautet:

ds? = (3coso° - C0sO
2

9, @ die iiblichen Polarkoordinaten. ¢ hiinge mit dem Radiusvektor zusammen

nach:

)'dxz - E?p-[doz + Sino(d0? + sin?0d¢?)]
0

-

KPo) 5 _ 9 . .
(—3—)r = 4cosoo(o-§sm2o)-§sm30'

wobei 6, durch den Kugelradius ry gemiiB
3

KPo\2 9 1. 1.
(—3—") rg = zcosoo(oo-§sm200)--2-sm’oo

bestimmit ist. Filr den Druck p gilt:

3c0s0 ~ cOST
(Po+ P)( 5 ) = const.

Das Linienelement auBen ist dus alte, wobei nur in

R =r+p
nicht p = a3 ist, sondemn statt dessen gilt:
= 2 _3oR - XPo
@ = mzz— = 2sin"oo(' Z) m 3 3
Z=

COSC
2_0'(00 o ,'l, sin260)
sin’ 6, &

Das Sonderbare ist, da fiir eine endliche Kugel mit coso,, = % der Druck im Mit-

~

telpunkt (o = 0) unendlich wird, kleinere Kugeln von gegebener Masse nicht
moglich sind. Der Ubergang zu unendlich kleinem Radius, wo dann p = o her-
auskommen muB, vollzieht sich auch vermittelst physikalisch bedeutungsloser Lo-
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sungen—ich glauble mich immer verrechnet zu haben, bevor ich das erkannte.

Sehen Sie anschaulich, wo die Grenze coso, = % herkommt?

Die eckige Klammer ist das Linienelement der sphiirischen Geometrie! Im In-
neren der Kugel herrscht also sphiirische Geometrie. Das Kugelinnere ist nicht der
ganze sphirische Raum, sondern nur eine Kugel vom Radius G in diesem Raum.
Man merkt nur an der Zunahme der Lichtgeschwindigkeit, ob man sich niiher beim
Centrum oder niher der Oberfidche befindet.

Es Fiillt hier noch mehr auf, wie hier das iussere Feld, daB r gar keine physika-
lische Bedeutung hat, sondern nur eine Variable ist, die |g,,,| gleich 1 macht. Dies
sieht so aus, als ob sich eine andere Bedingung, als |g,,,| = 1 finden lassen miiBite,
welche die Feldgleichungen noch einfacher macht.

ADIt (GyGoU, Cod. Ms. K. Schwarzschild Briefe 193, 7-8). {65 943). The presentation here departs
from that in the original where the third paragraph begins with two sentence fragments: “daB die Er-
fahrungen innerhalb des MilchstraBensystems erstreckt,” and interlineated above it: “seinc Bedeu-
tung sich auf das ganze."

"Doc. 181.

Ejnar Hertzsprung (1873-1967) was Observator at the Astrophysical Observatory in Potsdam.

UTadeusz Banachicwicz (1882-1954) was Assistent at the Obscrvatory of the University of
Gottingen.

H'There had been bad blood between Erwin Freundlich and the Director of the Royal Prussian
Observatory in Neubabelsberg, Hermann Struve, at least since Einstein tried to exiricate Freundlich
from routine astronomical tasks a year carlier (sce Docs. 53 and 54).

51As Felix Klein noted two years later, the interior Schwarzschild solution contains the De Sitter
solution as a special case (see Doc. 566).

{“The following considerations were published in much greater detail in Schwarzschild 1916b,
which was submitted lo the Prussian Academy at the end of February. The square brackets in the first
equation are in the original.



194. To Karl Schwarzschild
[Berlin, 19 February 1916}

Esteemed Colleague,

Unfortunately because of a lot of work I was not yet able to answer your ear-
lier letter.{!) Also, the special cases discussed there awoke my interest to a lesser
degree. But I find your new communication very interesting. I have found your
calculation confirmed. My comment in this regard in the paper of November 4 no
longer applies according to the new determination of \/~g = 1, as I was already

uy
aware.!?] The choice of coordinate system according to the condition 2%9 = 0
Lo

is not consistent with /—¢ = 1. Since then, I have handled Newton’s case differ-
ently, of course, according to the final theory.l*)—Thus there are no gravitational
- waves analogous to light waves. This probably is also related to the one-sidedness
of the sign of scalar T', incidentally. (Nonexistence of the “dipole”.)!%!

Cordial greetings and many thanks for the interesting communication. Yours,

A. Einstein,



195. To Max Born

[Berlin,] Sunday [27 February 1916]1)

Dear Mr. Born,

This morning I received the correction to your paper for the Physikalische
Zeitschrift, which I read, not without embarrassment, but with the happy feeling
of having been understood thoroughly and acknowledged by one of my most
highly qualified colleagues.[?l But aside from the objective content, I was also
filled with the happy sensation of cheerful goodwill that emanates from the paper
and that otherwise so rarely lingers undiluted in the pale light of the study lamp.®
I thank you from my heart for granting me the privilege of this fine joy.

With best regards, yours,

A. Einstein.
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I hope you're enjoying the lecture course.[® I still recall very well that a hefty push
is needed to overcome an initial aversion and that one always thinks everything
one has to say is obvious. But this is an optical illusion. Do you remember how in
Berne you always used to attend mine so nicely??) And now I can’t reciprocate.
[ have another quite amusing expert opinion to give for a patent case.l®) When
we see each other again I'll tell you about it.

At the moment I'm working quite moderately, so I'm feeling nicely well and
am living peacefully along without any discord. In gravitation I'm now looking
for the boundary conditions at infinity; it certainly is interesting to consider to
what extent a finife world exists, that is, a world of naturally measured finite
extension in which all inertia is truly relative.l®) The funeral for Schwarzschild,
director of the observatory in Potsdam, was held today.!'®) Surely I have already

,told you about him; he is a real loss. He would have been a gem, had he been as

decent as he was clever.['!] Of the photographs, keep one, give one to Maja, one
to Zangger, and save the remainder. You may also give them away, though, if you
believe you could make someone happy with it. I discovered a neat simplification
of the thermodynamic derivation of the photochemical v law, somewhat in the
i_ manner of Van’t Hoff.I"?) I'm glad that my boys are in good spirits and that you
. are concerning yourself with them. Now I can soon send you the detailed paper
" on gravitation in which everything is calculated explicitly.!*?)
l\ Affectionate greetings also to Anna and Vero, yours,

Albert.
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| Leitfliche

Hoffentlich hast Du mit dem Kolleg Freude.!®! Ich erinnere mich noch sehr gut,

dass man dabei sich einen geh&rigen Stoss geben und eine erste Avversion iiber- /M
winden muss, und dass man immer glaubt, es sei alles selbstverstiindlich, was man Z )’
zu sagen hat. Dies ist aber eine optische Tduschung. Weisst Du noch wie Du in

Bern immer so hiibsch zu mir kamst?”! Und nun kann ich mich nicht revanchieren. zq / (
Ich habe wieder eine recht amiisante Expertise in einem Patentprozess.'®! Wenn wir

uns wiedersehen, erziihle ich Dir davon.

Ich arbeite gegenwiirtig recht miissig, sodass es mir hiibsch wohl ist, und lebe ﬂ
beschaulich dahin, ohne Misston. In der Gravitation suche ich nun nach den Grenz-
bedingungen im Unendlichen; es ist doch interessant, sich zu iiberlegen, inwiefern g
es eine endliche Welt gibt, d. h. eine Welt von natiirlich gemessenen endlicher Aus- &0
dehnung, in der wirklich alle Triigheit relativ ist.!”) Heute war die Leichenfeier fiir
Schwarzschild, den Leiter der Sternwarte in Potsdam.I'”) Gewiss habe ich Dir
schon von ihm erziihlt; es ist schade um ihn. Er wiire eine Perle gewesen, wenn er

-s0 anstiindig wie gescheit gewesen wiire.!'!! Von den Photographien behalte eine,
gib eine Maja, eine Zangger und hebe die iibrigen auf. Du kannst aber auch abge-
ben, wenn Du jemand eine Freude damit machen zu kénnen glaubst. Ich fand eine
hiibsche Vereinfachung der thermodynamischen Ableitung des photochemischen
hv-Gesetzes, so nach Vant Hoff scher Manier.!"! Es freut mich, dass meine Buben
vergniigt sind, und dass Du Dich ihrer annimmst. Nun kann ich Dir bald die aus-
fiihrliche Arbeit liber Gravitation senden, in der alles explizite gerechnet ist.!'?

Sei mit Anna und Vero herzlich gegriisst von Deinem
Albert.

ALS (S2GB). Einstein/Besso 1972, 16 (E. 13). |7 277).
(I The yeur is provided by the reference o Schwarzschild’s funeral.
IZIEinstein’s return to Berlin from Switzerland.
UIA reference to Laurence Sterne's novel, Tristram Shandy. See Doc. 245, note 3. 7 ,:f»
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When all thermonuclear sources of energy are exhausted a sufficiently heavy star will
collapse. Unless fission due to rotation, the radiation of mass, or the blowing off of mass by

radiation, reduce the star’s mass to the order of that of the sun, this contraction will contigue
indefinitely. In the present paper we study the solutions of the gravitational field equations

which describe this process. In I, general and qualitative arguments are given on the
behavior of the metrical tensor as the contraction progresses: the radius of the star ap-
proaches asymaptotically its gravitational radius; light from the surface of the star is pro-
gressively reddened, and can escape over a progresml narrower range of angles. In IT, an
analytic solution of the field equations confirming these general arguments is obtained for the
case that the pressure within the star can be neglected. The total time of collapse for an ob-
server comoving with the stellar matter is finite, and for this idealized case and typical stellar

— G— ® . .

masses, of the order of a day; an external observer sees the star asymptotically shrinking to
. . . A—— v

its gravitational radius.
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GRAVITATIONAL COLLAPSE
chapter 9  AND ROTATION
R. P. KERR
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In the past all exact solutions of collapsing gravitational systems have been spherical-
ly symmetric and have been based on the exterior Schwarzschild solution. This solution
may be written in a form first given by EddiQton (1924):

ds==dx2+dy=+dz=—dﬂ+27"‘(dr+dt>=. m m

where #* = 2% + 9® + 22, and units have been chosen so that the velocity of light ¢ = 1
and the gravitational constant G = 1.
This metric has a true singularity at the origin » = 0. However, it has peculiar

physical properties inside and on the Sghygrzschild spherg, S, d
Vel
r=12m, oo fr‘ e @

S is a null surface, outside (r > 2m) of which the metric is static, the i-axis being time-
like. Inside S(» < 2m) the metric is nof static since the {-axis is spacelike.

For matter collapsing all the way to and beyond the Schwarzschild sphere we have
the following behavior: matter and energy can pass from the exterior to the interior of
S, but can never move out again, and so a spherically symmetric system collapsing
beyond the Schwarzschild sphere can no longer radiate energy to the outside. It cannot
be seen by an outside observer; only its gravitational field can be felt.

A collapsing particle will reach the Schwarzschild sphere and pass into its interior ina
finite proper time, i.e., in a finite time as measured by a comoving clock. However, for
a distant ohserver the time of collapse, measured by his clocks, is infinite. He will never
observe the stage where the collapsing matter reaches the Schwarzschild sphere and
passes to the inside.

This behavior causes difficulties in theories which attempt to explain the Jarge energies
emitted by quasi-stellar sources in terms of the gravitational collapse of large masses
into the Schwarzschild sphere J.

In this paper we wish to show that the topological and physical properties of S may

This research has been sponsored by the Aerospace Research Laboratory, Office of Aerospace Re-
search, and the Office of Scientific Research, U.S. Air Force.

R. P. Xerr, The University ofTﬁ.
)
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change radically when rotation is taken into account. This suggests that it would be
worthwhile to re-examine the problem of gravitational coll&pse for » mass whose ex-
ternal gravitational field is the stationsry field of a rotating body.

An exact solution of Einstein’s gravitational field equation for empty space is given by
the metric (Kerr 1963):*

45t dut iyt dsi—do 4200 (hiw ), ®

where £, is a null vector field given by

b.dr-dl+ ds +—4— ,+ -0 (zdz+ydy) + ’+ —— (zdy— ydz), ®
m and ¢ are arbitrary constants, and p is given by
B4t st

p'+a’+p’ 53 (s

The surfaces of constant p are coniocal ellipsoids of revolution.
For large spatial distances, p is given asymptotically by

p=r+00). ®
The metric (3), expanded in powers of »—* becomes

dstmdettdyi+dei—an+22 (dttdr)s

+38 (xay— yax)(@t+dr) +0(r-).

wm

¥

The term of order r—* shows, e.g., by comparing with equation (1), that m is the mass
of the body producing the gravitational field. The term of order v~ shows, by comparing
with the solution of the linearized field equations, zhnmtstheangulumtum
about the s-axis of the rotating body.

The metric of equation (3) bas a true singularity on the circle T,

:=0, Rm(Z4yPl=g, (%)

This is the analogue of the true Schwarzschild singularity at = 0 in equation (1).
The anelogue of the Schwarzschild sphere is now the null surface S given by

P4 ast w Impt . )

In Figure 1 S is plotted in the (R, z)-plane for the two cases, m < g and m > ¢, It will
be observed that S has s cusp on I'. This is not significant, since the points of I are singu-
larities. For m > ¢, 5 splits into two disjoint parts, Sy and Ss. As ¢ — 0, the outer surface,
S, becomes the Schwarzschild sphere, whﬂeS.ooDapmmtotheongm When ¢ = m
the two components, S; and S, touch on the s-axis. For ¢ > m the surfaces are as in

! More general vacuum solutions are given by Kerr and Schild (1964).
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Figure 1, 3, When m — 0 (a ¢ 0), S shrinks to :hcriniet;.:n most physical situations
6 3> m, and so neither §) nor S; has the topology of a sp

There is a further complication of this metric, which is not present when ¢ = 0. Sup-
pose we define D as the &k bounded by I' given by

R<e, 35=0. (10)

It is represented in Figure 1 by a solid line. We shall now show that the metric in equation
(3) is not even differentiable, let alone analytic, on D. To see this we first observe that
equation (3) has two distinct real roots, py. > 0 and p— < 0, for all points except D. In
order for the metric to be continuous, we choose the root p, for all points, From equa-
tion (5) this gives
clz

(i e | near D, (an
~andso p+ is not differentiable on D. Substituting equation (11) into equation (3) we can
easily see that the metric itself is not differentiable on D.

I ay}a

b

Fi6. 1.—a, the “*Schwarzechild surface” for a > m > 0. The solid disk, D, is a branch cut, bounded by
the ring, I'. b, the “Schwarzschild surface” form > 2 > 0.
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KQILTAIICHPOBABIINE 3BE3JIEI B COCTABE
JIBOMHEIX * &

(cosxecrnno ¢ 0. X. I'ycetinosun)

B palore mpenzaraerca cmocoG oGnCpmms KOANANCEPOBAKERX 8BEaq
B coCTaBe CneKTpambHo-gBoftEmx 3mesa. Cpean cmexTpambmo-TRoMEMX cmerex
C HOBEINMMME COYTAMKAME BRODZHL HECKOALKO NAP, B KOTOPMX MOKHO Dpel-
OOXaraTh, 470 MX KOMUOHERTH ABAAITCA KOATANCEPORABIIEME 3BEITAME.

Koanancuposasmue speani (K3), cymecrporanze XormophX NpeicKesmBaer
o0mas TeOPHA OTHOCHTEABEOCTH, MOTYT ONT: 06HAPYXEEM ANML OO MX rPasm-
TaOROEEOMY HOA® (ca. 0630p X CCHAKH Ha OPETENANERY® amrteparypy » [1)).
Cpapnenme ofmel MacCH CKOMIEHEA ¢ MACCOH BEAMMNX 5BE3J C LeXHI0 ONpeaeie-
g Macesr K3 nocrxa meyleputoabHo BRUIY HEHAROKEOCTHE ONPOXENCHEA MACC.
7Hexareasro mafttw mmmusEayaxbEyn K3. 910, B npmamEme, MomRo cleaars,
ecax K3 sxozmr » cocrar asofimoit » mape ¢ ofuemoit sseaxoi (03).

Ipocaorp arreparypu (2] mossoama smGpats Cpemm cmexTpaabHO-ABOMENIX
3BE3N ¢ HEDNIHMMME COYTHEKAME HECKOABKO IAD, B KOTOPAIX MOMKHO NPEANola-
rate, 1ro cuyrtamx ssagercs K3. Ilpmeonmy namewe nas ariax nap (cx. raGamny).
B meppaix asyx croabnax moMemens COPABOYHME JARHNE — HaSBAHEe 3BE3IH N
£e KOODARHATH. 3arey caexyioT HaGNOMATEIbHNE JAHHAE — BHINMAL BOIRYE-
Ha m ® cnexTpampmmit xxace mabamwpaemolt spesmu, nepuoa Azofinol p, noaosm-
Ha aMIIBTYAN NePEOREYECKOro HaMeHeRnA Cropoctit K,, B BRYMCICHHNE C HO-
MompbEo HeGecHO} MexaERKH gy sin { — npoexnEr Goxsmolt moayocn opGuTi Ha

ey XAPTHEEYO nxocKocTh M MF = @ sin® (/(R, + ,)* » Wy, mumexc 1 omso- €

carcs ¥ O3, manexc 2 — x K3. Crexyomue neamsumER ONPeRenmioTes BECLMA
HEHAJ&RHEO: TO CHEKTPATBEOMY EJACCY B KIaCCy CBETEMOCTH Baxoxmy Maccy 03
;. ITpenmoxaras =axaomemme { == 90°, sin® { = {, maxommm maccy K3 ®,.
Beapguan R, BNINCIERM ANA CPOABEro 3HavemEx sin® § = 2/3. M, maxomern,
DpEBOARTCA abcoMOTERE napanzaxc =. Omeermx, wro mpexmonoskenme i = 90°
ope JamEEx MF ® T, jmaer MmEEMAIbHOE 3HAYEHHE MACCH BTOpOM 3BeSE.
B papax, npuseiemmnx B rafamne, mesmumall cnyramx mueer Maccy M, Goan-
me, yem Macca Eabmonsemolt ofsranont speamn M,. MomxHO BHCKA3ATH TENmOTESY,
4970 HEBNANMNE KOMNOHEGHTH YKaSaHHNX CHEKTPAAbRO-ABOMHMX 383 ARIAWTCH
K3. Momuno curaTs, 910 HeBNJNMAA KOMDOHERTA DOCHemmes 3pesam Tabamma
ABAAETCA HeliTpommEoH,

Onmako ClelaRNWE BNBOX OTHOIL He ABIAETCA Kateropmueckmy. Ilo aane-
gaxmo WM. JI. Hosuxora, HEepnamnas XOMIOHENTA CHeKTpPaasmHo-usoiimofi cmere-
MH MOJKET faBaTh cmexTp 6es samerAux Ha GoTorpadue CHeKTPARALEHX INEEE H
ReBmMMas Aumb B sT0M eMucne. J. V. Crexko oTMewaer, €10 » cocTan Asofinnix
WACTO BXOANT EBOAN, NPOMEAUIHE CTAANIO FMTARTA, COPOCHBIING BONOPORHYD
ofoxouky m cxuramomue reaufi. B arom caysae czermmocts O3 ropazno Goneme,
oM Ha rIasHol DOCIeROBATENLEOCTH , I BYODAS — HODNIEMAS — SEC3JA MOIKET
HAXOINTHCH HA IMABHOK NOCTTOBATRABHOCTH X TEM He MeHee GHTL Eepmaumol mo

* ACTDOROMEWOCKER xypmax, 1966, v. 43, Na 2, c¢. 3133135,
3 TaRas CHTYEORA ZOBONBED YACTO OTMESACTCR Cpeam Amofimmx ameax [10].
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xomrpacry ¢ Goaee apxoll (xoTA m Momee MaccHBHON)
nepsoif.

B cnextpe nepsoit apesns — HD 187399 mabawna-
0TCA JHEER IOTIOMENNX 80J0PORA, CMEMEHHNEe B CT0-
POHY OTPENATEABEBIX CKOPOCTEl, XOTOPME aBTOD mpu-
OHCHBaET pasderaromeMyca obiaky Bomopoza, OKpy-
mapmemy opSuTy asoiisoi apeau. B caywae Tperseit
aseamm — HD 30353 antopu ormewasor Gommocts ames-
AR BojoponoM ® meobmwaiiHo Goabmoe 3HaveHze
dyrruur macc. OrmocmrensHo sseammt +40° 1196 m3-
BECTHO, 9TO ABIKEHMEe, ONpefendeMo? HmO BOXOPOAY,
KaJbIuK ¥ JKelesy, CHJIBHO PASAMIALTCH.

[napmas samawa npexmaraeMoif 3aMeTRE — npm-
BaeqYs BEEMaEHe Eabaomarenelfl K YKA3AHAHM BhHme
(z amaxormsmun) obzexram. Hapaay ¢ tmarexsmun
H3yYeRmeNM CHeKTPa Ghu1o 6N BéchMa BAVKHO ONPEISANTS
OapaNIaKC PACCMATPHBAGMEX 3Be3f HIH XOTA OW ero
BIDKHIOKW IPAHANY. 3HAA PACCTOSHEE 0 3BE3NH, MOKHO
Gu1o Gm onpezenHTh €0 AGCOMNTHYI0 BEIRURHY M BNM-
ACHETDH, MOKET JH BTOpas sBesfa OmTs HeBmEEMON mo
TPEBRANGEOR NpHYENe, H3-3a AHOMAALHO Ooxbmoi
ceermMocTR mepsolt. B mocaemmux cayzaax [5—7], rxe
NapAJNAKe HIBECTOH, MK HANLIN M, — BEIEMYH Bean-
9HEY, KOTODYKW HMexa 0w 3Beafa macow Ry, ecam Om
OHA HAXONHIACH HA [IIABHON NOCALXOBATEALHOCTE.
JTa BeANYMHA ONpelesqeHa owenb rpyfo, Tax Kaxk ma
BO3MOKENe omEGKE npm ompefeaenns Maccs R, sgecs
HANOKeHHN eme BO3MOMKHENE HeTOYHOCTH 3HaYeNmil ma-
PaaTaxKcos, HaOpHMep, H3-3a HENPABHIBEOrO ywera
cobersermoro aswxenua 03.

Moxmo mmrareca ofsapyxuTh cobcTBeEHOE NBH-
xeEme 3sesan (mopamxa 07,01 — ma rpa=m ToyHOCTH
nalinofenns), a TaKe ¢ OOMOMBY HHTePHEpoMeTpa
Mafikeascona DPOBEPHTH, He ABIAGTCA JN 3Be3NA BHE-
syansHo-neoliHON. MokHO HCKaTh cHemEdHSeCKHe xB-
ZeEHA, CBA3AHHNE ¢ ABIUKeHEeM rasa 3 moxe K3 [1].
J{0Xa3aTeaBCTRO PEANBHOr0 CYMECTBOBAHNMA XOTA Ont
oXEON xoasancEposapmel 3sesnm mMexo Ox Goxsmoe
DPERIENEAXLHOS 3HAYeNEE IIA Beell TEOPHN 3BONIONEE
anosx *. Jake oTpamarTeasmuil peayasTart, T.e. 005~
ACHEHHE BCOX DAcCMATPHBaeMHX map 6es mpmsaevesms
K3 npegcrasxser onpelexeHENil mETEpeC: E3 CTATH-
CTAYECKHX ComocTanxenuil MokEo Gyaer caeTaTh BRIROX,
970 2BOARMEA Imesx Goapmoll Macem He DPMBOIRT
K COCTOAEHIO KoIXJXancmposasmeli 3Besfs, O0YeBRIHO,
BCAENCTBHE 3AKOHOMEPHOCTEH TOTEPH MacCcw Ha Ompe-
AETEHHNX CTAANAX SBOMOMEE *; Ha¥alo KOAIANCA MO-
JKOT JATAMYTHCA TAKKO N3-32 BPAIENEA 3Be3X, HA ¥TO

* BoaMuOKEOCTS OOSEADYXESHA KONIADCA N0 NCRYCKAREO
e T meiftrpmmo paccuorpesa B [11].
.. Taxywo soamomuocTs 06cywaaa, manpmep, A. Kaxepon [12).
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y®e yKkassBaeT 60Ibmoe YHCIO BEIEMEIX H SRTMEHHMX Iap N0 CPaBHEENIO
¢ moxoapesaeysnm Eaxm K3 cpemm spesn ¢ maccamm Goasme 2Mg. B paGore
[13) ormexaercs, 9ro Hanmyne GEILIX KADAXKOB B MOJOANX CKOLIEENAX (|, B Ya-
CTHOCTH, B COCTAaBC RDONMNEIX 9Beaf) YRasMRaer Ha po3MoxmoCTs clpoca Maccs:,
npoTexanmero 3a epems mopsaxa 104—10° zer.

B saraovense HY)KHO CHOBA MONYEPREYTH GONBMIYH0 NPRENEIEANMEYI BLK-
HoCTh o0EapVKeBNMA Konxancupopaemed spesun. B cnay aroro Ramaudt cayqail,
B KOTOPOM HMEETCA BePOATEOCTH ZOKASATH HAXHYHE TAXOro Beobmamoro obGnexra,
A0MREE CTATh MPEIMETOM TIATEIHHONO0 E BCOCTOPOHHErO KPHTEYECKOr0 Hayye-
HEA,

Bupamaey Gaaronapsocts 3a momoms ® mecryccmm I1. I'. Kynmsosckoxy
H. 1. Hoemxory = JI. H. Crexxo.

18 maspa 1&5 8
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Pafora, sussasman B CBO2 BPEMA IPOMajEslll Pe3OEEHC N CHOCOSCTB0BABIMAR NOCTAROBKE
Oozmmoro wncaa nalmogarenssux uporpanms » pago obcepsaropmit. Chegys MEess KOMMEN-
rapyeroii crarse, B. TpmeGa z K. Topr ** cotrannar ofmupruit concox ¢RANARNATOR B Sep-
BHE JBPHL.;

Caenyer res Ee MeHee OTMOTHTSH, 470 (Iarogaps ycnexaM peRTIeHOBCKOR ACTPOROMER
DONCK WOPHMX AMD DOIeN MENIM DyTeM.

Onsaxo aas T0r0, 9TO6K OTARNHTS YePHYR XHPY 0T ReETPOENON 3803XM, B B HACTORmEe
BPeMA MOTEIYIOTCA KPETOPHEM MACCH, OpeBNIAWMmed onperexeEmnit opezen, 0Xomo 3 xacc

Buecre ¢ SAMETAERGM O PONN AXEDELNE Ea HENTPOEENE are3am (cx. crarsyo 44) xoyuen-
THpyeMas pafora CTEMYARpPORANA TEOPEN R EalONeSEA KOEETANX UPOAYKIOS 2BOMONEH.

=== 10 Trimble V.3L., Thorne K. S.— Astrophys. J., 1969, vol. 156, p. 1043 ew===
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ABSTRACT

Lists are given of single-line, spectroscopic binaries with large mass functions. The absence of a
secondary spectrum in these systems could, in principle, result from the secondary star’s being either a
collapsed star or a massive neutron star. For all these systems, however, other explanations are possible
in the light of present observations. Statistical considerations suggest that few, if any, of the systems in
these lists contain collapsed or neutron-star secondaries. None of these binary systems coincide with any
published X-ray source position.

I. NON-ECLIPSING, SINGLE-LINE BINARIES WITH LARGE MASS FUNCTIONS

Theoretical considerations suggest that some massive stars should terminate their
evolution by gravitational collapse (see, e.g., Wheeler 1966; Thorne 1967). The end
products of such collapse—*‘neutron stars” of M < 1.5 Mo, and “collapsed stars” of
P > 1.5 Mo—have never been observed and, indeed, should be virtually impossible to
observe directly because of their small size.

Zel’dovich and Guseynov (1965) have proposed that collapsed stars and neutron stars
might be found among the unseen companion stars of single-line spectroscopic binaries.
Motivated by this suggestion, we have searched the Siath Calalogue of the Orbital Ele-
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DO BLACK HOLES EXIST?

Definition 1: TFor AGNs etc, increasing probability from
1964 (Salpeter, Zeldovich....) to present.

In spectroscopic binaries, Zeldovich & Guseinov, 1965
Trimble & Thorne 1969;

Cygnus X-1, the last wrong paper (T, Rose & Weber 1973
MN 162, pink page 1l; DM Popper sad story)

PBH and IMBH to be determined

Definition 2: Horizons: total absence of Type I X-ray
bursts in nominal BHXRBx, range of a/m, 0.3-0.95 +
event horizon telescope

. Definition 3: Radiatively inefficient accretion; ADA???

Penrose, Blandford-Znajek processes

4.5. Not my territory!



Figure I | The globular cluster 47 Tucanae. Kiziltan et al.' have discovered an intermediate-mass black
hole that is about 2,200 times more massive than the Sun in the core of a bright cluster of stars called
47 Tucanae (centre). The authors’ evidence comes from observations of spinning neutron stars called

pulsars (not visible in this infrared image) in the globular cluster.
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An intermediate-mass black hole in the centre of
the globular cluster 47 Tucanae

Billent Kiz:ltan', Holger Baumgardi? & Abraham Loeb'

Intermediate-mass black holes should help us to understand the
evolutionary connection between stellar-mass and super-massive
black holes'. However, the existence of intermediate-mass black
holes is still uncertain, and their formation process is therefore
unknown?, It has long been suspected that black holes with masses
100 to 10,000 times that of the Sun should form and reside in dense
stellar systems*"5, Therefore, dedicated observational campaigns
have targeted globular clusters for many decades, searching for
signatures of these elusive objects. All candidate signatures appear
radio-dim and do not have the X-ray to radio flux ratios required
for accreting black holes”. Based on the lack of an electromagnetic
counterpart, upper limits of 2,060 and 470 solar masses have been
placed on the mass of a putative black hole in 47 Tucanae (NGC 104)
from radio and X-ray observations, respectively™’. Here we show
there is evidenice for a central black hole in 47 Tucanae with a mass
0f2,200* L% solar masses when the dynamical state of the globular
duster is probed with pulsars. The existence of an intermediate-mass
black hole in the centre of one of the densest clusters with no
detectable electromagmetic counterpart suggests that the black hole
is not accreting at a sufficient rate to make it electromagnetically
bright and therefore, contrary to expectations, is gas-starved. This
intermediate-mass black hole might be a member of an
clectromagnetically invisible population of black holes that grow
into supermassive black holes in galaxies.

spatial distribution of stars in globular clusters (GCs). Massive stars

and N-body models" imply that no clear distinction between globular
cluster models can be made on the basis of available velocity disper-
sion measurements alone (Fig. 2). In order to constrain the dynamical
effects of a black hole in a cluster, we take a fundamentally different
approach. In addition to pulsar accelerations, we jointly use this spatial
imprint that carries information about the black hole beyond the radius
of influence. We quantify how likely it is that a range of observed pulsar
accelerations are related to specific model distributions.

The dynamical N-body simulations of isolated star clusters evolve
under the influence of stellar evolution and two-body relaxation. A grid
of several hundred star clusters starting with different initial half-mass
radii, density profiles and masses of their central black hole are run up
to anage of T 11.75 Gyr to match the age of 47 Tuc'. We select those
clusters that best match the surface density and velocity dispersion
profiles of this globular cluster. The presence of primordial binaries
does not play a notable role in the final segregation profile of heavy
stars if clusters with the same surface density profile are compared
(see Extended Data Fig. 1 and Methods). No other a priori assumptions
are made that limit the dynamics of the cluster.

The best-fitting models for the no-IMBH case and for IMBHs with
0.5% and 1% of the cluster mass are selected as a subset of viable replicas
of 47 Tuc. Models with black hole masses larger than 1% of the cluster
mass lead to fits which significantly deviate from the observed density
and velocity dispersion profile of 47 Tuc. Hence such massive black

H) strongly alfects the holes are ruled out, while models with smaller black hole masses or

without a black hole lead 10 comparable fits.
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WHAT ARE THEY GOOD FOR?

Gamma ray bursts as Hawking radiation? mostly not

Dark matter: Not PBH (if H radiation exists)

sens phasa space between. 1015 grams and Jupiter (lOBOg)

MACHO limit

maybe some phase space for IMBH, too few for MACHO searches
not massive enough to mess up halo kinetmatics
not massive enough to lens QSOs

Burst of gravitational radiation (pre 1985 only)
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