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GMAVITATIONAL COLLAMIE AND SFACE-TIME SINGULANITIES

Nager Penrose
Departnent of Mathemalios, Burkbeck Collegr, Loadon, Eagland
(Kecetved 18 December 15964

The discivery of the guasistellar radio sosaces
has stimmlilad reancswed intareast o the goastion
of gravitatbnal collages. I has been paggestsd
by some athors® that the esormous amousts
of energy Bat these objects Wparently emit
may result from the collapse of & mass of the
order of (107100, 10 the seighborhood of
its Schwarischild radius, sccompanied by a
violeat coliane of sumigy, paaildy Lo e fosm
of gravitatbaal radistion. The detalled math.
ematical dncuasion of such situations s di-
ficelt since the full complexty of general reli-
tivity & required, Comnsequently, most exact
calculations concerned with he Implications
of gravitatboal collagse havr employed the
SIMPIEYING ASSumplion of sgherical symme-
try. Usforwsately, this pretludes any detalled
discussion of gravitatiosal radiation -~ which
requires at beast a quadripok strecture.

The general situstion with regard (o & sphes-
tcally symsetrical body is vell known." For
A sulliclently greal mass, here s no fisal
equilibriue state. When sul'icient thermal
energy has been radiated awiy, the body con-
tracts and continues b0 contract watll a physi-
cal singulasity Is encoustered ot r 0. As

meassrec by local comovisg observers, the
hody passos within ite Schearsschild radius
rodIm, (The densities at vhich this happess
need 80l be enormously high U Se total mass
i large enough.) To an otside obeerver Ue
conlraction Lo r = Im appears 10 take an inflaite
time. Never@eless, the ecistence of a siags
larity presents a serious problem for ANy cem-
piwie disswanibvm of Ger phopsies of the loner e
reglon,

The question has been ralsed as 1o whether
this singularity s, In fact, simply a proper-
Ly of the high symmetry assumed. The mat-
Ler collagees radially inwards to the single
potat at the center, so B3l 2 resulting space -
time catastrophe there Is perhags not surpeis-
Ing. Could sot e presence of perturbation
which destroy the sphericd symmetry alter
the situation drastically? The receat rotating
solution of Kerr® also possesses & physical
singularity, bet since a Mgh degree of sym
metry s still presest (and the sodution is al-
gebralcally speciall, it mipM again e argeed
that this 's st regresentative of the general
situation.' Collapse without assumptions of
symmetr? will be discussod here.

Collapse without assumption of symmetry

Penrose
1965
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Curiosity: what did Penrose really think?

.1t will be shown that, after a certain critical condition has been fulfilled,
deviations from spherical symmetry cannot prevent space-time singularities
from arising.

If, as seems justifiable, actual physical singularities in space-time are not
to be permitted to occur, the conclusion would appear inescapable that inside
such a collapsing object at least one of the following holds:

(a) Negative local energy occurs.
(b) Einstein s equations are violated.
(c) The spacetime manifold is incomplete.

(d) The concept of space-time loses its meaning at very high curvatures —
possibly because of quantum phenomena.

In fact (a), (b), (c), and (d) are somewhat interrelated, the distinction being
partly one of attitude of mind. ...
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The SgrA* 4x106Mg Central "Massive Black Hole"

S14: 47.3 yr period,
per. dist. 90 AU ~ 1050 Rs

S2: 15.56 yr period;
per. dist. 120 AU ~ 1400 Rs

per. speed ~ 7650 km/s ~ 0.02¢

o ~0.0009; B~0.026

Evidence of gravitational
red shift for S2

(Gravity Collaboration, 2018)
and of orbital precession
(Gravity Collaboration, 2020)

In a PN scheme f= 0.9

Center Group

(f =0 Newtonian; f =1 GR)
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Table 4.1 Orbital parameters of the S-stars (192, 193] The reference plane s the plane of the sky; the nodal line is the north celestial pole. A distance

Relativistic dynamics around the Galactic nucleus ) )
from Merritt's book: Dynamics and Evolution of Galactic Nuclei

833 kpc 1o Sgr A* is assumed. i.e.. 1" corresponds 1o 40.4 mpe (milliparsecs). The assumed mass of the SBH is M, = 4 3 x 10° M.

yellow = min; green = max

Star almpe] e i Q) @ [9) Piyr]
S1 205£113 0.496 £ 0.028 12082 £0.4b 341.61 £ 0.51 115.3£25 132+ 11
52 503 £004 0.883 - 0.003 124.87 £0.78 226.53+0.72 6498 £081 158 +0.11
s4 1204077 0.406 4+ 0.022 77.83 £032 258.11 4 0.30 3164 4£29 505426
S5 10.1 +1.70 0.842+0.017 143.7 +4.7 1094 10 236.3 £82 457469
56 17.6 L 6.18 0.886 £ 0.026 8644 £059 83.46+ 0.69 129.5+3.1 105 + 34
S8 16.6+0.16 0.824 +0.014 7401 £0.73 315.90 - 0.50 3452411 96.1 £1.6
59 184210 0.825 £+ 0.020 $1.00£070 147.58 4+ 0.44 2252423 58495
s12 12.4 £032 0.900 £ 0.003 3161 £076 2404 +4.6 308.3 +3.8 62.5+2.3
13 1204048 0.490 £ 0.023 255416 731441 248.2 454 502438
Si4 10.3 £0.40 10,963 £0.006 99.4+10 22174 +£0.70 339.04+1.6 473429
$17 12.6 £0.16 0.364 £ 0.015 96.44 £0.18 188.06 +0.32 31945 +£3.2 63.2420
S18 1074323 0.759 £ 0.052 1160427 2152436 151.74£29 50416
S19 3224259 0.844 +0.062 73.55 +£061 3429412 153.3 430 260 +31
21 8.61 L 1.66 0.784 + 0.028 548427 2527 +4.2 182.6 8.2 358+69
$24 4284710 0.933 +0.010 106.30 +0.03 42413 2015415 308 £73
§27 18.3+3.15 0,952 4 0.006 9291 +0.73 191.90 £0,92 082418 112418
$29 16.0 £ 13.52 0.916 £ 0.048 122 411 1572425 343.3+57 91 £79
$31 1204178 0.934 40,007 1538458 103 4 11 314410 5044902
$33 16.6 +3.56 0.731 £0.039 429445 829+59 328.1 £4.5 95 +21
$38 5624166 0.802 £ 0.04 286 + 68 203 £68 18.9+58
S66 4804500 0.178 +0.039 1354426 068429 106 £ 6.3 485 + 41
So7 421412 0,308 =004 139923 100.0£0.1 215.2£438 41719
s71 42,9 £30.9 0.844 £0.075 76.3+£36 346415 3314471 199 4 282
S83 113.4+945 0.657 +0.096 1238413 736421 1972435 1700 £205
S87 50.9 +6.50 0.423 £0.036 1492.7 £ 4.4 109.9 £29 41.5+3.7 S16+44
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Some reference scales
Mgu ~ 4.4x106 M,

Pericenters 7p: ~ from less than 1 mpc to few mpc

Schwarschild radius s~ 4.3x10-7pc ~ 0.08 AU

BH Influence radius i~ 2.5 pc ~ 6x1007s
r's<rp<<ri

Are we really watching a SMBH?
Very likely, but not certain, in principle.
Alternatives:

- an ultra dense star cluster
- a boson star or a gravastar
- A strong cusp of dark matter
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In strong gravitational field both gravitational redshift and orbital
precession are expected

For the S2 star both redshift and precession actually found

| ! |
NON-spinning SMBH

spinning SMBH

Astrometric accuracy
of GRAVITY:
10-100 pas
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Non rotating (Schwarzschild) black hole

4 /2 J
op = [ 4 — 2
\/ sz — uy) ) V1 —kZsin? g
p_
Uz — Uy ,

depends on the orbit.

At lowest order, the elliptic integral leads to the known Einstein-
Schwarzschild precession per orbit

627G m,
c? a(l —e?)

0P =

Observed value for S2 gives ~12° compatible with 10% accuracy with
the above. Can we really state about GR validity?
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Issues:

- 1st order term 1s not enough
- Precession and red shift must be coup
- BH may have a spin (Kerr black hole)

!

S, = (Gm?/c)ys,

S, 1s the spin versor, ranging from up to down
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Closer to Sgr A*
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To measure the SgrA™* on a 5yr time basis rp,< S 2/5,a <S 2/5, P<2.5 yr

I I I
Tops= 5 yrs o

assuming a 100uarcsec resolution

002 0.04 0.1 0.2 0.14 0.16 0.18

r, / Ihso
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