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Introduction

Collapse of a spherically symmetric cloud of
homogeneous pressureless dust

* Modified Einstein’s equations

* Oppenheimer-Snyder model
(by matching)
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EINSTEIN’S EQUATIONS




Classical theory

General spherically symmetric line element:

E®)?
d52 = —Nd'l'2 + ( Ex) (dx + N* d’l')z + EdeZ (PG coordinates)
{Kxbﬁ)r Ex(YZ)} e 2]’5()’1 i )’2) GE@ =3l

{K¢ 1), E?(v2)} = v6(v1 — y2)

L alOe e —— e =]
(dust field = 1)
Arcal Gauge HEEEE————) [* = x?

X

B S=—=t
\/1 + &(7,x)
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y:

POIymerlzatlon J. G. Kelly, R. Santacruz, E. Wilson-Ewing. (2020)

V. Husain, J. G. Kelly, R. Santacruz, E. Wilson-Ewing. (2022)

1-dimensional graph: () O O >
xj_l .X'j xj+1 %
 Discretization:  x — x;
« Operators: E? = E‘J.‘p
it VA
T — SiliKp(xj) Th T,
Ko = Uj = e "1me Hj X;
By 5 0.-07 sin({jK,(x;))
* Polymerization: Uj — el”ijp(xj) —— 'L — ]_(p J
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SemICIaSSICaI th eory J. G. Kelly, R. Santacruz, E. Wilson-Ewing. (2020)

V. Husain, J. G. Kelly, R. Santacruz, E. Wilson-Ewing. (2022)

&

ds 4= detr > (dx + N* d1)* + x2dQ?
VA

B = 7Kq)

, i E¢
E‘p=—T_6 ( >sm,8cos,[>’

% 3 . 2 Polymerized Einstein Field Equations (PEFE)

. X Yo O (XESindp) o
K, = bl F = {F,H}

P2 ) ()2 oo 2yAx

G5 R D S LR )+ e 3
e T P = 8nxE® |y2Ax TR X E®

K
Nx=—7(p — Nx=—y%zsinﬁcosﬂ
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|nter|0r (p == O, axp = O) M. Bojowald, J. D. Reyes, R. Tibrewala (2009)

K. Giesel, H. Liu, E. Rullit, P. Singh, S. A. Weigl (2023)

Y e G
iw/1+s(r,x)
81 P S 3
3 St Sl | AR 2 Bt e M R AT R e A =
S SEc i Sl * Pe = Bmy2A
PEFE
sin? B = y2A i s
4 R AR
::T{(TIR) R 1 (5 = O L —(aR‘S)Z dR? + £2d0? LTB coordinat
N e 1 +E(R) ( coordinates)
e =E(R)
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Interior (=0, 9,0=0)

2
From ds? = —dT? + 2R gp2 4 £24q?2
1+E(R)

¢ = a(T)x(R)
E(R) = —kx;

The Friedmann dust ball:  ds? = —dT? + a?dR? + a?y2d0? with y,(R) = \/—%sin(\/ER)

e DN S8 Sl Velge o
a TS a? p. 8mp,a?

« pol/ s (pressureless dust)
» Classical Friedmann equation for p, — oo (A — 0)
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Static Exterior (p=0)

. x? G
E =———0,|—)sinfcosf=0

yVA T\ x
x .
Oy = A — + ) P = ()
Al The metric is fully determined by
2M M B\’ these 2 expressions
a
(Nx)2=7—;<;+5> + B a = 4y2A

ds? = —dt? + A*(dx + N* dt)?* + x*dQ?

In Schwarzschild coordinates: ds?= —f(r)dt?

G 20
+f(r)+r dQ)

_ L 2M (M B
f(T')— __+_<?+E>

r r2
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y:

Time dependent Exterior (p=0)

- E? X
E¢=——20,|— sinff cosf + 0 w—— 0 L F R =
VA (57 J1+&(t,x)

ke e S R
s x Y x2 x3
PEFE

g =const or &€= ¢&(t,x)

2
If ¢ # £(t,x) then the only line element is givenby f(r) =1 — L (M + E)

T r2 \r 2
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OPPENHEIMER-SNYDER MODEL

(BY MATCHING)




O p p e n h e I m e r- S nyd e r m O d e I 2 Zli:?;?\,/i\z(i., -!I-'a\;’aall(vsllgvii?% Tavakoli, J. Lewandowski (2022)

J. Lewandowski, Y. Ma, J. Yang, C. Zhang (2023)

2

VACUUM . ds?= —f(r)dt? + + r2dQ?

(t7.6,9) f(r)
5 2M  a (M k)(,%}o ;
f<">—1‘7+rz<7‘ 2 )

ds? = —dT? + a?dR? + a’y%dQ?>  with yx(R) = \/%sin(\/zR)
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Critical mass and horizons

2

T 2

2
=il —27M+£(M ka’(’)

72

« If M_<M< M, = A realsolutionsof f(r) =0 (no horizons)

Mz = [64 96 kxio + 30 k?xro + k3 xieo £ (16 =16 kxit o + k?xico) /2]

216

if M>M, U M<M_ = 3 2realsolutionsto f(r) =

1/3 2 2/ 2 2
a 1—2k a 3 1—k
( M> Xk,o( M) ( Xk,o) 0( 4/3)

2 6M 2 24 M

(s kX’%’O)Z a+0 (a4/3)

8 M
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H. Ziaie, Y. Tavakoli (2020)
A. Parvizi, T. Pawlowski, Y. Tavakoli, J. Lewandowski (2022)
J. Lewandowski, Y. Ma, J. Yang, C. Zhang (2023)

Exact solution to the PEFE with B = 0

Credits:

J. Lewandowski,
Y. Ma,

J. Yang,

C. Zhang
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2
1'0) Exact solution to the PEFE with B = x2,

D
A r+r2(r+ 2

M, M2

R e S e Y (S0 A |
TR 3 Pc 87‘[pca2 2 p a? D 87Tpca2 Credits:

J. Lewandowski, Y. Ma, J. Yang, C. Zhang
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2
2M | a (M X3

=S Exact solution to the PEFE with B = —y{,< 0

M3 M2
0.0 0.‘2 0.‘4XL 00:6 0.‘8 1.0 0.0 0.2 0:4Xl’ O0 6 0.8 1.0
2

a\ _(8m 1 i p S

1 e a? p. 8mp.a?

a 4 el 8m 13 3l
2)=-p(1-L+ S Dty L = Credits:
a 3 pc 8mp.a 3 a 2p. 8mp.a ;

J. Lewandowski, Y. Ma, J. Yang, C. Zhang
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Conclusion

« Two independent methods lead to the very same metric.

« Static exterior solutions to the Einsten’s equation are Schwarzschild-like but
depend on two parameters (M and B).

« There may exist other non-static solutions.
If this possibility is ruled out = Birkhoff's theorem.
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Classical theory

Gravity + Dust:
S={[dt[dx

e .
[K’“E 2o ¥ AmTpr — N(HI + HE) — N*(F7 + }fg)]

1 E® )/2 (a Ex)z Ex
HI = — 2K K, VE* + — (K2 +v?) — ad — y2/E*X
2)/ + _( ) R Y“VE*0,

Ex
Hd = 4n\/p§ + O P (0, T)?

HI = ; 2E®0 9. E*
x—Z(E Ky — Ky 0,E¥)
HE = —4nps0,T
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Classical theory

KxE*+2K,E?
2y

Gravity + Dust: S = fdrfdx[ +4n Tpr — N(H9 + HY) — N*(H7] +7—[,§l)]

Dust Gauge (T'=1) o) N =1
Ko
Areal Gauge (E* = x?) ) N*=-——

14
K E®
=jdrjdx[")
1%

E2sy 52
H = —4npr = ——[— Oy (x )’x - y A {0 (E‘P>]

- iH‘] [ {K<p()’1)» E¢(Y2)} =y06(Y1 — Y2)
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Dust density p

From the Dust Gauge: R

By solving the Scalar Constraint: HI = —4npr =H

The density p is defined by H = [dQ/qp

I :p—T:—i
P=YE® ™ ~ anxE®

» | 58 UNIVERSITY
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Quantum theory

\hgp ey i 1 AR
Quantization: <E‘P,K¢,E—¢> e— (Ej‘”, U,-,E7>
]
EZ ) IE") |Ej41)
1-dimensional graph: —() O O >
xj—l X] xj+1 i
* Triad operator:  E? |E")=E/|E])
1 ) : Polymerization U; ﬁ’r sm(y (x )
o Ho|onomy: U] — elu']K<P(xJ) ) 2 ﬁ J J
0 Sl 4
b Ui |E;" )= |E;" +i5)
0 if EX |E)=0
* |nverse triad: i{p|E.‘P) =44 A o Bl o A
EfE) /E."’ E”) jiged e A=)
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