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Closure of the hypersurface deformation algebra
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Spacetime embeddability and F = g™




Modified Hamiltonians

No propagating degrees of freedom Hr = [(NH + N*D)dx,

Two pairs of conjugate variables {g:(z1),pj(z2)} = 5,{ d(x1 — x2)

D = — q1p] + gop2 classical diffeomorphism constraint




Modified Hamiltonians

No propagating degrees of freedom Hr = [(NH + N*D)da,
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Modified Hamiltonians

No propagating degrees of freedom Trigonometric functions < covariance

Two pairs of conjugate variables  {gi(x1),p;(z2)} = 628(x1 — x2) Holonomy corrections

/
Six free functionsof p;only g, V, A, W, w, and ¢ appear naturally!

[ A-B, Brizuela (2024) ]
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Modified Hamiltonians

Construction of the model such that it obeys the
hypersurtface deformation algebra

Trigonometric functions < covariance

with a suitable structure function to embed it in (M, 2) Holonomy corrections
L o F appear naturally!
{D_Sl_ g D_Sz_} = D[8182 — 8182], F — a > Wlth pp y
{D[s1], H[ss]} = H[s15}]. (E%) ol 2
{H[s1], H[s2]} = D [F(s155 — s12)], Fy := g” cos(wK, + ) (A cos(wK, — ) + (2E‘P) w? cos(wK, + ‘P))
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Modified Hamiltonians

1 Trigonometric functions < covariance

ds® = oN*dt” 4 a (dz + N*dt)? + r2dQ?,
Holonomy corrections
|
{D[s1], D[s2] } = D|s15 — s}52], F = (;9)2 with ap e g
{D[s1],H[s2]} = H|[s155], gl \ 2
{H[s1], H[s2]} = D [F(s155 — s12)], F, := g° cos(wK,, + ¢) (A cos(wK, — ) + (2E9") w? cos(wK, + ‘P))




Trigonometric functions < covariance

Holonomy corrections

{D:Sl:,D 82:} — D[818’2 — 3’132], F = FS . with appear natural/y.l
{D[s1], H[ss]} = H[s15}]. (E%) ol 2
{H[s1], H[s2]} = D [F(s155 — s12)], Fy := g° cos(wK, + ¢) (A cos(wKy, — ) + (2E9") w? cos(wKy + ‘P))

(Generic features

Curvature in terms of Vr, V2r, and ¥R

Existence of a KVF & orthogonalto Vr [ A-B, Brizuela (2024) ]
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Holonomy corrections
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Special surfaces

(Generic features
Curvature in terms of Vr, Vzr, and PR

Existence of a KVF £ orthogonalto Vr [ A-B, Brizuela (2024) ] _
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Modified Hamiltonians

Special cases Trigonometric functions < covariance

Holonomy corrections
appear naturally!
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Modified Hamiltonians

1 ° ° ° °
Special cases Trigonometric functions < covariance

1. Constant @: the Hamiltonian is bounded in g,

Holonomy corrections
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Modified Hamiltonians

Special cases Trigonometric functions < covariance

1. Constant w: the Hamiltonian is bounded in ¢, o .
olonomy corrections

ii. @ = 0andA > 0: spacetime is Lorentzian (no signature change) appear naturally!
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Modified Hamiltonians

[s this too restrictive? NO Trigonometric functions < covariance

GR satisfies all these conditions... and more .
Holonomy corrections

appear naturally!
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Modified Hamiltonians

Is this too restrictive? NO

GR satisfies all these conditions... and more

We find a one-parameter family of theories withw = 4 € R,

Trigonometric functions < covariance

Holonomy corrections
appear naturally!

such that GRis A = (. This is the effective covariant polymerization!
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Modified Hamiltonians

[s this too restrictive? NO Trigonometric functions < covariance

GR satisfies all these conditions... and more .
Holonomy corrections

We find a one-parameter family of theories withw = 1 € R, appear naturally!

such that GRis A = (. This is the effective covariant polymerization!
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Nonsingular BHs: vacuum
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Nonsingular BHs: vacuum
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Nonsingular BHs

0 2m \ -2 T0 - 2m - ~2 | ~2 102
ds* = —|( 1 — |dt + |1 - 1 — dr” + r<df)”,
r r r

The singularity is replaced with a transition surtace r = r;

of positive radius towards a time-reversed (WH) region

The surface is always inside the trapped region and curvature is finite ) S
\ N, 7 J
N R
. . . ): .................. e : - @
The spacetime is geodesically complete ’ 0 SN
| A-B, Brizuela, Vera (2022) ]
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Nonsingular BHs: Qand A




Nonsingular BHs: Qand A
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Nonsingular BHs: Qand A
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Nonsingular BHs: .

) ~
4s? = — (1 2P0 g2 4 12407
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inner Cauchy horizon

Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
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Nonsingular BHs

T = +00 "

7~

J+
+ .
J T=400 r =400 o

7

ingularity resolution in a nutshell: positive M, small Q, and positive /A
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A-B, Brizuela, Vera (2023)
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Nonsingular BHs

There may be 2, 1, or O horizons

| A-B, Brizuela, Vera (2023) ]
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Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
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T % 7" T Extremal cases (maximum Q) N e
AN //63 ) N\ /
NN A7 break the time-reversal symmetry \ 7
o g j_ \\ // j_
\\d/
Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
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ds? = o N?dt* 4
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Dynamical BHs: dust

ds? = o N2dt? (dx + det)2 + r2d0?, {D[s1], D[s3]} = D[sys, — s3],
{Dl[s1], H[s2]} = H|[s155],
{H|[s1], H[s2]} = D [F(s155 — s752)],

| A-B, Brizuela (2024) ]
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Dynamical BHs: dust

To solve Hamiltonian equations: same procedure as in GR

1. Choose the dust frame: ¢p = ¢ 3. Dust momentum: P, = £

2. Conservation of gauge: N = 1 4. New variables: (E*, E?, qu) — (r,m, k)

[Solve diffeomorphism for K. ]
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Dynamical BHs: dust

To solve Hamiltonian equations: same procedure as in GR

1. Choose the dust frame: ¢ = ¢ 3. Dust momentum: £, = £
2. Conservation of gauge: N = 1 4. New variables: (E*, E?, Kco) — (r,m, k)
[Solve diffeomorphism for K. ]
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m = N*m/, Minimum for
b= N collapsing branch

y

MPs




Dynamical BHs: dust

To solve Hamiltonian equations: same procedure as in GR

1. Choose the dust frame: ¢ = ¢ 3. Dust momentum: P = L
2. Conservation of gauge: N = 1 4. New variables: (E*, E?, Kco) — (r,m, k)
[Solve diffeomorphism for K. ]
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| A-B, Brizuela (2024) ]

Dynamical BHs: dust

Still, one gauge freedom to fix to= ey ooy 1= 2 (14 2,
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

- The radius of each dust-shell has a positive infimum, achieved in finite proper time

- However... curvature scalars diverge there. Singularity resolution is not complete
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

- The radius of each dust-shell has a positive infimum, achieved in finite proper time

- However... curvature scalars diverge there. Singularity resolution is not complete

What happens here?
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

- There is a conformal freedom that we omitted at the beginning...

- We can build a whole family of regular metrics
covarilantly associated with the dynamics
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

- There is a conformal freedom that we omitted at the beginning...

- We can build a whole family of regular metrics
covarilantly associated with the dynamics
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

Dust is now coupled to

a conformal fiducial metric
- There is a conformal freedom that we omitted at the beginning...

- We can build a whole family of regular metrics
covarilantly associated with the dynamics
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Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

Dust is now coupled to

a conformal fiducial metric

- There is a conformal freedom that we omitted at the beginning...
It is still possible to couple it

- We can build a whole family of regular metrics . .
to the physical metric...

covarilantly associated with the dynamics

i . i
il aEd . \/1 22m \/K _2m d5? = Q7% | -N?dt? + — (dw + N=dt)*| +r2do?
/ f T i _
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k= Nk 02 = (1 Tm) Curvature scalars are bounded forn > 1
| A-B, Brizuela (2024) ]

2

Joﬁ)Ps



Dynamical BHs: dust

E_
- Trajectories on phase space describe a smooth bounce of dust 7~
- There is a conformal freedom that we omitted at the beginning...
- We can build a whole family of regular metrics
covariantly associated with the dynamics T+
i) e 2 m(x) s (r’(t, :1:))2 0 2
ds’ = — (1 dt’ + (1 dz® + r(t, z)*do?, by
Gt ) (1,45 1 4+ x(x)
S
= —E\/ 1 Qim \/ k- 2;”, £:= VIi—A )\:Z, (1 - 2?"”‘) . Curvature scalars are bounded forn > 1
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summary & Outlook

We found an elfective Hamiltonian theory with a well-defined
geometric description, and such that GR 1s a singular limit.

Static and dynamical solutions are under control in this effective
description. Physically reasonable cases are free of singularities,

- Modelling numerical collapse
- Understanding effective corrections from full LQG
- Homogeneous reduction: Is it possipble to ind FLRW?

. [.ess symmetric scenarios... effective Kerr BHs
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No propagating degrees of freedom Trigonometric functions < covariance

Two pairs of conjugate variables  {gi(x1),p;(z2)} = 628(x1 — x2) Holonomy corrections

/
Six free functionsof p;only g, V, A, W, w, and ¢ appear naturally!

[ A-B, Brizuela (2024) ]

D = — q1p| + gop2 classical diffeomorphism constraint
- A o [. [(AWN] 1 /p7 pip), 0Olog(W) (p})?
— —_ Q1 2 R 1 - 1 172 : 1 2
H=g¢g -pQV P2~ Sil (qu) oy | og ( 3 ) | > (p2 2 I, 2D COS (qu + go)

8log(w)) Al ( Ow 6<,0) (p'l )2 :
— + —sin (2wq2 ) — | wqr + - P2 —— | sin (2(wgqs + :
((h q2p2 p1 " ( Q2) q1 T q2p2 . D2 01 2, ( (wqo 90))




Modified Hamiltonians

Construction of the model such that it obeys the
hypersurtface deformation algebra

Trigonometric functions < covariance

with a suitable structure function to embed it in (M, 2) Holonomy corrections
L o F appear naturally!
{D_Sl_ g D_Sz_} = D[8182 — 8182], F — a > Wlth pp y
{D[s1], H[ss]} = H[s15}]. (E%) ol 2
{H[s1], H[s2]} = D [F(s155 — s12)], Fy := g” cos(wK, + ) (A cos(wK, — ) + (2E‘P) w? cos(wK, + ‘P))




Trigonometric functions < covariance

Holonomy corrections

{D:Sl:,D 82:} — D[818’2 — 3’132], F = FS . with appear natural/y.l
{D:Sl:,H 82:} = H _818,2], (E¢) Ewl 2
{H[s1],H][s2]} = D [F(s1s, — s1s2)], F, := g° cos(wK, + ) (A cos(wK, — ¢) + (2E<P) w? cos(wK, + cp))

Special surfaces

(Generic features
Curvature in terms of Vr, Vzr, and PR

Existence of a KVF £ orthogonalto Vr [ A-B, Brizuela (2024) ] _
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Modified Hamiltonians

Special cases Trigonometric functions < covariance

1. Constant w: the Hamiltonian is bounded in ¢, o .
olonomy corrections

ii. @ = 0andA > 0: spacetime is Lorentzian (no signature change) appear naturally!

iii. W= C\ﬂ andV =—1/2p;):Am:m' =0

A 0 |
H = g|paV — p2 23 sin (wg2) - |log (

AW)‘ 1 (p’{ piph  0log(W) (p})?
2 + ~ 2 :
W D2 D5 Op1  2po

) cos? (qu + 90)

Bpl i 2

dlog(w)\ A . Ow 6<,0) (p'l )2 :
_ e _ Epo —— ) [ 2L 9 ,
((h T g2P2 Ip, ) " (2wq2) (W(h + Q22 op1 D2 op1 205 Sin ( (wge + 90))




Modified Hamiltonians

Is this too restrictive? NO

GR satisfies all these conditions... and more

We find a one-parameter family of theories withw = 4 € R,

Trigonometric functions < covariance

Holonomy corrections
appear naturally!

such that GRis A = (. This is the effective covariant polymerization!

A

, 0 | AWNT] 1 /o] ‘o, Olog(W) (p})?
H=g sz—pza?Slnz (qu)_ 10g< ) +_(p1 D1P2 : g(W) (p}) )0082 (WC12+80)

Bpl i UJ2

W

8log(w)) A

— ((h T 22 Ipr — sin (2wgs) —

2 \ p2 3 Op1  2p

Ow Oy P\
(wa a2y pza—m) (E) sin (2(wge + ¢)) |,




Modified Hamiltonians

[s this too restrictive? NO Trigonometric functions < covariance

GR satisfies all these conditions... and more .
Holonomy corrections

We find a one-parameter family of theories withw = 1 € R, appear naturally!

such that GRis A = (. This is the effective covariant polymerization!

E¢ sin?(A\K )) sin(2AK,) AE®\? ¢ =K, p,=E?
H = 14 22 | — VE®K, = 1+< ) v
2V ET/14 )2 ( A2 AVIF A2 2E¥
cos’(AKy) ( E* [ ——\'" . == (E"\’
21+ N2 (ZE‘P( E) Ve (ESO) )

[ A-B, Brizuela, Vera (2022) ]
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Nonsingular BHs: vacuum
. )d£2+ (1 ’;)_1(1 27:”)_1df2+7"2d§22,

)\2
To -— 2m1 n )\2
E¥ sin?( AK )) sin(2AK.,) AE®\?
H = 1+ 22 | —VE*K, L4 1+( )
2VE/1+\2 ( A2 AIFA2 2E¥
cos’(AKy) ( E* [ ——\'" . == (E"\’
C2V/1+ A2 (ZE“”( E) Ve (E‘O) )

| A-B, Brizuela, Vera (2022) ]




Nonsingular BHs

0 2m \ -2 T0 - 2m - ~2 | ~2 102
ds* = —|( 1 — |dt + |1 - 1 — dr” + r<df)”,
r r r

The singularity is replaced with a transition surtace r = r;

of positive radius towards a time-reversed (WH) region

The surface is always inside the trapped region and curvature is finite ) S
\ N, 7 J
N R
. . . ): .................. e : - @
The spacetime is geodesically complete ’ 0 SN
| A-B, Brizuela, Vera (2022) ]
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Nonsingular BHs: Qand A

i} 2 A
ds’ = — (1 2m(r) di” + r2d0> m—m(r) =M 9 F—r

r 2r2 6

—1 —1 2

\ (1 Zim(r)) (1 2m(r)) 12

r r

E¥ sin?( AK )) sin(2AK,) AE="\

H = 14 2 ) —VE*K, e 1 4 ( )
2V E*\/14+ )\ ( o A/ 1+ )2 2E%

B ) ()l o (2))

o[ )2




Nonsingular BHs: .

) ~
4s? = — (1 2P0 g2 4 12407
r
e | —1
’ 2AMm ( 'r) 1 2m (7‘ ) dr 9 “
r r
0> A,
m — m(}/‘) = M 2;/-2 | 6 r Remal’kabl}’, 110

inner Cauchy horizon

Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
A
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Nonsingular BHs

T = +00 "

7~

J+
+ .
J T=400 r =400 o

7

ingularity resolution in a nutshell: positive M, small Q, and positive /A

0”\\
*e X

’0
%D
*

A-B, Brizuela, Vera (2023)
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Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
A
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T % 7" T Extremal cases (maximum Q) N e
AN //63 ) N\ /
NN A7 break the time-reversal symmetry \ 7
o g j_ \\ // j_
\\d/
Singularity resolution in a nutshell: positive M, small Q, and positive /A [ A-B, Brizuela, Vera (2023) ]
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- =B T &

Dynamical BHs: dust

ds? = o N2dt? (dx + det)2 + r2d0?, {D[s1], D[s3]} = D[sys, — s3],
{Dl[s1], H[s2]} = H|[s155],
{H|[s1], H[s2]} = D [F(s155 — s752)],

| A-B, Brizuela (2024) ]
Minimal

B sin” (AK )) sin(2AK,) ( AE="\* coupling
H = 14 2. )\ _VEzK, ¢ 1+( )
2V E*\/1+\? ( A AV 14 )2 2E%
| COS2()\K<P) Ex/ - / - Ex/ / | COS2()\K¢) \Ez! 2 iz N
SO (2 (V) +vE (G ) ey 1+ T2 (14 () ) e
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Dynamical BHs: dust

To solve Hamiltonian equations: same procedure as in GR

1. Choose the dust frame: ¢p = ¢ 3. Dust momentum: P, = £

2. Conservation of gauge: N = 1 4. New variables: (E*, E?, qu) — (r,m, k)

[Solve diffeomorphism for K. ]

EY sin?( AK )) ——  sin(2AK,) ( (AE“”)Q)
( AV 1422 "\ 2E¢

: cos?(AK ) (E“” (\/ﬁ),—l—\/ﬁ(EZ),)—de,\l I cos?(AK ) (1+ ()\ET/’Y) E= ()2,

21 T2




Dynamical BHs: dust

To solve Hamiltonian equations: same procedure as in GR

1. Choose the dust frame: ¢ = ¢ 3. Dust momentum: P = L
2. Conservation of gauge: N = 1 4. New variables: (E*, E?, Kco) — (r,m, k)
[Solve diffeomorphism for K. ]

, 2Am 2m

r= N — E\/ 1 r \/ K - Maximum for expanding branch

. - ONLY whenk < O
m = N"m, ‘ Minimum for

L NT R collapsing branch

Periodic oscillations with: T = 2zm(1 + 4| x|) | x| ™"
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| A-B, Brizuela (2024) ]

Dynamical BHs: dust

Still, one gauge freedom to fix to= ey ooy 1= 2 (14 2,

We choose m = m(x) > 0 2m_[2m 2m 5(r — 27m)

.
t—tg= —e— — —7 (1 — Ak)artanh
0 6/4;\/ r r n+€/c3/2( )artan \/ 2m + kr

. . X
Conservation: N* = () N 2Am \/Zm om \/ K| (r — 22m)
t—tg= +e—1/1— k| — € (1 4+ X|k|) arctan ,
] CEE myp

. . 2Am 2m

r=N"r —ey/l . K o Maximum for expanding branch

: _— ONLY whenk < O
m=N"m, l Minimum for

: collapsing branch
k= N%x, S

|—3/2

Periodic oscillations with: 7' = 2zm(1 + 1|« |) | k




Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

- The radius of each dust-shell has a positive infimum, achieved in finite proper time

- However... curvature scalars diverge there. Singularity resolution is not complete

What happens here?

. . 2Am 2m

r=N"r —ey/l . K o Maximum for expanding branch

: _— ONLY whenk < O
m=N"m, l Minimum for

: collapsing branch
k= N%x, S

Periodic oscillations with: T = 2zm(1 + 4| x|) | x| ™"




Dynamical BHs: dust

- Trajectories on phase space describe a smooth bounce of dust

Dust is now coupled to

a conformal fiducial metric

- There is a conformal freedom that we omitted at the beginning...
It is still possible to couple it

- We can build a whole family of regular metrics . .
to the physical metric...

covarilantly associated with the dynamics

i . i
il aEd . \/1 22m \/K _2m d5? = Q7% | -N?dt? + — (dw + N=dt)*| +r2do?
/ f T i _
m = N*m/,
. ot _ 2om\
k= Nk 02 = (1 Tm) Curvature scalars are bounded forn > 1
| A-B, Brizuela (2024) ]
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Dynamical BHs: dust

E_
- Trajectories on phase space describe a smooth bounce of dust 7~
- There is a conformal freedom that we omitted at the beginning...
- We can build a whole family of regular metrics
covariantly associated with the dynamics T+
i) e 2 m(x) s (r’(t, :1:))2 0 2
ds’ = — (1 dt’ + (1 dz® + r(t, z)*do?, by
Gt ) (1,45 1 4+ x(x)
S
= —E\/ 1 Qim \/ k- 2;”, £:= VIi—A )\:Z, (1 - 2?"”‘) . Curvature scalars are bounded forn > 1

| A-B, Brizuela (2024) ]
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summary & Outlook

We found an elfective Hamiltonian theory with a well-defined
geometric description, and such that GR 1s a singular limit.

Static and dynamical solutions are under control in this effective
description. Physically reasonable cases are free of singularities,

- Modelling numerical collapse
- Understanding effective corrections from full LQG
- Homogeneous reduction: Is it possipble to ind FLRW?

. [.ess symmetric scenarios... effective Kerr BHs




