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Abstract:

Emergent Modified Gravity (EMG) is a post-Einsteinian theory of canonical gravity. In this formulation, modified constraints are
required to preserve an algebra of hypersurface deformation form and will in general imply modified structure functions. This
procedure leads to the conclusion that spacetime is an emergent object with a nontrivial dependence on the gravitational phase
space variables through the modified structure functions. Consistency conditions are imposed on the modified constraints and
the emergent spacetime metric to ensure general covariance. The resulting modifications allowed by EMG go beyond those
obtained from adding higher curvature terms and can result in nonpolynomial dependencies on extrinsic curvature components.
In this talk, we discuss how a particular interpretation of such modifications as holonomy terms makes it possible to use EMG as
a covariant framework for effective (loop) quantum gravity. We then focus on dynamical solutions of the spherically symmetric
model which include nonsingular black holes, new effects to gravitational collapse, and MOND-like effects at intermediate scales.
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Traditional modified gravity

Higher curvature terms

Slg]l = [ dx*/—detg(R + c;R? + c; R, R* + )

Typical issues:

1. Additional degrees of freedom
2. Instabilities

3. Perturbative quantization beyond 1-loop?
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Effective LQG modified gravity

Holonomy modifications on Hamiltonian constraint

H[A]l - H

Typical issues:

exp ifA
A

1. Several inequivalent black hole models
2. Anomalous constraint algebra

3. Break general covariance
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Covariant modified gravity beyond
higher curvature terms?

Post-Einstein ?
Properties: Gravity ﬁ;\h
1. No additional degrees of hew theory
freedom Modified Quantum
2. No instabilities o .
Gravity gravity

3. Anomaly-free constraint

algebra
- : semiclassical
4. Generally Covariant region

Interpret as
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Equations of motion

Emergent modified gravity

Distinction between spacetime and gravity

Emergent field

Spacetime

Hamiltonian

Hamiltonian

Equations of Motion

Gravity
Phase space Fundamental field Phase SPaC
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Canonical gravity N
U

t

ADM decomposition th = Nn* + N%s)
Nn#
ds? = —N2dt? + qgp (dx® + N2dt)(dx? + NPdp)

[Arnowitt, Deser, Misner 1962] nu E
t

Na
Sen [g] = [ d*x/—detgR = [ dtd3x (p*Pq,p, — N*H,,)

Configuration variable: g}

o>

Lagrange multipliers: N* = (N, N%) H[N] = [ d3x NH

Constraints: H, = (H,Hg) | H, =0 =» A={AH,[N*]} 8.A={A H,[e"]}
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The hypersurface deformation algebra
q**(No,M — M3, N)

Anomaly freedom ) —

(N|,H[M]} = —H,[M?3,N* — N?9,M?] N M

{H[N],H[M]} = —H[M%d,N] /7

{H[N],H[M]} = —H4[q**(Md,N — No,M)]

/
[Hojmann, et.al. 1994]
N
Lt
Covariance R I [arXiv:2310.06798]

* Uniqueness result: Algebra implies GR [Hojmann, et.al. 1994].
* Assumption: The spatial metric g, is a configuration variable.
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Emergent modified gravity G (No,M — Maj,N)

—
Li46t
Anomaly freedom:
N M
(H[N]HM]} = ~Ho[M"9,N® = N"9,mM7]
(HIN), (M1} = ~A[M®0,N] Ml
{HIN], H[M]} = —Ha[q* (MO,N — NO,M)] N
2y
Emergent spacetime: ds? = —N2dt? + §,p, (dx® + Nadt)(dx? + NPdt)
. " o Spatial metric:  Gap
Covariance condition: ) =L
o/ S Gravitational field: qqp, P*?

* The spatial metric G, # qq4pis not a configuration variable.

* {Jup is afunction of the phase space derivable from the constraint algebra.
[arXiv:2310.06798]
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Spherical symmetry

A
Smaller phase space E" /
(K (2), E* ()} = {Kp (), E* ()} = 8(x = ) SIAR
1. Constraint ansatz:  up to second-order EY / \
spatial derivatives - — >

2. Anomaly-freedom:
{Hy[N*], He [M*]} = —H [M*(N*)" — N*(M*)']
{H[N], H,[M*]} = —H[M*N']
{ﬁ [N], H[M]} = —H,[%*(MN' — NM"] [arXiv:2310.06798]

Emergent spacetime: ds? = —N?dt? + §,,(dx + N*dt)? + EXdQ?

3. Covariance condition: Ocuv = Leduv
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Spherical symmetry

) )l(Ex)' 2 sin Z/U{ Ex
77 = (f+( E? ))COSZ(M@)—Z‘? (zz o)) (E)?

X
XX E

A(classical) = W

Classical limit: A,qg—0 , frx -1
Xp, Ay ™ 1
Emergent spacetime: ds? = —N2dt? + §,,(dx + N*dt)? + E*d(?

[arXiv:2310.06798]
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Effective loop quantum gravity

* The A modifications may be interpreted as

effective corrections from loop quantum gravity, IS
corresponding to the angular holonomy length of ﬁ _

links of discretized spheres:
hy, = exp(if dgqu_,,) = exp(i/lK(p)
» No radial holonomies h, = exp(i dxK,) ...

Emergent * (Loop) |
Modified mm)  Quantum ﬁ
G ravity Interpret as G ravity

semiclassical region
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Nonsingular black hole solution in vacuum

f:aizl,q:()’le
-1 -1
2M 2M 2M
dSz = — (1 —T) dtz -+ (1 —T) (1 +/12 (1 —7)) dxz +x2dﬂ.2

Minimum radiusx; , solving 1 + A(x)? (1 — %) =0

No physical singularity at X;

Kruskal-type coordinates map spacetime of ‘two black
holes’ joined at x;: This is a wormhole

Infalling particles at rest at infinity take a time % (M +

x7)y/1 — x7/2M to cross the interior (for constant 2 = 1)

[Alonso-Bardaji, Brizuela 2021, 2022]
[with Belfaqih, Bojowald, Brahma arXiv:2407.12087]
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Gravitational collapse

* Dust coupling possible by treating it as
a collection of particles in the emergent
spacetime Ocu, = Leu,

» Star’s surface R follows a geodesic

* Exact solution for the interior of the star
(for constant 1 = 1)

[arXiv:2311.08616]
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Formation of a
wormhole

* Two asymptotic regions joined by the
interior

* The collapsing matter in the first universe
forms a black hole, crosses the wormhole’s
interior, and emerges as an evaporating
white hole in the next universe

» The star’s surface takes a proper time

g (M + x3){/1 — x3/2M to cross the interior
of the wormhole
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M O N D (Modified Newtonian Dynamics)

- . \ ;7. o . .f"l' ol s
Tully-Fisher relation: vt = aq,M - A e
, £ 150 |
" mv ] lj.l.itfi"‘".u'.'u.—u
Centripetal force: E. =— > A ]
X T 100 |- @ —
s .
Circular motion F,. = Fg implies flat 5 50 i’
rotation curves if © ['
C <
CK 1 1 i 1 1 1 1 I 1 1 1 1 J 1 1
my/ayM °0 5 10 15 20 25
= —_—_—— = /
F.'g x Ug UL aOM ln(x) Radius (kpc)

[Begeman, Broeils, Sanders 1991]
[Extended to 750KpcC, McGaugh et al 2024]
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MOND from EMG

Relativistic realization of MOND via logarithmic modification motivated by quantum gravity
procedure [with Martin Bojowald arXiv:2310.19894]

* Problem for QG: Constraint algebra not a Lie algebra due to structure function

 Idea: Define operator H replacing H such that new algebra is free of structure functions
[Gambini, Pullin 2013]

Consider a linear combination of the already modified constraint:

H®W = BH + AH,

* Anomaly freedom: Impose closure of algebra
U [N*], Hy [M*]} = —H,[M*(N¥)" = N*(M¥)']
{HW[N],D[N*]} = —HAW[N*N']
{(HD[N],HD[M]} =0
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MOND from EMG

Result
tan()ll(q,) p vVEX O0E*
A ~ 2(E®)? ox

Kinematical divergence at AK,, = /2 (consider constant A for simplicity)

= —A
2 A +Ex+ A2

\/ﬁtan(/TK(p)qu 1 sin?(1K, )( )
aEx

)2 EX Logarithmic terms
f(EX)=14+— (AE" —In (—)) expected from
2 Co renormalization
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MOND from EMG

Structure function includes this new function
12 (9E*\° _ E*
~XX — 2 Ex + 2 AK
q X (f( ) 4—822 Ox CosS ( (p) (E(p)Z
Dynamical solution includes logarithmic terms

-1 —
, 2M  Ax?\ (. 2M  Ax? x 2M  Ax?\dx?
ds?=—[1-—-—)dt? +(1+ 2 (1 -—+——In[—= 1-—- + x%d0
X 3 X 6 +/Co X 3 x?2

At intermediate scales M/x, Ax? < 1, logarithmic term dominates: MOND
effect recovered. [with Martin Bojowald arXiv:2310.19894]
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Further applications Future work

» Scalar matter * Tensor QNMs: Test GWs observations

[with Martin Bojowald arXiv:2311.10693]

« MOND/DM: Astrophysical observations

» Scalar quasinormal modes
. : * Cosmology: Promising applications to
[withiBojowald, Shankaranarayanan Hubble tension, MONDian effects, CMB,

arXiv:2410.17501] matter distribution, etc...

* (Emergent) Electromagnetism * Nonlocality: Beyond symmetry reduced
[arXiv:2407.14954] models likely require nonlocal formulation

* Quantum gravity: If EMG is post-Einstein
gravity (not effective QG), then quantization
[with Martin Bojowald arXiv:2407.1353] of EMG (not GR) leads to QG

* Gowdy systems
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Thank you for your attention
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—
Li46t
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