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Key Ideas

▶ Scientific Question: Can modified gravity reproduce the DESI evidence for
dynamical dark energy without introducing new degrees of freedom, while
keeping the cosmological constant non-dynamical?

▶ Importance: Results from the Dark Energy Spectroscopic Instrument (DESI)
Collaboration’s data analysis favors weakening dark energy, which presents a
challenge to ΛCDM.

▶ Unique and New: We use a modified gravity approach that doesn’t require new
degrees of freedom beyond what would be available in ΛCDM. This is because in
our approach the spatial metric is not a canonical configuration variable.
Instead, the metric is an emergent function of the phase space. This is in
contrast to standard approaches that require new degrees of freedom/fields, have
Ostrogradsky instabilities, or require higher dimensions.

▶ Implications: The emergent metric is constrained to a form with a
phenomenological gravitational form factor F (p̄), analogous to a hadronic form
factor, which we can fit to the required Chevallier–Polarski–Linder (CPL)
parametrization curve w(z) = w0 + wa z/(1 + z) with
(w0,wa) ≈ (−0.86,−0.55), while keeping the cosmological constant Λ
non-dynamical. The phase space is not enlarged: no new fields, no Ostrogradsky
ghosts, no new particles.
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Canonical Gravity (ADM)
▶ ADM decomposition

ds2 = −N2dt2+qab
(
dxa+Nadt

)(
dxb+Nbdt

)
tµ = Nnµ+Nasµa (Arnowitt, Deser, Misner 1962)

▶ Einstein–Hilbert action (ADM form)

SEH[g ] =

∫
d4x

√
− det g R =

∫
dt d3x

(
pabq̇ab−NµHµ

)
,

configuration: qab, Lagrange multipliers: Nµ = (N,Na).

▶ Constraints

Hµ = (H,Da), Hµ = 0. (On Shell Condition)

▶ Total Hamiltonian and Evolution

H[N] =

∫
d3x N H, Ȧ = {A,Hµ[N

µ]}, δεA = {A,Hµ[ε
µ]}.
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d3x N H, Ȧ = {A,Hµ[N

µ]}, δεA = {A,Hµ[ε
µ]}.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 3 / 25



Canonical Gravity (ADM)
▶ ADM decomposition

ds2 = −N2dt2+qab
(
dxa+Nadt

)(
dxb+Nbdt

)
tµ = Nnµ+Nasµa (Arnowitt, Deser, Misner 1962)

▶ Einstein–Hilbert action (ADM form)

SEH[g ] =

∫
d4x

√
− det g R =

∫
dt d3x

(
pabq̇ab−NµHµ

)
,

configuration: qab, Lagrange multipliers: Nµ = (N,Na).

▶ Constraints

Hµ = (H,Da), Hµ = 0. (On Shell Condition)

▶ Total Hamiltonian and Evolution

H[N] =

∫
d3x N H, Ȧ = {A,Hµ[N
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The Hypersurface Deformation Algebra

▶ Anomaly freedom [Hojman et al., 1994]

{Da[N
a
1 ],Db[N

b
2 ]} = −Da[N

b
2 ∂bN

a
1 − Nb

1 ∂bN
a
2 ] ,

{H[N],Da[N
a]} = −H[Nb∂bN] ,

{H[N1],H[N2]} = −Da[q
ab(N2∂bN1 − N1∂bN2)] .

▶ Covariance: δεgµν
∣∣
o.s.

= Lξgµν

∣∣
o.s.

— the

gauge flow generated by H makes q̃ab transform

as a spatial tensor.

▶ Uniqueness result: algebra ⇒ GR
[Hojman et al., 1994].

▶ Assumption: the spatial metric qab is
a configuration variable.

▶ Drop the assumption: anomaly
freedom of the perturbative
Hamiltonian determines the emergent
spacetime metric. The covariance
condition guarantees the emergent
metric is a valid metric.

[ED, Bojowald 2023, arXiv:2310.06798]
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ΛCDM Tensions and DESI: Two Roads Forward

▶ The dark energy equation of state w ≡ p/ρ controls how the expansion
accelerates. A cosmological constant has w = −1; deviations from −1 indicate
departure from ΛCDM.

▶ CPL parametrization: w(z) = w0 + wa
z

1+z
, where w0 is the value today and wa

controls evolution with redshift. The ΛCDM point is (w0,wa) = (−1, 0).

▶ DESI BAO + CMB + SNe prefer (w0,wa)≈(−0.86, −0.55) . Translation:

dark energy today is slightly less repulsive than Λ, which would seem to indicate
dark energy is weakening.

▶ Our approach: modify the gravitational Hamiltonian, not the matter content.

▶ No new degrees of freedom
▶ No higher time derivatives ⇒ no Ostrogradsky instability
▶ Only a standard cosmological constant Λ
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The EMG Framework: Geometry from Constraints

▶ Spacetime metric is not fundamental: it emerges from the structure function of
the {H,H} bracket.

{H[N1],H[N2]} = Da

[
¯̃qab
(
N̄2∂bδN1 − N̄1∂bδN2

)]
▶ Modifying H can change ¯̃qab ⇒ new geometry without enlarging the phase

space.

▶ Dropping “qab is fundamental” opens a class of covariant modified gravity
theories unreachable by any metric action principle.

▶ This is an EFT of the gravitational Hamiltonian: write all operators compatible
with background symmetries; the constraint algebra plays the role gauge
invariance plays in the SMEFT, constraining operator coefficients.
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Canonical Perturbation Theory

▶ In the isotropic slicing, we have

K̄ i
a = k̄δia, Ē a

i = p̄δai

and {
k̄, p̄
}
=

κ

3V0

where κ = 8πG and V0 is the volume of a spatial averaging region considered
approximately homogeneous.

▶ All space-time metric components are perturbed including the lapse function
N = N̄ + δN, the shift vector Na = δNa, and the canonical pair K i

a = K̄ i
a + δK i

a
and E a

i = Ē a
i + δE a

i .

▶
H[N] = H(0)[N̄]︸ ︷︷ ︸

background

+ H(1)[δN]︸ ︷︷ ︸
linear (gauge)

+ H(2)[N̄]︸ ︷︷ ︸
quadratic (dynamics)

.

▶ Perturbed Hamiltonian

▶ H[N̄] =
∫
d3xN̄

[
C (0) + C (2)

]
, H[δN] =

∫
d3xδNC (1)
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approximately homogeneous.

▶ All space-time metric components are perturbed including the lapse function
N = N̄ + δN, the shift vector Na = δNa, and the canonical pair K i

a = K̄ i
a + δK i

a
and E a

i = Ē a
i + δE a

i .

▶
H[N] = H(0)[N̄]︸ ︷︷ ︸

background

+ H(1)[δN]︸ ︷︷ ︸
linear (gauge)

+ H(2)[N̄]︸ ︷︷ ︸
quadratic (dynamics)

.

▶ Perturbed Hamiltonian

▶ H[N̄] =
∫
d3xN̄

[
C (0) + C (2)

]
, H[δN] =

∫
d3xδNC (1)
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i = p̄δai

and {
k̄, p̄
}
=

κ

3V0

where κ = 8πG and V0 is the volume of a spatial averaging region considered
approximately homogeneous.

▶ All space-time metric components are perturbed including the lapse function
N = N̄ + δN, the shift vector Na = δNa, and the canonical pair K i

a = K̄ i
a + δK i

a
and E a

i = Ē a
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i = p̄δai

and {
k̄, p̄
}
=

κ

3V0

where κ = 8πG and V0 is the volume of a spatial averaging region considered
approximately homogeneous.

▶ All space-time metric components are perturbed including the lapse function
N = N̄ + δN, the shift vector Na = δNa, and the canonical pair K i

a = K̄ i
a + δK i

a
and E a

i = Ē a
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Perturbative Inhomogeneity in Canonical GR

C (0) = − 6
√
p̄

(
k̄2 − 1

3
Λ p̄

)
,

C (1) =
√
p̄

[
−4 k̄ δcj δK

j
c −

(
k̄2 − Λ p̄

) δjc δE c
j

p̄
+ 2

∂j∂cδE
c
j

p̄

]
,

C (2) =
√
p̄

[
δK j

c δK
k
d δck δ

d
j −

(
δK j

c δ
c
j

)2 − 2 k̄ δK j
c

δE c
j

p̄

−1

2

((
k̄2 + Λ p̄

) δkc δjd δE c
j δE d

k

p̄2
−
(
k̄2 + Λ p̄

) (δjc δE c
j

)2
2p̄2

)

−1

2

δjk
(
∂cδE

c
j

) (
∂dδE

d
k

)
p̄2

]
.
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EFT of the Gravitational Hamiltonian

The K-function ansatz: write down all terms compatible with background isotropy
and no higher than second order derivatives.

C̃ (0) = −6
√

p̄K(0) ,

C̃ (1) =
√

p̄

[
−4K(1)

1 δcj δK
j
c −K(1)

2

δjcδE
c
j

p̄
+ 2K(1)

3

∂j∂cδE c
j

p̄

]
,

C̃ (2) =
√

p̄

[
K(2)

1 δK j
cδK

k
d δ

c
kδ

d
j −K(2)

2 (δK j
cδ

c
j )

2 − 2K(2)
3 δK j

c

δE c
j

p̄

−
1

2

(
K(2)

4

δkc δ
j
dδE

c
j δE

d
k

p̄2
−K(2)

5

(δjcδE
c
j )

2

2p̄2

)

−
K(2)

6

2

δjk (∂cδE c
j )(∂dδE

d
k )

p̄2

]
.

▶ There are 10 coefficient functions K(n)
I (p̄, k̄) and general covariance constrains

them to 3 independent functions.
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The Emergent Structure Function

▶ Solving the covariance conditions on the K-functions yields the structure
function in the constraint algebra:

¯̃qab = K(1)
3 K(2)

1

δab

|p̄|
.

▶ The structure function is the inverse emergent spatial metric. The product

K(1)
3 K(2)

1 controls how the emergent geometry departs from the bare
configuration variable p̄.

▶ What this product equals — and therefore what the emergent geometry looks
like — depends on the ansatz chosen for the K-functions. Two such ansatze
follow.
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From the Bounce to a General F (p̄)

▶ The bounce ansatz (arXiv:2507.08116, 2507.14358) uses the bare LQC
holonomy form K(0) = sin2(λk̄)/λ2. Solving the anomaly freedom conditions

yields K(1)
3 K(2)

1 = cos(2λk̄) for the emergent metric.

▶ The length scale λ ∼ ℓPlanck plays the role of an EFT cutoff: modifications are
negligible at k̄ ≪ 1/λ (GR recovered) and order-unity at k̄ ∼ 1/λ (nonsingular
bounce at ρ̄ = ρQ/8).

▶ The generalization. The anomaly freedom conditions also admit a general
ansatz in which the product is promoted to a free function of p̄ :

F (p̄) ≡ K(1)
3 K(2)

1 .

The emergent scale factor becomes ã =
√

p̄/F (p̄).

▶ The phase space is not enlarged. F (p̄) is a function of an existing canonical
variable, not a new field.

▶ Question: what F (p̄) describes the low-curvature regime — the observed
cosmological expansion today?
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F (p̄) as a Gravitational Form Factor

Particle phenomenologists already know objects like F (p̄): form factors. The
structural parallel is exact.

Hadronic form factor Fp(Q
2) Gravitational form factor F (p̄)

Argument Momentum transfer Q2 Phase-space variable p̄ (∼ a2)

Bare interaction Pointlike QED vertex Einstein–Hilbert action

Physics encoded Non-perturbative QCD substruc-
ture

Modifications beyond bare GR

Determination Global fit to scattering data Global fit to expansion history
(CPL)

Trivial limit F →1: pointlike charge F →1: GR recovered (today, p̄≈
1)

Phenomenologists do not derive form factors from QCD; they extract them from data and use
them to predict other observables. We propose the same program for gravity. F (p̄) is our
gravitational form factor, extracted from the expansion history, but the model can be predictive for
everything else.
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CPL Correspondence: Solve for the Required F (p̄)

▶ Modified Friedmann equation (covariance + matter coupling):

H̃2 =
κ

3
ρ

(
d ln ã2

d ln p̄

)2 (
1−

ρ

ρQ

)
▶ Demanding equivalence with the CPL expansion gives an ODE for ã(p̄):

d ln ã2

d ln p̄
=

√
Ωm0ã−3 +Ωr0ã−4 +ΩΛ0f (ã−1 − 1)

(Ωm0ã−3 +Ωr0ã−4) (ã2/p̄)3/2 +ΩΛ0

▶ Boundary condition: ã(p̄=1) = 1 (today).

▶ Once ã(p̄) is known, the modification function follows directly: F (p̄) =
p̄

ã(p̄)2
.

▶ Methodologically a global fit: F (p̄) is determined by demanding the modified
Friedmann equation reproduce the CPL expansion law — analogous to
extracting a parton distribution from a global QCD fit.
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▶ Once ã(p̄) is known, the modification function follows directly: F (p̄) =
p̄
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d ln ã2
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▶ Boundary condition: ã(p̄=1) = 1 (today).
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d ln p̄
=

√
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Results: EMG Reconstructs CPL Expansion with Just Λ
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Fig. 1: Fractional deviation ∆H/HCPL.

EMG tracks CPL at 10−3; ΛCDM deviates by

∼ 1%.
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Fig. 2: Required modification F (p̄) (log–log).

Smooth, monotonic; F →1 today, larger at early

times.

▶ F (p̄) is monotonic.

▶ Near p̄≈1 (today): F ≈1 ⇒ GR recovered.

▶ CPL inputs: (w0,wa)=(−0.86,−0.55); Ωm0=0.315, Ωr0=9×10−5,
ΩΛ0=0.685.
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Implications & Future Directions

▶ With F (p̄) extracted from background expansion fit, predictions for other
observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question:

First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Implications & Future Directions
▶ With F (p̄) extracted from background expansion fit, predictions for other

observables are the current direction we are pursuing in ongoing work.

Established in this work

▶ EMG reproduces dynamical dark
energy with only Λ — no new
DOF, no Ostrogradsky ghosts.

▶ Λ remains constant: the apparent
dynamical dark energy is a
gravitational effect of F (p̄), not a
new evolving field.

▶ Compatible with particle dark
matter: EMG modifies only the
gravitational sector and makes no
commitment to the dark matter
sector.

Follow-up work in progress

▶ TVS analysis: tensor, vector, and scalar
perturbations on EMG backgrounds —
including how F (p̄) enters the tensor
mode equations and what this implies
for gravitational wave propagation.

▶ Multi-scale structure: the bounce
regime (F = cos(2λk̄)) and the present
dark-energy regime arise from the same
framework at different curvature scales.
A common fundamental origin
connecting both is an active research
direction.

Open question: First-principles derivation of the UV completion that produces F (p̄) remains
open, but the phenomenological implications can be explored independently of whether we
have such a UV completion or not.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 15 / 25



Thank You For Your Attention!
Feel free to approach for further discussion.
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Backup Slides
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The Lagrangian Question (1/2): A Lagrangian Exists

▶ In ordinary mechanics the inverse Legendre transform H(q, p) → L(q, q̇) is
always well-defined — even for non-polynomial H.

▶ The same is true for EMG. The inverse Legendre transform of the modified
Hamiltonian constraint produces a well-defined configuration-space Lagrangian.
In D=4 spherical symmetry this has been carried out explicitly, yielding

L =
A (1 + 2r)

r s
− Ṽ (closed form, real, single-valued on a branch)

▶ The question is not whether a Lagrangian exists — it does — but what kind of
object it is. The configuration variable qab in this Lagrangian is not the physical
metric. The physical metric is the emergent metric q̃ab, known from the
Hamiltonian analysis.
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The Lagrangian Question (2/2): What the Lagrangian
Cannot Be

▶ Teitelboim (1973): any generally covariant action S[gµν ] necessarily produces
the inverse of its configuration variable as the structure function in {H,H}.

▶ In EMG the structure function is
¯̃qab = F (p̄)

p̄
δab ̸= δab

p̄
= q̄ab ¯̃qab = F (p̄)

p̄
δab ̸= δab

p̄
= q̄ab so the Lagrangian

cannot be a generally covariant scalar density of qab: no action S=
∫√

−g f
reproduces EMG, whether f is polynomial, Born–Infeld, or otherwise.

▶ The Lagrangian that does exist treats qab as a non-geometric field variable, not
the spacetime metric. The physical geometry is encoded in q̃ab, which the
Lagrangian does not see directly.

▶ Open: The Lagrangian is covariant — the HDA guarantees it — but this
covariance is with respect to the emergent geometry, not manifest in bare
variables. Can it be rewritten in emergent-metric variables as a recognizable
geometric action? EMG accesses theories that no bare-metric action can reach;
whether an emergent-metric action exists remains under investigation.
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Applying EMG to a Standard LQC Model

▶ We apply the EMG framework to a well-studied LQC model. The
background modification is the standard LQC form:

K(0) =
sin2(λk̄)

λ2

▶ The key finding is that the inverse background metric is not
classical. It gets modified by a phase-space factor:

¯̃qab = K(1)
3 K(2)

1

δab

|p̄|
=

cos(2λk̄)

|p̄|
δab

ds2 = −N̄dt2 +
|p̄|

cos(2λk̄)
δabdx

adxb

▶ The cos(2λk̄) term was missed in a previous analysis
[arXiv:1111.3535], but has profound consequences for the spacetime
geometry.
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¯̃qab = K(1)
3 K(2)

1

δab

|p̄|
=

cos(2λk̄)

|p̄|
δab

ds2 = −N̄dt2 +
|p̄|

cos(2λk̄)
δabdx

adxb

▶ The cos(2λk̄) term was missed in a previous analysis
[arXiv:1111.3535], but has profound consequences for the spacetime
geometry.
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New Effective Friedmann Equation

▶ The modified emergent metric leads to a new effective Friedmann
equation:

H̃2 =

(
˙̃a

N̄ã

)2

,

(
where ã =

√
p̄

cos(2λk̄)

)

=
8πG

3
ρ̄

(
1− ρ̄

ρQ

)
(1− 8ρ̄/ρQ)

2

(1− 2ρ̄/ρQ)2
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▶ Scalar Matter: We coupled scalar
matter nonminimally.

▶ A New Bounce: H̃ = 0 when
ρ̄ = ρQ/8.

▶ The maximum Hubble parameter
is reached after the bounce.
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)2

,

(
where ã =
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√
p̄

cos(2λk̄)

)

=
8πG

3
ρ̄

(
1− ρ̄

ρQ

)
(1− 8ρ̄/ρQ)

2

(1− 2ρ̄/ρQ)2

0.00 0.05 0.10 0.15 0.20
-0.20

-0.15

-0.10

-0.05

0.00

0.05

0.10

0.15

ρ/ρQ

Δ
Η

▶ Scalar Matter: We coupled scalar
matter nonminimally.

▶ A New Bounce: H̃ = 0 when
ρ̄ = ρQ/8.

▶ The maximum Hubble parameter
is reached after the bounce.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 21 / 25



Time-Reversed Big-Rip Singularity

0.0 0.1 0.2 0.3 0.4 0.5
0.00

0.02

0.04

0.06

0.08

0.10

ρ/ρQ

ρ
/ρ
Q

ρ̃ =
Hπ[1]

V0ã3
= ρ̄ cos3/2(2λk̄) = ρ̄

(
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)3/2

▶ As the universe approaches the
initial rip singularity
(ρ̄ → ρQ/2), the emergent
energy density ρ̃ goes to zero.

▶ This suggests the singularity is
“tame” and may offer a more
controllable starting point for
cosmology than a Big Bang.
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V0ã3
= ρ̄ cos3/2(2λk̄) = ρ̄

(
1− 2ρ̄

ρQ

)3/2

▶ As the universe approaches the
initial rip singularity
(ρ̄ → ρQ/2), the emergent
energy density ρ̃ goes to zero.

▶ This suggests the singularity is
“tame” and may offer a more
controllable starting point for
cosmology than a Big Bang.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 22 / 25



Time-Reversed Big-Rip Singularity

0.0 0.1 0.2 0.3 0.4 0.5
0.00

0.02

0.04

0.06

0.08

0.10

ρ/ρQ

ρ
/ρ
Q

ρ̃ =
Hπ[1]

V0ã3
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Comoving Hubble Radius vs. Density
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▶ The Hubble radius reaches a
minimum shortly after the
bounce, at a density of
ρ̄ ≈ 0.038ρQ .

▶ This rapid change in the
Hubble radius at sub-Planckian
densities could have important
implications for early universe
physics.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 23 / 25



Comoving Hubble Radius vs. Density

0.00 0.02 0.04 0.06 0.08 0.10

4

5

6

7

8

9

10

ρ/ρQ

(G
Π
2
/Δ
2
)1

/6
/(
a
Η
)

▶ The Hubble radius reaches a
minimum shortly after the
bounce, at a density of
ρ̄ ≈ 0.038ρQ .

▶ This rapid change in the
Hubble radius at sub-Planckian
densities could have important
implications for early universe
physics.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 23 / 25



Comoving Hubble Radius vs. Density

0.00 0.02 0.04 0.06 0.08 0.10

4

5

6

7

8

9

10

ρ/ρQ

(G
Π
2
/Δ
2
)1

/6
/(
a
Η
)

▶ The Hubble radius reaches a
minimum shortly after the
bounce, at a density of
ρ̄ ≈ 0.038ρQ .

▶ This rapid change in the
Hubble radius at sub-Planckian
densities could have important
implications for early universe
physics.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 23 / 25



Constraints from Anomaly Freedom

K(2)
2 = K(2)

1 , K(2)
3 =

∂K(0)

∂k̄
− k̄K(2)

1 ,

K(2)
4 = 2k̄K(2)

3 −K(0) − 2p̄
∂K(0)

∂p̄
, K(2)

5 = K(2)
4 ,

2K(1)
1 K(2)

6 =
∂K(0)

∂k̄

(
K(1)

3

∂K(0)

∂k̄
+ 2p̄

∂K(1)
3

∂p̄

)
− ∂K(1)

3

∂k̄

(
K(0) + 2p̄

∂K(0)

∂p̄
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−3K(0)K(2)
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1
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DESI: Anticipated Questions

▶ Q1. “w0 + wa≈−1.41 corresponds to phantom dark energy, doesn’t it?”

In a fluid description with a fundamental scalar, that early-universe value is phantom and

pathological. In EMG there is no fundamental scalar driving dark energy — the modification

is geometric, encoded in F (p̄). The phantom-versus-canonical distinction does not apply.

What matters is whether the modified Friedmann equation reproduces the observed H(z),

which it does.

▶ Q2. “How robust is the CPL parametrization itself?”

CPL is a phenomenological choice — a two-parameter expansion in scale factor. The DESI

collaboration also reports tension with ΛCDM in non-parametric reconstructions, so the

dynamical preference is not solely an artifact of CPL. Our framework reproduces whatever

expansion history the data prefer; a different parametrization would yield a different F (p̄)

but the methodology would be identical.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 25 / 25



DESI: Anticipated Questions

▶ Q1. “w0 + wa≈−1.41 corresponds to phantom dark energy, doesn’t it?”

In a fluid description with a fundamental scalar, that early-universe value is phantom and

pathological. In EMG there is no fundamental scalar driving dark energy — the modification

is geometric, encoded in F (p̄). The phantom-versus-canonical distinction does not apply.

What matters is whether the modified Friedmann equation reproduces the observed H(z),

which it does.

▶ Q2. “How robust is the CPL parametrization itself?”

CPL is a phenomenological choice — a two-parameter expansion in scale factor. The DESI

collaboration also reports tension with ΛCDM in non-parametric reconstructions, so the

dynamical preference is not solely an artifact of CPL. Our framework reproduces whatever

expansion history the data prefer; a different parametrization would yield a different F (p̄)

but the methodology would be identical.

M. D́ıaz ACFI / UMass Amherst

EMG: Dynamical Dark Energy without new DOF 25 / 25


	Appendix

