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a→ 0
(Big Bang)

a := 1
(Today)
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Expansion Rate Determined by Universe Contents

DESI constrains the expansion rate, which is determined by Friedmann’s equation,

H2 = H2
0

(
8πG

3H2
0

)[
ρDE(a) + ρν(a) +

ρb(1) + ρc(1)

a3
+
ργ(1)

a4

]

In order to recover H(1) = H0, we require that

(
8πG

3H2
0

)[
ρDE + ρν + ρb + ρc + ργ

]
a=1

= 1
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▶ H0, DE, and neutrinos remain flexible

▶ Massive neutrinos are cold, non-interacting, matter at late times
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ΛCDM Model: ρDE(a) := Λ constant

=⇒ PDE = −ρDE
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2dFGRS SDSS

(Left) W. Percival, et al. MNRAS 327 1297 (2001); S. Cole, et al. MNRAS 362.2 505 (2005); (Right) D. Eisenstein, et al. ApJ 633 560 (2005)
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DESI measures distances in rd units

DESI measures the time-evolution of cosmological
distances, relative to the BAO rd

▶ Transverse: Angular diameter distance DM

▶ Line-of-sight: Hubble distance DH := c/H(z)

▶ Angle-averaged combination
DV := (zDHD

2
M)1/3

Time-evolution: ΛCDM at z ∼ 1089 fit

to CMB does not work at late-times
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DESI characterizes time-dependence with w0wa...
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...but w0wa is a placeholder
Two parameters characterize the DE equation of state

P/ρ = weff(a) := w0 + wa(1− a)

Features

▶ Describes internal evolution between DE kinetic and
potential DOF

▶ DE assumed to exchange energy and momentum with
gravity only

Causality violation: weff < −1 =⇒ speed of sound

greater than speed of light
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...but w0wa is a placeholder
Under w0wa assumptions, conservation implies

weff = −1− a

3ρ

dρ

da

so data-driven dρ/da > 0 =⇒ weff < −1.
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...but w0wa is a placeholder
Under w0wa assumptions, conservation implies

weff = −1− a

3ρ

dρ

da

so data-driven dρ/da > 0 =⇒ weff < −1.

Interpretation: DESI data suggest energy injection

from other species
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Constraints from oscillations
Massive neutrinos contribute as cold dark
matter in the late universe.

NuFIT 6.0 combines:

▶ Solar: Homestake 37Cl, Gallex, GNO,
SAGE, Super-K, SNO, Borexino

▶ Atmospheric: IceCube/DeepCore,
Super-K

▶ Reactor: KamLAND, SNO+,
Double-Chooz, Daya Bay, Reno

▶ Accelerator: MINOS, T2K, NOνA

Esteban, I., Gonzalez-Garcia, M.C., Maltoni, M. et al. J. High Energ. Phys. 2024, 216 (2025); http://www.nu-fit.org/
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University of Hawai‘i at Mānoa; Workshop on Ghost Particle Hunting; April 30, 2025 12 / 37

http://www.nu-fit.org/


What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

Constraints from oscillations
Massive neutrinos contribute as cold dark
matter in the late universe.

NuFIT 6.0 combines:

▶ Solar: Homestake 37Cl, Gallex, GNO,
SAGE, Super-K, SNO, Borexino

▶ Atmospheric: IceCube/DeepCore,
Super-K

▶ Reactor: KamLAND, SNO+,
Double-Chooz, Daya Bay, Reno

▶ Accelerator: MINOS, T2K, NOνA

Esteban, I., Gonzalez-Garcia, M.C., Maltoni, M. et al. J. High Energ. Phys. 2024, 216 (2025); http://www.nu-fit.org/
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Constraints from oscillations
Massive neutrinos contribute as cold dark
matter in the late universe.

Providing a constraint on summed mass:

∑
mν >

{
0.05878± 0.00023 eV (NO),

0.09892± 0.00041 eV (IO).

Esteban, I., Gonzalez-Garcia, M.C., Maltoni, M. et al. J. High Energ. Phys. 2024, 216 (2025); http://www.nu-fit.org/
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Constraints from oscillations are in tension with cosmology

Allow
∑
mν ∈ [0, 5] eV to float during param-

eter estimation:

▶ ΛCDM: Posterior maximum is at edge of
prior; posterior density mostly excluded

▶ w0waCDM: +2 dark energy DOF helps,
but blows out the errorbars

▶ Allowing effective negative neutrino mass
clarifies the problem

▶ w0waCDM cannot fix this: addition of
SNe pulls the masses back to negative
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What’s the problem?

DESI constrains the expansion rate, which is determined by Friedmann’s equation,

H2 = H2
0

(
8πG

3H2
0

)[
ρDE(a) + ρν(a) +

ρb(1) + ρc(1)

a3
+
ργ(1)

a4

]

In order to recover H(1) = H0, we require that

(
8πG

3H2
0

)[
ρDE + ρν + ρb + ρc + ργ

]
a=1

= 1
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▶ H0, DE, and neutrinos are the only remaining flexibility...

▶ And massive neutrinos are cold, non-interacting, matter at late times...
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Interpretation: DESI data prefer less matter than CMB implies
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Conclusions from DESI fiducial analysis

▶ dρDE/da > 0 =⇒ DE receives injection from another species

▶
∑
mν,eff < 0 =⇒ less matter (baryons or CDM) today than at Big Bang

▶ “... negative values should be interpreted as a signature of unidentified systematic errors
or possibly of new physics which may be unrelated to neutrinos...”
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What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

CCBH that contribute cosmologically as DE (not matter)
Suppose each black hole satisfies

MBH(a) ∝ a3

BHs are objects inside a cosmology, so their number density

dNBH

dV ∝ 1

a3
.

∴ the total energy density of BHs

ρBH =MBH
dNBH

dV = constant

KC & J. Weiner. ApJ 882.1 (2019): 19.; KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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CCBH that contribute cosmologically as DE (not matter)

Cosmological conservation of stress-energy requires

dρBH

da
+

3

a
(ρBH + PBH) = 0

If ρBH is constant, then

PBH = −ρBH

Conclusion: energized vacuum black holes, in aggregate, contribute as a DE

species, just as you would expect from simply averaging over their stress-energy

KC & J. Weiner. ApJ 882.1 (2019): 19.; KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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Dark Energy from Cosmologically Coupled BHs

Hypothesis: all DE comes from stellar-collapse BHs

ρb :=





Cωproj
b

a3
a < ai

Cωproj
b

a3
− Ξ

a3

∫ a

ai

ψ
da′

Ha′
a ⩾ ai

Evolution of DE density follows directly from conservation of stress-energy ∇µT
µ
ν = 0

dρDE

da
=

Ξ

Ha4
ψ ρDE(ai) := 0

KC, G. Tarlé, S. Ahlen, B. Cartwright, D. Farrah, N .Fernandez, R. A. Windhorst JCAP 2024 (2024): 94.

University of Hawai‘i at Mānoa; Workshop on Ghost Particle Hunting; April 30, 2025 22 / 37



What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

Dark Energy from Cosmologically Coupled BHs

Hypothesis: all DE comes from stellar-collapse BHs

ρb :=





Cωproj
b

a3
a < ai

Cωproj
b

a3
− Ξ

a3

∫ a

ai

ψ
da′

Ha′
a ⩾ ai

Evolution of DE density follows directly from conservation of stress-energy ∇µT
µ
ν = 0

dρDE

da
=

Ξ

Ha4
ψ ρDE(ai) := 0
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Cosmic star-formation rate density (SFRD) ψ
We use Trinca, et al. for z > 4
SFRD

▶ Accounts for faint sources

▶ Calibrated to JWST
MUV < −18

We use Madau & Dickinson
for z < 4 SFRD

▶ Madau & Fragos update

▶ Consistent normalization
via Hopkins & Beacom

Figures: A. Trinca, et al. MNRAS 529.4 (2024): 3563; P. Madau & M. Dickinson ARA&A 52 (2014): 415
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RESULT: Consistent time-evolution with 2 fewer parameters than w0wa
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RESULT: Hubble tension decreased

Gaussian tension with local distance ladder
calibrated SNIa measurements of H0 is
reduced

▶ Trinca ψ: 69.37± 0.36 km/sMpc
(3.6σ)

▶ Madau ψ: 70.03± 0.40 km/sMpc
(2.7σ)

▶ Trinca ψ consumes ∼ 30% of
baryons...
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Gaussian tension with local distance ladder
calibrated SNIa measurements of H0 is
reduced

▶ Trinca ψ: 69.37± 0.36 km/sMpc
(3.6σ)

▶ Madau ψ: 70.03± 0.40 km/sMpc
(2.7σ)

▶ Trinca ψ consumes ∼ 30% of
baryons...
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Figure: Driver, Simon. Nature Astronomy (2021) 5, 852–854
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RESULT: Consistent summed neutrino masses

Conversion of baryon ρb into dark energy
allows ρν ∝ ∑

mν to increase, at fixed
total late-time matter density.

▶ Trinca ψ gives
∑
mν < 0.149 eV

(95% confidence)

▶ Madau ψ gives∑
mν = 0.106+0.050

−0.069 eV

SFRD likely somewhere between
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Summary

▶ DESI DR2 fiducial analysis implies acausal dark energy and negative
∑
mν,eff

▶ Acausal equation of state weff < −1 signals energy injection from other species

▶ Negative effective neutrino mass can be interpreted as overabundance of matter at
late-times, relative to CMB measurements

▶ Stellar-collapse to non-singular energized vacuum BHs converts baryons → DE and
reproduces observed expansion history with two fewer parameters than w0wa

▶ Expansion rate H0 decreases tension with SH0ES 5.6 → 2.7σ

▶ Baryons converted into DE consistent with “missing baryons problem” ∼ 30%

▶ Recovered
∑
mν in good agreement with oscillation lower-bounds
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University of Hawai‘i at Mānoa; Workshop on Ghost Particle Hunting; April 30, 2025 28 / 37



What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

Summary

▶ DESI DR2 fiducial analysis implies acausal dark energy and negative
∑
mν,eff

▶ Acausal equation of state weff < −1 signals energy injection from other species

▶ Negative effective neutrino mass can be interpreted as overabundance of matter at
late-times, relative to CMB measurements

▶ Stellar-collapse to non-singular energized vacuum BHs converts baryons → DE and
reproduces observed expansion history with two fewer parameters than w0wa

▶ Expansion rate H0 decreases tension with SH0ES 5.6 → 2.7σ

▶ Baryons converted into DE consistent with “missing baryons problem” ∼ 30%

▶ Recovered
∑
mν in good agreement with oscillation lower-bounds
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University of Hawai‘i at Mānoa; Workshop on Ghost Particle Hunting; April 30, 2025 28 / 37



What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

Image: EHT Collaboration
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Stellar mass tension: LIGO BBHs prefer k ∼ 0.5
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Stellar mass tension: Globular cluster BHs strongly prefer k ⩽ 0.5
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Stellar mass tension: Gaia DR3 BHs prefer k ≲ 0.75

Andrae, Rene & El-Badry, Kareem. A&A Letters 674 (2023), L10
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Cosmological equations describe effective fluids

Lemma
Let A(k, η) be the Fourier transform of some field A(x, η) that appears in L. Let V denote
the support of A(k, η). Then the Euler-Lagrange equations of motion for A are

δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

Proved: KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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the support of A(k, η). Then the Euler-Lagrange equations of motion for A are

δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

Recall that convolution is a “sliding average”:

f ∗ g :=

∫
f
(
x′) g

(
x− x′) dx′

Proved: KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

If A(x, η) is unconstrained in Fourier-space,

V := suppA(k, η) = R3

Proved: KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

Then the inverse Fourier transform is the Dirac delta

F−1 [1] = δ3(x)
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the support of A(k, η). Then the Euler-Lagrange equations of motion for A are

δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

And the familiar Euler-Lagrange equations are recovered

∫
δL
δA

(
x′) δ3

(
x− x′) dx′ =

δL
δA

(x) = 0.

Proved: KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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Cosmological equations describe effective fluids

Lemma
Let A(k, η) be the Fourier transform of some field A(x, η) that appears in L. Let V denote
the support of A(k, η). Then the Euler-Lagrange equations of motion for A are

δL
δA

(x, η) ∗ F−1 [1V ] = 0,

where ∗ denotes convolution, F−1 denotes the inverse Fourier transform, and 1 denotes the
indicator function.

Spatial convolution integral comes directly from the action integral

δS =

∫

η

∫

x

δL
δA

δA dx dη =

∫

η

〈
δL
δA

, δA

〉

L2

dη

Proved: KC, J. Weiner, & D. Farrah. PRD 105.8 (2022): 084042.
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Cosmological metric is Fourier constrained
By definition of the model,

gµν := a2(η)
[
ηµν + ϵh(1)µν (x, η) + · · ·

]
.

▶ The zero-order dynamical DOF a(η) only depends on time

▶ ∴ a, a scalar DOF in a 3+1 dimensional theory, is subject to derivative constraint

∂ja := 0

▶ In Fourier space

supp a(k) = {(0, 0, 0)}

KC & J. Weiner. ApJ 882.1 (2019): 19.
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Apply the Lemma to the Einstein-Hilbert action

Gravitational DOF is unaltered by convolution:

δLEH

δa
∗ F−1

[
1(0,0,0)

]

∝
∫

V
∂µ∂µa(η) dx

′ = −V d2a

dη2

but unapproximated stress-tensor DOFs are necessarily filtered by the EL convolution:

δLM

δa
∗ F−1

[
1(0,0,0)

]
∝ a3

4πG

3

∫

V
Tµ

µ (x
′, η) dx′

Trace is frame invariant =⇒ these are microphysical degrees of freedom:

a3
4πG

3

〈
−ρ(x, η) +

∑

i

Pi(x, η)

︸ ︷︷ ︸
Microphysical eigenvalues!

〉

V
= −d2a

dη2

KC & J. Weiner. ApJ 882.1 (2019): 19.
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University of Hawai‘i at Mānoa; Workshop on Ghost Particle Hunting; April 30, 2025 37 / 37



What is DESI? Dark Energy and Neutrinos Cosmologically Coupled BHs Methods & Results Bonus Content

Apply the Lemma to the Einstein-Hilbert action

Gravitational DOF is unaltered by convolution:

δLEH

δa
∗ F−1

[
1(0,0,0)

]
∝

∫

V
∂µ∂µa(η) dx

′ = −V d2a

dη2

but unapproximated stress-tensor DOFs are necessarily filtered by the EL convolution:

δLM

δa
∗ F−1

[
1(0,0,0)

]
∝ a3

4πG

3

∫

V
Tµ

µ (x
′, η) dx′

Trace is frame invariant =⇒ these are microphysical degrees of freedom:

a3
4πG

3

〈
−ρ(x, η) +

∑

i

Pi(x, η)

︸ ︷︷ ︸
Microphysical eigenvalues!

〉

V
= −d2a

dη2

KC & J. Weiner. ApJ 882.1 (2019): 19.
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