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Outline

I. Review of phantom dark energy and vacuum decay

II. Our new work. New cosmological constraints, and
application to dark matter anomalies.
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I. Ancient history: WMAP
WMAP was the second satellite experiment to probe Cosmic
Microwave Background anisotropies, following COBE

In the first data release, hints of dark energy equation of state
violating dominant energy condition were found:

w =
p

ρ
< −1
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WMAP dark energy constraints
from WMAP astro-ph/0302209 (only 17 authors!)

Depending on data sets, shows some preference for w ∼ −1.5.
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Hints of w < −1

Theorists reanalyzing the data reached similar conclusions,

ΛΛ

astro−ph/0205096
Hannestad, Mortsell

astro−ph/0211522 Melchiorri et al.
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Hints of w < −1

Current constraint (PDG):

Compatible with cosmological constant (w = −1), but some could
not resist exploring w < −1 . . .
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Dominant energy condition
Cosmological constant Λ saturates the dominant energy condition:

Tµν = Λdiag(1,−1,−1,−1) =⇒ w = −1

Homogeneous scalar field approaches w = −1 as φ̇ → 0:

w =
1
2 φ̇

2 − V
1
2 φ̇

2 + V
≥ −1 (≥ assuming V > 0)

How to get w < −1?

Phantom field, with wrong sign kinetic term, φ̇2 → −φ̇2:
(R. Caldwell, astro-ph/9908168 !)

w =
−1

2 φ̇
2 − V

−1
2 φ̇

2 + V
=

1
2 φ̇

2 + V
1
2 φ̇

2 − V

Then w < −1 if φ̇2 < 2V .

J.Cline, McGill U. – p. 7/31



Phantom dark energy papers
It continues to be a popular subject:
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What is wrong with w < −1?

Ghost fields are classically unstable. Can lower energy indefinitely
by arbitrarily by increasing V :

V(  )φ

φ

φ̈+ 3Hφ̇ = +V ′(φ)

field climbs up potential, accelerating.

E.g., for V ∼ eκφ, w =constant,

φ diverges in finite time:

=⇒ “Big Rip” singularity

Cosmologists: “no problem, assume initial conditions such that
singularity is still in the future”
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Wait! What about quantum mechanics?
Phantom fields are not exempt from being quantized. We have two
choices for the propagator:

−i

p2 −m2 + iǫ

−i

p2 −m2 − iǫ

negative probability positive probability

postive energy negative energy

(i.e., Faddeev-Popov ghosts)

We take phantom fields to be the second kind—the lesser of two
evils.

What are the consequences of negative energy particles?
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Spontaneous decay of vacuum
JC, G. Moore, S. Jeon, astro-ph/0311312 noticed that vacuum decays to
ghosts plus photons via coupling to gravity,

Ghost momentum must be cut off for

p > Λ or phase space diverges.

(Constant) rate per unit volume:

Γ ∼ Λ8

m4

P

The spectrum of photons produced is

dn

dE
∼ Λ7t0

m4
p

Θ(Λ− E)

Can compare to observed diffuse gamma ray background to get
limit on Λ . . .

J.Cline, McGill U. – p. 11/31



Limit on Λ
Predicted flux E2dJ/dE, limited by observations, moves up (as Λ7)

and to the right (as Λ1) with increasing Λ.

prediction

JC, Moore, Jeon estimated Λ . 3MeV. Phantoms are an effective
theory valid below that scale.
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II. Revisiting phantom fluids
A few things have changed since 2003. E.g., Hubble tension . . .

arxiv: 2103.01183

Di Valentino et al.
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II. Revisiting phantom fluids

. . . and interest in boosted dark matter (XENON1T excess events)

arxiv: 2006.09721

E. Aprile et al.
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Improved limit on Λ

First we improve on old estimate of maximum Λ, from vacuum
decay to φφγγ.

1. Use exact matrix element, known from φφ → νν̄ gravitational

scattering: |M|2 = 1
8m4

P

(tu/s)2 (arXiv:1803.01866)

2. Compute exact photon

spectrum from phase space

integral

3. Account for redshifting of

photon momenta

4. Use newer COMPTEL gamma ray constraint:

Λ . 18MeV (c.f. 3MeV)
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Spontaneous creation of matter
Consider a “sterile neutrino” dark matter particle. If mνs < Λ, it can
be created by vacuum decay,

 ν
s

 ν
s

Initially energy is conserved, but if mφ 6= mνs , ghosts and neutrinos

redshift differently. E.g, mφ = 0, mνs > 0,

ρφ ∼ 1

a4
, ρν ∼ 1

a3

However we find that with purely gravitational coupling, effects are
too small to be observable.
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Stronger-coupled ghosts
Introduce new vector mediator at scale Mv < mP :

L ∋ i

M2
v

(φ∗
↔

∂ µφ) ν̄sγ
µνs

Leads to faster vacuum decay

Observable if

Mv . 1016 GeV

depending on value of Λ (as I will show)
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Boltzmann equations
The effect of vacuum decay on cosmology can be found from
Boltzmann eqs. for the density of (massless) φ and (massive) νs:

dρφ
dt

+ 4Hρφ = −Γρ

dρνs
dt

+ 3H(1 + wνs)ρνs = +Γρ

Hubble rate contains the new contributions:

H2 =
H2

0

ρc
× (ρrad + ρm + ρΛ + ρφ + ρνs)

Rate of change of energy density in either component is

Γρ =

∫

∏

i

d 3pi
(2π)32|Ei|

(2π)4δ(4)
(

∑

i

pµi

)

|M|2 · (Eνs +Eν̄s)

If wνs 6= 1
3 (radiation), the net φ+ νs energy density increases with

time. Must determine wνs . . .
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νs equation of state
A priori, wνs could be time-dependent, due to redshifting of pνs , but it
turns out to be nearly constant, depending only on mνs/Λ:

wνs =
pνs
ρνs

=

∫

d 3p fνs(p, t) p
2/3E

∫

d 3p fνs(p, t)E
∼ 1

3
−

(mνs

Λ

)2
+ · · ·

The time dependence cancels out.

We can solve Boltzmann equations for effect of phantom fluid on
cosmological expansion.
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The ghost+νs fluid

mν= 0

mν= 0.75 Λ

mν= 0.5 Λ

The (massless) ghost + νs

density grows with time if

mνs
> 0

Its equation of state is more

negative than cosmological

constant (qualitatively like

ghost condensate):

−1.5 ≤ weff . −1.3

(

weff =
pφ+pν

ρφ+ρν

)
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Supernovae versus phantom fluid
Define Ωg = (ρφ + ρνs)/ρc as the phantom fluid contribution to Ω.

First consider just supernova data sets versus Ωg, marginalizing
over Ωm (and ΩΛ = 1− Ωm − Ωg):

H0

H0

ΩΛ

Ω
m

At 2σ,
−0.75 . Ωg . 0.45

Preferred H0 remains high. Cannot quite replace all of ΩΛ by Ωg.
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Add CMB: the H0 + S8 tensions

Η
0

ΩΛ

Ω
g

CosmoMC shows that, omitting BAO data,

we could solve Hubble tension

(and the less significant S8 tension)

if Ωg ≡ Ωφ +Ωνs
∼= ΩΛ

∼= 0.4.

Notice that ΩΛ could vanish

for somewhat larger Ωg ∼ 0.6
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Full data: the H0 + S8 tensions

Ω
g

ΩΛ

Η
0

BAO But including

baryon acoustic

oscillations limits

H0 . 70,

Ωg . 0.3.

and ΩΛ can no

longer vanish
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Best-fit parameters

Phantom fluid model gets better fit,

but not very significantly, given two

extra parameters

Models that solve the H0 + S8

tensions introduce tension with BAO.

H0 tension is reduced to 3σ level
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Cosmological constraints for mνs > 0

Constraint on new physics scale can reach MGUT for Λ ∼ 10MeV

v

Mv . (1− 3)× 1013
(

Λ

MeV

)9/4

GeV
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Special case: massless νs
If mνs = 0, Ωg = Ωνs +Ωφ = 0 and there is no effect on
cosmological background.

But φ and νs have different perturbations: there is an impact on
CMB perturbations, via integrated Sachs-Wolfe effect.

1σ

2σ

This limits how big Ωνs

and |Ωφ| can become,

even though they cancel

exactly: Ωνs
. 1025 !

Sounds big, but is still

quite dilute (far below

degenerate Fermi gas)
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Special case: massless νs
If mνs = 0, Ωg = Ωνs +Ωφ = 0 and there is no effect on
cosmological background.

But φ and νs have different perturbations: there is an impact on
CMB perturbations, via integrated Sachs-Wolfe effect.

v

Bound on the new

physics scale governing

φφνsνs production

Can reach ∼ 1011 GeV,

weaker than massive νs

case
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Boosted dark matter/radiation
The νs produced by vacuum decay have typical energies ∼ Λ, much
greater than cold dark matter or radiation.

Could they be detected directly? E.g., interaction with electrons,

1

M ′2
(ν̄sγ

µνs)(ēγµe)

XENON1T had excess

events, now ruled out by

XENONnT. We can constrain

σeνs
nνs

∼ (MM ′)−4

(depends on νs mass)
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XENON bound on new physics scales

If M ′ = M the bound from CMB is stronger than direct detection;

Need M ′ ≪ M to get observable direct signal
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DAMIC excess events
DAMIC is a silicon detector at SNOLAB, observes excess events it
can’t explain ( arxiv:2306.01717)

We considered boosted massless νs scattering with electrons to

explain it, with Λ = 10 keV, σνse ∼ 10−56 cm2!
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boosted massless neutrinos

To get observed rate, need
√
MM ′ = 1.3× 105 GeV,

consistent with XENON constraint
√
MM ′ > 1.0× 105 GeV.
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Conclusions
Phantoms must be effective theories with cutoff scale Λ < 18MeV.

If coupled with strength > gravity, they create a ghost+dark fluid
through vacuum decay, with observable effects on cosmology

It can be a new form of dark energy, subdominant to Λ: Ωg . 0.3

It can be a new source of boosted dark matter/radiation, if coupled
even very weakly to visible matter

Can ameliorate but not fully resolve

Hubble tension

Can explain DAMIC excess with new

physics scale M ′ ∼ 20TeV
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