
The Fluctuating Spacetime of Dark Matter
CATCH 22+2

Dublin, Ireland

Jeff Dror
University of Florida w/ Sarunas Verner

I think this
coffee is giving
me the jitters...

Maybe it’s just
dark matter?



Stress-Energy Tensor
of Scalar Dark Matter

Tµν = ∂µa∂νa

−ηµν
(
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ηαβ∂αa∂βa−

1

2
m2a2

)
0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0


T00 T01 T02 T03
T10 T11 T12 T13
T2,0 T21 T22 T23
T30 T31 T32 T33



energy density (ρ)

momentum
density (qi)

pressure (p) anisotropic
stress (πij) 0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0

2
12



Stress-Energy Tensor
of Scalar Dark Matter

Tµν = ∂µa∂νa

−ηµν
(
1

2
ηαβ∂αa∂βa−

1

2
m2a2

)
0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0


T00 T01 T02 T03
T10 T11 T12 T13
T2,0 T21 T22 T23
T30 T31 T32 T33



energy density (ρ)

momentum
density (qi)

pressure (p) anisotropic
stress (πij)

0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0

2
12



Stress-Energy Tensor
of Scalar Dark Matter

Tµν = ∂µa∂νa

−ηµν
(
1

2
ηαβ∂αa∂βa−

1

2
m2a2

)
0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0


T00 T01 T02 T03
T10 T11 T12 T13
T2,0 T21 T22 T23
T30 T31 T32 T33



energy density (ρ)

momentum
density (qi)

pressure (p) anisotropic
stress (πij) 0 10 20 30 40 50 60 70 80

-1.0

-0.5

0.0

0.5

1.0

2
12



Spacetime Under Pressure

p ' 1

2
m2a20 cos(2mt)

' (5× 10−5Pa) cos(2mt)

gµν = ηµν + hµν


1 0 0 0
0 −1 0 0
0 0 −1 0
0 0 0 −1




2φ 0 0 0
0 2ψ 0 0
0 0 2ψ 0
0 0 0 2ψ



“Newtonian” gauge

Gµν(φ, ψ) = 8πGTµν(a)

ψ, φ ⊃ ρ

m2M2
Pl

cos(2mt+ α)

[Khmelnitsky, Rubakov, ’13]
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Opportunity for
gravitational direct detection

of dark matter
(signals akin to gravitational waves)

|h| ∼ 3× 10−16

(
ρ

0.3 GeV/cm3

)(
10−23 eV

m

)2
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Light without
dark matter

n̂

Light in the presence
of dark matter

hµν

Three gauge-dependent effects:

The source and
observer are wiggling

xµobs, v
µ
obs, x

µ
s , v

µ
s

The photon along
trajectory is wiggling

xµ, Pµ

The observer reference
frame is getting

deformed
εµα̂
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Fundamental Equation
Pα̂ = (ηµν + hµν(0))(P

ν + δP ν(0))(εµα̂ + δεµα̂(0))

ν(t) =
1

2π
(P0̂ + δP0̂) n̂i + δn̂i =

Pî + δPî
P0̂ + δP0̂

Frequency Redshift

ν(t)− ν(0)
ν(0)

= ψ(t,0)− ψ(tem,xem)

+ [vobs(t,0)− vsource(tem)] · n̂

[Minor correction to
Khmelnitsky, Rubakov, ’13] [PPTA, 2018]

[NANOGrav, 2023]

[EPTA, 2023]

Astrometric
Deflection

δn̂î ' n̂î (ψ(0) + vobs · n̂)− δε0î − n̂
jδεj

î
)

[JD, Verner]

ω ≡ d(δn̂ · θ̂)
dt
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î
)

[JD, Verner]

ω ≡ d(δn̂ · θ̂)
dt

6
12



Fundamental Equation
Pα̂ = (ηµν + hµν(0))(P

ν + δP ν(0))(εµα̂ + δεµα̂(0))

ν(t) =
1

2π
(P0̂ + δP0̂) n̂i + δn̂i =
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Astrometric
Deflection

negligible proper
motion

cosmological
distance

ω =
πa20
M2

Pl

θ̂ · k sin(2(mt+ α))

0.1 µas

yr

v

10−3

10−30 eV

m

ρ

0.3 GeV/cm3

k̂ · θ̂ sin 2α
2

0.1 µas

yr

v

10−3

10−30 eV

m

ρ

0.3 GeV/cm3

k̂ · θ̂ sin 2α
2

(
Probe tiny mass
dark matter

)

m [eV]

10−22 eV10−25 eV10−28 eV10−31 eV

influences dwarf
galaxies

influences Milky
Way

m < Hrec

m < H0

What is
ρ locally?
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[JD, Verner]
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Future Directions
(time-pending)
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Astrometry of Vector Dark Matter
[JD, Verner]

Ai = ÂiA cos(mt+ α)

New contributions to Tij

1

2
(∂i∂j −

1

3
∇2δij)(φ− ψ) = 4πGm2A2

(
ÂiÂj −

1

3
δij

)

Scalar dark matter: φ ∼ ψ

Vector dark matter: φ ∼ 106ψ(
Improves detection
prospects by ∼ 106

)
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ÂiÂj −

1

3
δij

)

Scalar dark matter: φ ∼ ψ

Vector dark matter: φ ∼ 106ψ(
Improves detection
prospects by ∼ 106

)

10
12



Cosmic Microwave
Background
[JD, Kyriazis]

t2 − t1

ψc ' 3× 10−12

(
10−23 eV

m

)2

z ∝ cos(2m(trec − v · n̂(t− trec)))

CMB map

time

δT
T

time

δT
T

Pixel i

Pixel j

probe of DM velocity
during recombination
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The Fluctuating Spacetime
of Dark Matter

Bosonic dark matter
has a time-varying
space-time metric

Opportunity for
gravitational direct

detection

Astrometry is
new application

More to come
(vector dark matter,
other observables,

...)
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