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How noisy is the atmosphere?

Matter fluctuations (halos) > fluctuating gravitational potential > time-dependent deflections > astrometric noise 
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Mcut ≲ 10−6 M⊙?

Structure on Super Small Scales
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(degeneracy pressure)

<latexit sha1_base64="rRF8KC1/bALISuLlAhrrYrnma+0=">AAAB8nicdVDLSsNAFJ3UV62vqks3g0VwFRLRWHcFN11WsQ9IQ5lMJ+3QSSbM3Cgl9DPcuFDErV/jzr9x+hB8HrhwOOde7r0nTAXX4DjvVmFpeWV1rbhe2tjc2t4p7+61tMwUZU0qhVSdkGgmeMKawEGwTqoYiUPB2uHocuq3b5nSXCY3ME5ZEJNBwiNOCRjJ717zwRCIUvKuV6449kXVPfM8/Ju4tjNDBS3Q6JXfun1Js5glQAXR2nedFIKcKOBUsEmpm2mWEjoiA+YbmpCY6SCfnTzBR0bp40gqUwngmfp1Iiex1uM4NJ0xgaH+6U3Fvzw/g6ga5DxJM2AJnS+KMoFB4un/uM8VoyDGhhCquLkV0yFRhIJJqWRC+PwU/09aJ7br2d7VaaVWX8RRRAfoEB0jF52jGqqjBmoiiiS6R4/oyQLrwXq2XuatBWsxs4++wXr9AC6akec=</latexit>

→

<latexit sha1_base64="NkYn6tObS4aktaqYBkFvSzQj3+U="></latexit>

mfermion ↭ ω1/8s M3/4
Pl

M1/4
cut

↭ 400 keV

(gradient pressure)

<latexit sha1_base64="BgmGYOdP8i7yAcRNmWsw3YrirFg="></latexit>

mboson ↭ H
1/3
eq M

4/3
Pl

M
2/3
cut

↭ 10→11 eV



Dark Matter Microphysics Implications
Kinetic Decoupling
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Dark Matter Microphysics Implications
Kinetic Decoupling
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Outline

1. Motivation

2. Signature

3. Sensitivity Forecast

4. Existing Data

5. Future Data

[KVT, D.E. Kaplan; 2608.27557]

[A. Moran, KVT; 2608.27577]

[KVT, M. Baryakhtar, M. Galanis, N. Weiner; arXiv:2307.03221]

[M. Galanis, KVT, M. Baryakhtar, N. Weiner; arXiv:2307.06989]

Amplitude interferometry, Gaia DR3, HST, JWST

Small-scale structure as a probe of DM microphysics and primordial curvature

Excess time-dependent astrometric lensing noise, magnified in multiply imaged quasars

Acceleration and stochastic observables; instrumental, intrinsic, stellar backgrounds

Intensity interferometry + EPIC
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Generic line of sight B1422+231 subhalos; image A fixed

Magnified Stochastic Lensing Noise

<latexit sha1_base64="0+IKkfwKai9pPaLk1tckf1F6mws="></latexit>

→|µ̃|↑
<latexit sha1_base64="KlDOVA1Keu1Uyyl7wB8nlniMvb4="></latexit>

→|µ̃|↑ ↓ 1µas yr→1
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Generic line of sight B1422+231 subhalos; image A fixed

Magnified Stochastic Lensing Noise

<latexit sha1_base64="0+IKkfwKai9pPaLk1tckf1F6mws="></latexit>

→|µ̃|↑
<latexit sha1_base64="KlDOVA1Keu1Uyyl7wB8nlniMvb4="></latexit>

→|µ̃|↑ ↓ 1µas yr→1



Quasar Lensing

Apparent (unlensed) angular motion:

Angular trajectory of each image:

Multiple solutions, i.e. images I, of a point source:

Lens equation:

Magnifying distortion by inverse Jacobian:

<latexit sha1_base64="ai9NENlKkmD78OMzYcJ0XMYs01M="></latexit>

ω = ε →ϑG(ε)→ϑ(ε) ↑ ϖ(ε)→ϑ(ε)

<latexit sha1_base64="f7aJJqfw8DGxpPSsvHAWqqFx/6E="></latexit>

ωI = ε→1(ϑS)|I

<latexit sha1_base64="q17n8kwPTEJueyXAhp/Y7nQXAt0="></latexit>

µ =
vS

1 + zS

1

DS
→ vL

1 + zL

1

DL
+

vo

1 + zL

DLS

DLDS

<latexit sha1_base64="fwPmRjf+BDLkn32qkjy5d1IHeeE="></latexit>

ωIi(t)→ ωIi(t0) = BI
ij

{
µj(t→ t0) + εj

[
ωI(t)

]
→ εj

[
ωI(t0)

]}

<latexit sha1_base64="IKZo5ysKprqzgNFIDotwxePFUB0="></latexit>

BI
ij →

[
A(ωI)→1

]

ij
Aij(ω) →

ωεi(ω)

ωϑj



Quasar Lensing

Apparent (unlensed) angular motion:

Angular trajectory of each image:

Multiple solutions, i.e. images I, of a point source:

Lens equation:

Magnifying distortion by inverse Jacobian:
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Stochastic, Weak, Astrometric Lensing

Two-point function for image centroid:
<latexit sha1_base64="tKjWOTqpyBQH60DMf0UQrVK/qx0="></latexit>

CI
pq(t) → ↑ωεIp(t→) ωεIq(t→ + t)↓ = BI

piB
I
qj

〈
ϑi

(
ωI(t→)

)
ϑj

(
ωI(t→ + t)

)〉

→
∫

dϖ

2ϱ
e↑iωt C̃I

pq(ϖ)



Stochastic, Weak, Astrometric Lensing

Two-point function for image centroid:
<latexit sha1_base64="tKjWOTqpyBQH60DMf0UQrVK/qx0="></latexit>

CI
pq(t) → ↑ωεIp(t→) ωεIq(t→ + t)↓ = BI

piB
I
qj

〈
ϑi

(
ωI(t→)

)
ϑj

(
ωI(t→ + t)

)〉

→
∫

dϖ

2ϱ
e↑iωt C̃I

pq(ϖ)

Power spectral density:  
[density fluctuations] [gravitational potential fluctuations] [lensing angle fluctuations]→ →

<latexit sha1_base64="4dF57V7tuz0ZbKzG+rA2dcl8FM8="></latexit>

C̃I
pq(ω) = BI

piB
I
qj

4

|ω|

∫ DS

0
dD

(
DS →D

DS

)2

(4εGϑ̄a2)2
∫ ω

2

→ω
2

dϖ

2ε
Mij(ϖ, µ̂

I)Pω

(
|ω|

Dµ̃I cos(ϖ)

)



Stochastic, Weak, Astrometric Lensing from Halos

Single halo deflection:
<latexit sha1_base64="lhJhunFlJC5aKZtfWXNJqZafmgE="></latexit>

ω(1)(ε) =

∫
d2k

(2ω)2
ω̃(k) e→ik·(ω→ωL)

ω̃(k) =
DLS

DLDS
4GML

2ωi

k
k̂F (kεL)

F (kεL) =

∫ ↑

0
dxJ1(x)M

→1
L M

(
xrL
kεL

)



Stochastic, Weak, Astrometric Lensing from Halos

Single halo deflection:
<latexit sha1_base64="lhJhunFlJC5aKZtfWXNJqZafmgE="></latexit>

ω(1)(ε) =

∫
d2k

(2ω)2
ω̃(k) e→ik·(ω→ωL)

ω̃(k) =
DLS

DLDS
4GML

2ωi

k
k̂F (kεL)

F (kεL) =

∫ ↑

0
dxJ1(x)M

→1
L M

(
xrL
kεL

)

Incoherent, random-walk deflections:
<latexit sha1_base64="Tn0l+yBKr8BcN+Bgvzeyip5t2ag="></latexit>〈
ωi(ω)ωj(ω

→)
〉
=

∫
dDL D

2
L

∫
d2εL nL ω

(1)
i (ω)ω(1)

j (ω→)



Stochastic, Weak, Astrometric Lensing from Halos

Single halo deflection:
<latexit sha1_base64="lhJhunFlJC5aKZtfWXNJqZafmgE="></latexit>
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d2k

(2ω)2
ω̃(k) e→ik·(ω→ωL)

ω̃(k) =
DLS

DLDS
4GML

2ωi

k
k̂F (kεL)

F (kεL) =

∫ ↑

0
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→1
L M
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kεL

)

Incoherent, random-walk deflections:
<latexit sha1_base64="Tn0l+yBKr8BcN+Bgvzeyip5t2ag="></latexit>〈
ωi(ω)ωj(ω

→)
〉
=

∫
dDL D

2
L

∫
d2εL nL ω

(1)
i (ω)ω(1)

j (ω→)

Power spectral density:
<latexit sha1_base64="xZqUQOW8IMVdanJ9Gt2aXws5yvI="></latexit>

C̃I
pq(ω) = BI

piB
I
qj

εI
L ϑ

2
E,L

|ω|

∫ ω
2

→ω
2

dϖQI
ij F

[
|ω|ϱL
µ̃Icω

]2

QI →
(
1 + c2εI c2ω s2εI c2ω
s2εI c2ω 1↑ c2εI c2ω

)



Stochastic Astrometric Lensing
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Astrometric Observables

Acceleration:

Fourier power:

Time-series data:
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ωI(t1), ωI(t2), . . . , ωI(tN ) with std ωωε
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How to get sub-microarcsecond precision?
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Intensity Correlations<latexit sha1_base64="nACAtoDA8rOuwkdr+Q197PqoS+s="></latexit>

C =
→I1I2↑
→I1↑→I2↑

↓ 1

= |image FT at angular wavenumber kd|2



10-12 10-11 10-10 10-9 10-8 10-7 10-6 10-5
0.00

0.01

0.02

0.03

0.04

Intensity Correlations<latexit sha1_base64="nACAtoDA8rOuwkdr+Q197PqoS+s="></latexit>

C =
→I1I2↑
→I1↑→I2↑

↓ 1

= |image FT at angular wavenumber kd|2



[KVT, M. Baryakhtar, M. Galanis, N. Weiner; arXiv:2307.03221]

[M. Galanis, KVT, M. Baryakhtar, N. Weiner; arXiv:2307.06989]

✅ differential astrometry over “large” field of view

Extended-Path Intensity Correlation (EPIC)



EPIC: Basic Principle
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Future Phases of EPIC
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D ωt R narr ωωε [µas] ωω̂ [arcsec] ω!ε [arcsec]

Phase I 4m 30 ps 5,000 1 22.3 5.24 0.164

Phase II 10m 10 ps 10,000 1 1.46 1.75 0.327

Phase III 10m 3ps 20,000 10 0.0564 0.524 0.656

Astrometric Performance on two Sun-like stars at 100 pc
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Atmospheric Aberrations



Atmospheric Aberrations



QUASAR Project

[Roland Walter]

<latexit sha1_base64="BOHJ67Oz6caUPD5wRAWfUf2MgXI="></latexit>

528→ 16-pixel SPAD, ωt = 5ps



Conclusions

dark matter substructure at sub-stellar masses

“Let us then consider some of the immediate programmes which a more 
sensitive intensity interferometer might tackle, bearing in mind that the 
most important results of research may well prove to be those which one 
cannot foresee.”  

— Hanbury Brown, 1974

sub-µas resolution and even better differential light-centroiding precision

on multiply imaged quasar images separated by less than a few arcseconds

uncovered by
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