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impact not significant for . Poissonian stats OK.τ̄ ℏ 1
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Brightness: power law (PL) or cut-off power law (CPL) fit to energy spectrum
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DΓ ≪ ′2 𝒪 Δtvar
1 + zS

Dobs ≪ DΓ 

′ ≪ ′ 𝒪 Δtvar
1 + zS

Physical size of emission region Observed size (beaming)

 indirectly inferred from “minimum variability timescale” 


Gives estimate of the source light crossing time

θS Δtvar

EMPIRICAL RELATIONSHIP:      T90 ≪ ′Δtvar

Commonly used size estimate: Dobs ≪ T90
1 + zS

⇒ θS = T90
χS
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Gawade, More, Bhalerao [2308.01775] used this
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GRB size data are very uncertain
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Dobs ≪ DΓ 

′ ≪ ′ 𝒪 Δtvar
1 + zS

Dobs = T90/(1 + zS)

Barnacka, Loeb [1409.1232] Golkhou et al [1501.05948]

DΓ ≪ ′2 𝒪 Δtvar
1 + zS

Dobs = 10 𝒪 T90/(1 + zS)

-Scatter? 
-Offset? 
-Trend?

y-axes 
differ by 
′ ≪ 102
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95% CL exclusion projections assuming no 5  detectionsσ
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Vary the source sizes

16 *markers are computed; lines are log-log cubic spline interpolants

Dobs ∼ kST90
1 + zS

Questionable 
whether you can 
robustly rule out 

 with this 
baseline if GRB 
sizes are 
systematically off

fDM = 1

But the scatter may 
not be an issue

NGRB = 3 𝒪 103
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Vary source sizes for each baseline

*markers are computed; lines are log-log cubic spline interpolants

Dobs ∼ kST90
1 + zS
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Vary source sizes for each baseline
ROBUST  EXCLUSIONS FOR L2, AUfDM = 1

*markers are computed; lines are log-log cubic spline interpolants

Dobs ∼ kST90
1 + zS
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Vary source sizes for each baseline
ROBUST  EXCLUSIONS FOR L2, AUfDM = 1

LARGE-MASS REACH AT AU 
INDEPENDENT OF SOURCE 

UNCERTAINTIES!
*markers are computed; lines are log-log cubic spline interpolants

Dobs ∼ kST90
1 + zS
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Conclusions

18

Confirm that picolensing can probe asteroid mass window for PBH DM


GRB source size uncertainties are significant: most the offset 

Previous studies slightly too optimistic with shorter baselines (e.g., EM)


Larger baselines (L2, AU) overcome systematics issues with source sizes


AU baselines would probe sub-component DM PBHs even above the window


Constraints on diffuse lenses look interesting (axion miniclusters, etc.)
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ρmNFW(r) = ρ0
(r/rs)2(1 + r/rs)

Dense clusters of QCD DM 
axions formed from large 
isocurvature fluctuations + 
self-interactions


Motivated by recent high-
resolution QCD axion 
minicluster simulations

ρNFW(r) = ρ0
(r/rs)(1 + r/rs)2

Mvir ∼ 4π
3 Δvirρcr3

vir c0 ∼ rvir
rs

𝒪 (1 + zvir)

Axion miniclusters
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260X.YYYYY w/ Sergey Sibiryakov and Eleni Anna Kolonia

Scatter points from Eggemeier et al. [2402.18221]

WORK NEARING COMPLETION
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Extended Lenses

260X.YYYYY w/ Sergey Sibiryakov and Eleni Anna Kolonia
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Conclusions
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Confirm that picolensing can probe asteroid mass window for PBH DM


GRB source size uncertainties are significant: most the offset 

Previous studies slightly too optimistic with shorter baselines (e.g., EM)


Larger baselines (L2, AU) overcome systematics issues with source sizes


AU baselines would probe sub-component DM PBHs even above the window


Constraints on diffuse lenses look interesting (axion miniclusters, etc.)
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BACKUP
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see also [2410.03451]

Primordial black holes (PBH)

24

For the purposes of this talk: sub-solar mass black holes 


Production in the early universe via: 

‣ Sharp features in the inflationary power spectrum. When these re-enter, 
direct collapse to BH ensues if density perturbation is large enough


‣ Collisions of bubble walls from primordial first-order phase transitions


‣ … many other variations on these themes


This talk will be agnostic to the production mechanism.


The key point for this study is…

MPBH ℏ M×
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θ
Apparent

Null geodesics are straight lines in comoving coordinates


Basic geometry  Lens Equation: , where ⊛ θ ≳ β = θ2
E

θ
θE ∼ 4GNM(1 + zL)χLS

χS χL

Einstein 
angle

Gravitational Lensing 101

26

β Comoving coordinates

χS

O

χL χLS ∼ χS ≳ χL

L

S

True
bΓ 

bΓ = χLθ = (1 + zL)b
b = 𝒟Lθ

RSch. = 2GNM

𝒟 = aχ = χ
1 + z

Angular 
diameter 
distance

comoving distance

α, β, θ ℏ 1
Thin-lens approximation

α
α = 2RSch.

b Lensing 
deflection 
angle

GR
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… if geometrical 
optics holds

Images are not resolved: μ ≪ μ+ + μ≳ = y2 + 2
y2(y2 + 4)

Gravitational Lensing 102
          
θ2

E ∼ 4GNM(1 + zL)χLS

χS χL

27

y ∼ β
θE

; x ∼ θ
θE

⇒ x ≳ y = 1
x

⇒ x± = 1
2 [y ± y2 + 4]

Magnification? Gravitational lensing preserves surface brightness, so

μ ∼
d⟶apparent

d⟶true
= d cos θ

d cos β
Ω θdθ

βdβ
= xdx

ydy
⇒ μ± = 1

2 1 ± y2 + 2
y y2 + 4

Einstein angle is EXTREMELY small for a PBH: θE ≪ 2 picoarcsec 𝒪 M
10≳12M×

[zS = 1, χL /χS = 0.5 (zL = 0.43)]

1 arcsec = 4.8 𝒪 10≳6 rad
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Finite Sources

28

 μ(y) = y2 + 2
y2(y2 + 4)So far, assumed both the lens and source are point-like.


But all sources have a finite extent!


We’ll consider both Gaussian and flat disk source profiles


μ̄( ⃗Y ) = ∬ d2w ≈( ⃗w ) ⋅ μ (y = | ⃗Y ≳ ⃗w |)

small-angle/
flat-sky approx

Source-averaged 
magnification for 
lens at location  
relative to source 
centroid

⃗Y
Source brightness 
profile at location 

 relative to the 
source centroid

⃗w
⃗Y

⃗w

ℐy S

L
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Gaussian source

29

μ̄(yΓ , δ) = e≳(yΓ )2/2

δ ∫
⃗

0
dx

e≳x2/2 [2 + (xδ)2] I0(xyΓ )
4 + (xδ)2

θE
ϑL

ϑS

δ ∼ 1
kG

ϑS

θEyΓ ∼ kG
ϑL

ϑS

The factor  is a normalisation such that kG = ≳2 ln(1 ≳ fcover) ≪ 2.1 2π∫
ϑS /θE

0
wdw≈(w) ∼ fcover ≪ 0.9

μ̄(ϑL ≲ ϑS) ≪ 1 + πk2
G

2
θE

ϑS
∞ 1

μ̄(ϑS ℏ ϑL ℏ θE) ≪ 1 + θE

ϑL
∞ 1

μ̄(ϑL ∞ θE) ≪ 1 + 2 ( θE

ϑL )
4

≪ 1

≈( ⃗w ) = 1
2πδ2 exp [≳ | ⃗w |2

2δ2 ]
Point-like behaviour ϑS ℏ θE

Extended source ϑS ∞ θE

μ̄(ϑL ≲ ϑS + few 𝒪 θE) ≪ 1 + k2
Gθ2

E

ϑ2
S

μ̄(ϑL ∞ θE, ϑS) ≪ 1 + 2 ( θE

ϑL )
4

≪ 1

exp [≳ k2
Gϑ2

L

2ϑ2
S ]

**

** this is a slight oversimplification

not tractable in closed form

Regulated 
from true 

point-source 
collinear 

divergence 

μ ∝ θE

ϑL

~Ratio of lensed area to total area
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Fix: lens distance, lens mass, source parameters, observer parameters.


SNR .


Is any lens detectable at some threshold SNR ?


 defines region in the lens plane where lensing is detectable. Can be multiple 
disjoint regions!


Lensing cross-section  is the area of that region (comoving): 


Compute this using Monte Carlo methods (sample LP area with lenses randomly)

ρ = ρ({θL, ϕL, zL, M}, {zS, θS, fs}, {RO, θO, Ab, As, fb, T})

ρ = ρ(θL, ϕL)

ρ*

ρ ≥ ρ*

σ σ = σ(ρ*)

Picolensing cross-section

30
after: Gawade, More, Bhalerao [2308.01775]

ϕL

θLLP
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Monte Carlo methods


Pick an appropriate sample area in the positive half-plane of the lens plane


Populate with  lenses randomly sampled in 2D; 


Compute  for  and  for . Count the fraction  with 


Cross-section is   (the 2 accounts for the reflection symmetry)

Nlens Nlens = 20000 (100000 if needed)

μ̄k
i i = 1,2 ρk k = 1,…, Nlens fρ ρk ≥ ρ*

σ = 2 𝒪 fρ

Computing σ

31

LP

after: Gawade, More, Bhalerao [2308.01775]

Asample

We also test that no  are too close to sample box edgesρk ≥ ρ*

 reduced if the box 
crosses the symmetry axis
Asample



Michael A. Fedderke [Perimeter]
36

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.0 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 5.0 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 5.8 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 6.7 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 7.8 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 9.0 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.0 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.2 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.4 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.6 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.9 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 2.2 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 2.5 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 2.9 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 3.4 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 4.0 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 4.6 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 5.3 £ 10°2RØ

°5.0 °2.5 0.0 2.5 5.0

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 6.2 £ 10°2RØ

°5.0 °2.5 0.0 2.5 5.0

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 7.2 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 8.3 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 9.6 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°8

°6

°4

°2

0

2

4

6

8

(¬
? L
) y

/R
L E

Rphys.
S = 1.1 £ 10°1RØ

°5 0 5

(¬?
L)x/RL

E

°8

°6

°4

°2

0

2

4

6

8

(¬
? L
) y

/R
L E

Rphys.
S = 1.3 £ 10°1RØ

°5 0 5

(¬?
L)x/RL

E

°7.5

°5.0

°2.5

0.0

2.5

5.0

7.5

(¬
? L
) y

/R
L E

Rphys.
S = 1.5 £ 10°1RØ

Lensing Type: PointL GaussianS — Test statistic type: muRatio — TS threshold: 1.05 — M = 1.00 £ 10°15MØ — ¬L/¬S = 0.50 — zS = 1.00 — Rphys.
O sin µ/RØ = 2.02 £ 10°2 — RO

E/RØ = 4.28 £ 10°2 — fS
coverage = 0.90

°10 °5 0 5 10

(¬?
L)x/RL

E

°10

°5

0

5

10

(¬
? L
) y

/R
L E

¬L/¬S = 1.000 £ 10°3

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 4.221 £ 10°2

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.342 £ 10°2

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 1.246 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 1.658 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.070 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.482 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.895 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 3.307 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 3.719 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.131 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.543 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.955 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 5.367 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 5.779 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 6.191 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 6.603 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.015 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.428 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.840 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.252 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.664 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 9.076 £ 10°1

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 9.488 £ 10°1

°5.0 °2.5 0.0 2.5 5.0

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 9.900 £ 10°1

Lensing Type: PointL GaussianS — Test statistic type: muRatio — TS threshold: 1.05 — M = 1.00 £ 10°15MØ — Rphys.
S = 1.0 £ 10°2RØ — zS = 1.00 — Rphys.

O sin µ/RØ = 2.02 £ 10°2 — fS
coverage = 0.90

Changing source size Changing lens distance

Gaussian

Picolensing cross-section



Michael A. Fedderke [Perimeter]
37

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.0 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 5.0 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 5.8 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 6.8 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 7.9 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 9.2 £ 10°3RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.1 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.3 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.5 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 1.7 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 2.0 £ 10°2RØ

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 2.3 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

Rphys.
S = 2.7 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 3.1 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 3.7 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 4.3 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 5.0 £ 10°2RØ

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 5.8 £ 10°2RØ

°5.0 °2.5 0.0 2.5 5.0

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 6.8 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 7.9 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

Rphys.
S = 9.2 £ 10°2RØ

°7.5 °5.0 °2.5 0.0 2.5 5.0 7.5

(¬?
L)x/RL

E

°8

°6

°4

°2

0

2

4

6

8

(¬
? L
) y

/R
L E

Rphys.
S = 1.1 £ 10°1RØ

°5 0 5

(¬?
L)x/RL

E

°8

°6

°4

°2

0

2

4

6

8

(¬
? L
) y

/R
L E

Rphys.
S = 1.3 £ 10°1RØ

°5 0 5

(¬?
L)x/RL

E

°7.5

°5.0

°2.5

0.0

2.5

5.0

7.5

(¬
? L
) y

/R
L E

Rphys.
S = 1.5 £ 10°1RØ

°10 °5 0 5 10

(¬?
L)x/RL

E

°10.0

°7.5

°5.0

°2.5

0.0

2.5

5.0

7.5

10.0

(¬
? L
) y

/R
L E

Rphys.
S = 1.7 £ 10°1RØ

Lensing Type: PointL DiskS — Test statistic type: muRatio — TS threshold: 1.05 — M = 1.00 £ 10°15MØ — ¬L/¬S = 0.50 — zS = 1.00 — Rphys.
O sin µ/RØ = 2.02 £ 10°2 — RO

E/RØ = 4.28 £ 10°2 — fS
coverage = 1.00

°10 °5 0 5 10

(¬?
L)x/RL

E

°10

°5

0

5

10

(¬
? L
) y

/R
L E

¬L/¬S = 1.000 £ 10°3

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 4.221 £ 10°2

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.342 £ 10°2

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 1.246 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 1.658 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.070 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.482 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 2.895 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 3.307 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 3.719 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.131 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.543 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 4.955 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 5.367 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 5.779 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 6.191 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 6.603 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.015 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.428 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 7.840 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.252 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 8.664 £ 10°1

°4 °2 0 2 4

(¬?
L)x/RL

E

°4

°2

0

2

4

(¬
? L
) y

/R
L E

¬L/¬S = 9.076 £ 10°1

°6 °4 °2 0 2 4 6

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 9.488 £ 10°1

°5.0 °2.5 0.0 2.5 5.0

(¬?
L)x/RL

E

°6

°4

°2

0

2

4

6

(¬
? L
) y

/R
L E

¬L/¬S = 9.900 £ 10°1

Lensing Type: PointL DiskS — Test statistic type: muRatio — TS threshold: 1.05 — M = 1.00 £ 10°15MØ — Rphys.
S = 1.0 £ 10°2RØ — zS = 1.00 — Rphys.

O sin µ/RØ = 2.02 £ 10°2 — fS
coverage = 1.00

Changing source size Changing lens distance
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Source characteristics: Swift/BAT catalogue

42

Need to know: duration (  ), distance (  ), source fluence (  ), source size (  )


Duration: , 90% of measured intensity


Distance: , known for ~409 GRBs in the Swift/BAT catalogue


Source fluence: Band function in source frame. In detector frame, fit as a power 
law (PL) or cut-off power law (CPL):


T zS fs θS

T90

zS

fPL(E) ∼ KPL
50 ( E

50 keV )
αPL

fCPL(E) ∼ KCPL
50 ( E

50 keV )
αCPL

exp [≳ E(2 + αCPL)
Epeak

CPL ]
fs = ∫

Emax

Emin

f(C)PL(E) dE
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Optically thin regime?

43

τ̄(n0) = n0𝒱̄ = ≳ ln(1 ≳ α)
≫

n0
nα

0
= ≳ ln(1 ≳ α)

≫
fDM
fα
DM

For , α = 0.95 ≳ln(1 ≳ α) ≪ 3

If we demand , at…τ̄ ℏ 1

τ̄( fDM = f α
DM, α = 0.95) = 3

≫ ℏ 1 ⇒ ≫ ∞ 3… the limit:
Automatic if many 
sources are needed 
to achieve the limit

τ̄( fDM = 1, α = 0.95) = 3
≫f 0.95

DM
ℏ 1 ⇒ f 0.95

DM ∞ 3
≫

… at all of the DM: ?
Need to make sure 
the limit is not too 
strong given the 

number of sources

Note that this is actually 
not dependent on , but 
really a condition on the 
source population

≫

3
≫f 0.95

DM
= ω0

DM 𝒪 3𝒱̄
4π(H0/h)≳3

(H0/h)≳1

(2GNM)
𝒱 ≲ χ2

SGNM
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PBH DM

44

Assuming we are bounding the unclustered PBH DM component, physical mass density would be 


             


But comoving number density is 


And , so… 


Limit:   


ρphys(z) = fDM 𝒪 ρ0
DM 𝒪 (1 + z)3 ∼ Mnphys(z) ⇒ nphys(z) = fDM 𝒪 ρ0

DM
M

𝒪 (1 + z)3 .

ncomov = nphys(1 + z)≳3 = fDM 𝒪 ρ0
DM
M

∼ n0 .

ρ0
DM = ⟶0

DMρcrit = 3ω0
DM

(H0/h)2

8πGN
n0 ∼ fDM 𝒪 3ω0

DM(H0/h)2

4π(2GNM)

f α
DM = ≳ ln(1 ≳ α)

ω0
DM≫

4π(H0/h)≳3

3𝒱̄
(2GNM)
(H0/h)≳1

ω0
DM ∼ ⟶0

DMh2 ≪ 0.12

Ratio of Hubble volume to lensing volume (tiny!)… 
but you get back a single power to the 
Schwarzschild radius of the lens to the Hubble 
radius (large!)

𝒱 ≪ χ2
SGNM ∝ ( χS

H≳1
0 )

≳2

ℵ

Optimism: 

DISCOVERY 
SPACE!

ρi(z) = ρ0
i (1 + z)3(1+wi)

for  sources if I see NO picolensing at ≫ ρ ≥ ρ*

after: Gawade, More, Bhalerao [2308.01775]
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Clustering

47

Jung and Kim 
[1908.00078]
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Comparison to 2308.01775
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10°17 10°15 10°13 10°11 10°9 10°7

Mpbh [MØ]

10°1

100

f p
b
h

=
Ω p

b
h
/Ω̄

d
m

LEO [2308.01775]

EM [2308.01775]

LEO

EMNgrb = 1.0 £ 104

Disk, kS = 2

1018 1020 1022 1024 1026

Mpbh [g]kS = 2

Minor difference in assumed energy range (15-150keV [us] vs. 20-200 keV [them]); 
makes little difference

As = 1300 cm2Ab = 2400 cm2

fb = 10 cm≳2s≳1

Pretty good 
agreement (5-10%) 

Validates our 
implementation 

Confirms previous 
literature under their 

assumptions

They took

PRELIMINARY

~Swift/BAT

Geometrical 
optical fails
ωRS ≲ 1

15
ke

V

15
0k

eV

(two lensed images interfere)

*markers are computed; lines are log-log cubic spline interpolants

MICROLENSING

TOO MUCH DM

HA
W

KI
NG
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Ngrb = 3.0 £ 103

Vary minimum source size

49

R× ≪ 7 𝒪 1010 cm

PRELIMINARY

kS = 1

108 109 1010 1011 1012 1013 1014

Dphys
S [cm]

0

10

20

30

dN
g
r
b
/d

D
p
h
y
s

S

Standard, kS = 1

10°3 10°2 10°1 100 101 102 103

Dphys
S [RØ]

Recall:

*markers are computed; lines are log-log cubic spline interpolants

Quite robust to 
excluding 

 sources≲ R×

Dobs ∼ kST90
1 + zS
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Vary the background level

50

10°17 10°14 10°11 10°8 10°5 10°2

Mpbh [MØ]

10°3

10°2

10°1

100

f p
b
h

=
Ω p

b
h
/Ω̄

d
m

10 £ fbgnd

1 £ fbgnd

1/3 £ fbgnd

Ω§ = 10

AU
Ngrb = 3.0 £ 103

1018 1020 1022 1024 1026 1028 1030

Mpbh [g]
Higher 

backgrounds 
once out of 

LEO?

Some x-ray 
detection 

backgrounds 
from HE 

particles hitting 
detector / 
spacecraft

Note: not always ∝ fb

10

3

PRELIMINARY

*markers are computed; lines are log-log cubic spline interpolants
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Ratio of ( binned signal variance ) 
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indistinguishable from background
Clea

rly
 ob

se
rva

ble

Δtvar


