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Compact dark matter = macroscopic mass

• primordial black holes

• asymmetric dark matter blobs

• dark quark nuggets

• dark neutron stars

• axion miniclusters

• … microlensing

Su
ba

ru
/H

SC

OGLE

10-17 10-14 10-11 10-8 10-5 10-2 101 104
10-4

10-3

10-2

10-1

100
1017 1020 1023 1026 1029 1032 1035

Mcomp/Msun

f co
m
p

Mcomp[g]

fraction of 
compact DM



Compact dark matter = macroscopic mass

• primordial black holes

• asymmetric dark matter blobs

• dark quark nuggets

• dark neutron stars

• axion miniclusters

• … microlensing

Su
ba

ru
/H

SC

OGLE

10-17 10-14 10-11 10-8 10-5 10-2 101 104
10-4

10-3

10-2

10-1

100
1017 1020 1023 1026 1029 1032 1035

Mcomp/Msun

f co
m
p

Mcomp[g]

fraction of 
compact DM



Compact dark matter = macroscopic mass

• primordial black holes

• asymmetric dark matter blobs

• dark quark nuggets

• dark neutron stars

• axion miniclusters

• … microlensing

Su
ba

ru
/H

SC

OGLE

10-17 10-14 10-11 10-8 10-5 10-2 101 104
10-4

10-3

10-2

10-1

100
1017 1020 1023 1026 1029 1032 1035

Mcomp/Msun

f co
m
p

Mcomp[g]

fraction of 
compact DM



10-17 10-14 10-11 10-8 10-5 10-2 101 104
10-4

10-3

10-2

10-1

100
1017 1020 1023 1026 1029 1032 1035

MPBH/Msun

f P
B
H

MPBH[g]

compact dark matter = macroscopic mass

• primordial black holes

• asymmetric dark matter blobs

• dark quark nuggets

• dark neutron stars

• axion miniclusters

• … microlensing

Su
ba

ru
/H

SC

OGLEev
ap

or
at

io
n

CM
B

Kavanagh, PBHbounds https://github.com/bradkav/PBHbounds

fraction of 
PBH in DM

https://github.com/bradkav/PBHbounds


10-17 10-14 10-11 10-8 10-5 10-2 101 104
10-4

10-3

10-2

10-1

100
1017 1020 1023 1026 1029 1032 1035

MPBH/Msun

f P
B
H

MPBH[g]

compact dark matter = macroscopic mass

• primordial black holes

• asymmetric dark matter blobs

• dark quark nuggets

• dark neutron stars

• axion miniclusters

• … microlensing

Su
ba

ru
/H

SC

OGLEev
ap

or
at

io
n

CM
B

asteroid-
mass 

window

Kavanagh, PBHbounds https://github.com/bradkav/PBHbounds

fraction of 
PBH in DM

https://github.com/bradkav/PBHbounds


Gravitational lensing



Gravitational lensing



Gravitational lensing

time
m
ag
ni
fic
at
io
n

microlensing



Gravitational lensing

time
m
ag
ni
fic
at
io
n

microlensing

Two important length scales:


•                   diffractive optics suppression 


•                    finite source-size suppression

λ > rSch

Rsource > rE = 2rSchDOLDLS /DOS



For lenses in the asteroid-mass window , 
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For lenses in the asteroid-mass window , 
the sources must be:


• energetic    — to avoid diffraction 

• compact  
• distant

10−16 < M/M⊙ < 10−11

Such sources exist: 


Gamma Ray Bursts

• Transient events — duration from ~1s (short) to ~100s (long)

• Of extragalactic origin — distance ~Gpc

• Broad spectrum from hard X-ray to soft  — tens to 
hundreds keV 

γ
can’t use 
microlensing

 — to fit within the lens’ Einstein radius}



Picolensing aka lensing parallax
Nemiroff & Gould (1995)

I1 > I2
different observed 
intensities

Imagine two telescopes seeing the same GRB 
and there is a lens in front of one
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Eh… maybe. The source sizes are very uncertain

The most reliable estimates are from the variability time scales

Are GRBs compact enough?

RS ∼ (3 ÷ 3000) ⋅ 1010 cm

cf.    for lenses at GpcRE ∼ 1.3 ⋅ 1010 ( M
10−13M⊙ )

1/2

cm

coincidentally of order solar radius

Katz, Kopp, S.S., Xue (2018)

Golkhou, Butler, Littlejohns (2015)

NB. The finite source size kills the femtolensing constraints
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Fig. 1.— Sample light curve of GRB090424 using two binnings; 0.128 s represented by black points, and 0.01 by red points.

of the signal and the background. The ratios of the vari-
ances are calculated for different binnings in the range
from 10−3 s up to 0.1×T90 using ten logarithmic bins
per decade. The bin width at which the variance ratio
divided by the bin width obtains its minimum value is in-
terpreted as a minimum observed variability time scale,
tvar, (e.g., see Figure 1 in Bhat 2013a). The resulting
minimum variability time scales for the entire sample are
listed in Table 1.
The variance ratio contains information on the rates

of change in the light curves. These rates of change can
decrease either because of the lack of further variability
of the sources, or due to limited photon statistics.
To assess whether the observed minimum variability

time scale can be intrinsic to the source, we have cal-
culated an average significance of the signal in the light
curve for each binning, N̄σ. If the average significance
at the observed minimum variability time scale is > 4 σ,
the observed variability time scale is interpreted as the
intrinsic property of the emission region.
The average significance, N̄σ, of the light curve with

a binning corresponding to tvar is listed in Table 1 for
samples of long and short GRBs.
We have found that the average minimum variability

time scale obtained for short GRBs is 0.036 s, and 1.2 s
for long GRBs. In our samples, the observed variability
time scales for long GRBs are significantly longer than
those of short GRBs. This is in agreement with the min-
imum variability timescales of long and short GRBs ob-
tained by MacLachlan et al. (2013).
The high significance obtained at tvar suggests that

for the majority of the long GRBs in our sample, the ob-
served variability time scale is not limited by the statis-
tics. In the case of short GRBs, the average significance
at the observed minimum variability time scale is small,
suggesting that the intrinsic variability time scales for
these GRBs can be shorter than observed.
MacLachlan et al. (2013) noticed a correlation between

the minimum variability timescale and the burst dura-
tion for short GRBs. A hint of such a correlation is
also present in our sample. However, as we have shown,
the average significance at the characteristic variability
timescale is small for short GRBs. Thus, the correlation
can be the result of limited photon number statistics.
In our sample, the observed minimum variability time

scales for long gamma-ray bursts does not show a cor-

relation with the duration of the burst, T90. This is
in agreement with Golkhou & Butler (2014), who inves-
tigated the minimum variability timescales for a large
sample of Swift GRBs.
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Fig. 2.— Upper and lower limits on the transverse extent of the
emission region as a function of T90/(1+z). Blue down-pointing
triangles indicates upper limits, and black up-pointing triangles
corresponds to lower limits. The red line equates the transverse
extent of the emission region to c×T90/(1+z), where T90/(1+z) is
an engine lifetime. Note that this line is not attempting to fit the
constraints from the data.

5. RESULTS

Following the formalism described in § 2, we have ob-
tained the maximum and minimum transverse extents of
the prompt emission regions for a sample of 19 short and
24 long GRBs. Table 1 lists the properties for each burst.
Figure 2 shows upper and lower limits on the transverse

extent of the emission region as a function of the dura-
tion of the engine activity T90/(1 + z). The upper limits
were obtained using equation (1), where the minimum
variability time scale was derived from the light curve
analysis described in § 4, and the Doppler factor was
constrained using equation (4). The energy flux, Φ(ε),
was obtained by fitting the Band function (Band et al.
1993) to the spectrum.

Variability time scale is not measured for all GRBs. Use total burst 
duration as a proxy?

Barnacka & Loeb (2014)

Perhaps there is correlation… within an order of magnitude 
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B. GRB Sizes

The transverse size of the GRB emission region visible
at the detector is the final parameter of importance in
determining the observability of the picolensing signal.
We remind the reader that, as a general rule,20 small
GRB source angular sizes are favourable for picolensing
detection, whereas extended GRB source angular sizes
can severely suppress the signal (here, small vs. extended
is judged on the scale of ωE). GRBs are however too
small for any direct measurements of their angular sizes
to be made, so they must be inferred indirectly; see the
discussions in Refs. [48, 72, 73].

A proxy for the physical size of the emission region can
be obtained from the so-called observed “minimum vari-
ability timescale” tvar of the GRB [73], from which one
can estimate that the physical size of the emission region
(“fireball”) is very roughly [72] D

phys
emit → !2”tvar/(1+zS),

where ! → 102 is the typical Lorentz boost of the source
in the detector frame. However, owing to relativistic
beaming e#ects [48, 73], the transverse physical size of
the patch of the emission region that is actually visi-
ble to a distant observer is instead D

phys
S

→ D
phys
emit/! →

!”tvar/(1 + zS).
Ref. [73] gives some empirical evidence for a very rough

scaling relationship D
phys
S

→ T90/(1 + zS), implying a
rough empirical relationship T90 → !”tvar. By contrast,
Ref. [72] shows little evidence for such an overall trend
in the values of D

phys
emit with T90, although there is a clear

bimodal distribution for D
phys
emit for short vs. long GRBs;

whether or not there is such a trend for D
phys
S

is not
clear. Moreover, even though these estimates may give a
rough idea of GRB sizes, there is also a large scatter in
estimated GRB sizes around any deterministic estimate
based on T90: Refs. [72, 73] both show that uncertain-
ties on D

phys
S

or D
phys
emit for individual GRBs can be some

orders of magnitude coming from di#erent physically mo-
tivated estimates. One thing is clear: all of these GRB
size estimates are highly uncertain in (a) the overall nor-
malization in any deterministic GRB size estimate based
on T90, (b) the scatter for individual GRB sizes around
any such deterministic estimate, and (c) whether or not a
single overall trend in observed sizes with T90 even exists.

Based on the empirical trends in Ref. [73], the study of
Ref. [62] proceeded by assigning the physical diameter of
the observable (i.e., post-beaming) transverse GRB size
to be

D
phys
S

=
kST90

1 + zS

↑
”εS,→
1 + zS

; (65)

↓ ”εS,→ = kST90 , (66)

20 With some exceptions for sources with angular sizes on the order
of ωE ; see Fig. 6 and also Ref. [62].
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FIG. 5. Assigned GRB sizes for the 409 Swift/BAT GRBs on
which our study is based, computed using observed values of
T90 and zS [81]. Upper panel: Histogram of physical trans-
verse GRB source diameters D

phys
S

= kST90/(1 + zS) under
the “standard” (fiducial), “big” (conservative), and “small”
(aggressive) GRB source-size assumptions; see discussion in
text. Units are marked in centimetres on the lower axis and
(for convenience) in solar radii on the upper axis. The mean of
each distribution is denoted by the dotted vertical line marked
with arrows. Lower panel: Corresponding observed source
angular half-sizes ωS → D

phys
S

/(2DS) = (kS/2) ↑ (T90/εS)
in units of picoarcseconds. Recall: 1 picoarcsec = 4.85 ↑

10→18 rad.

where kS is a constant governing the overall systematic
shift of the GRB size distribution. Ref. [62] took this to
be kS = 2; i.e., they took the observable physical source
transverse radius to be → T90/(1 + zS). The correspond-
ing source angular half-size (i.e., the angle subtended by
the source physical radius) is

ωS =
kS

2

T90

εS

. (67)

To quantify the uncertainty associated with the GRB
source sizes, in this work we will consider four di#er-
ent scenarios for the source sizes based on Eq. (66) [see
Fig. 5]: (1) a “standard” (fiducial) deterministic size as-
sumption, which we take to have kS = 1; (2) a “big”
(conservative) deterministic assumption, which we take
to have kS = 10, (3) a “small” (aggressive) deterministic
assumption, which we take to have kS = 10↑1; and, fi-
nally, (4) we break the deterministic dependence on T90

by randomly sampling kS for each individual GRB from
the distribution log10 kS → U [↔1, 1). Moreover, we study

Method: Consider a realistic population of GRBs 
and introduce a factor that scale the source size RS ∼

kST90

1 + zS

Study how the results depend on kS

distribution of GRB sizes from 
the Swift/BAT catalog for 
three choices of the scaling 
factor: 
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where kS is a constant governing the overall systematic
shift of the GRB size distribution. Ref. [62] took this to
be kS = 2; i.e., they took the observable physical source
transverse radius to be → T90/(1 + zS). The correspond-
ing source angular half-size (i.e., the angle subtended by
the source physical radius) is

ωS =
kS
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T90
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To quantify the uncertainty associated with the GRB
source sizes, in this work we will consider four di#er-
ent scenarios for the source sizes based on Eq. (66) [see
Fig. 5]: (1) a “standard” (fiducial) deterministic size as-
sumption, which we take to have kS = 1; (2) a “big”
(conservative) deterministic assumption, which we take
to have kS = 10, (3) a “small” (aggressive) deterministic
assumption, which we take to have kS = 10↑1; and, fi-
nally, (4) we break the deterministic dependence on T90

by randomly sampling kS for each individual GRB from
the distribution log10 kS → U [↔1, 1). Moreover, we study

Method: Consider a realistic population of GRBs 
and introduce a factor that scale the source size RS ∼

kST90

1 + zS

Study how the results depend on kS

distribution of GRB sizes from 
the Swift/BAT catalog for 
three choices of the scaling 
factor: 

Statistical challenge: photon counts in the detectors are 
stochastic, with large backgrounds 

Differential magnification must be sufficient to have 
significant SNR > 5

Use Monte Carlo to determine the lensing cross section

Jung, Kim (2020) 
Gawade, More, Bhalerao (2023)
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FIG. 10. Variation of results with source-size distribution assumptions, for di!erent baselines RO as marked in each panel
(see Tab. II). The shaded regions in each panel are as defined in Fig. 8. Likewise, the marked points and lines are projected
95%-confidence exclusions of the same nature as those detailed in Fig. 8, but are drawn here only for a Gaussian source profile
for di!erent values of kS , as marked in the legends. The lines marked “Scatter” are for a single realization of assigning a
random value of kS with log10 kS → U [↑1, 1) to each of the 409 GRBs in the portion of the Swift/BAT catalogue on which our
results are based. We adopt the parameters in Tab. III, and assume here an observed population of Ngrb = 3000 GRB sources.
The “pointlike sources” [roughly, ωS ↓ ωE for kS = 1], “extended sources” [ωS ↔ ωE for kS = 1], “closely spaced observers”
[RO ↓ 2ε

O

E ], and “widely separated observers” [RO ↔ 2ε
O

E ] annotations (and the associated demarcating vertical lines) are
explained in more detail in the main text.

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a significant frac-
tion of the asteroid-mass window at fpbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15–150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
fpbh = 1 is approximately the same for either the L2 and
AU baselines: M → 6↑ 10→15

M↑. This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su!ciently
deep into this “widely separated observers” regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in Appendices C 1 and C 3.

We also see in Fig. 10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M → 2 ↑ 10→8

M↑) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e., ωS ↓ ωE),
even for kS = 10.

Also evident from the lines labeled “Scatter” in Fig. 10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D

phys
S

= T90/(1 + zS) is not really an issue:

Picolensing exclusion forecast

One telescope on low Earth orbit, another at L2
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a significant frac-
tion of the asteroid-mass window at f pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15–150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6 " 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this “widely separated observers” regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in Appendices C 1 and C 3.

We also see in Fig. 10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e., ! S # ! E ),
even for kS = 10.

Also evident from the lines labeled “Scatter” in Fig. 10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:

diffraction 
limit Fedderke & S.S. (2024)
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a signiÞcant frac-
tion of the asteroid-mass window atf pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15Ð150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6" 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this Òwidely separated observersÓ regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in AppendicesC 1 and C 3.

We also see in Fig.10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e.,! S # ! E ),
even for kS = 10.

Also evident from the lines labeled ÒScatterÓ in Fig.10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a signiÞcant frac-
tion of the asteroid-mass window atf pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15Ð150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6" 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this Òwidely separated observersÓ regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in AppendicesC 1 and C 3.

We also see in Fig.10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e.,! S # ! E ),
even for kS = 10.

Also evident from the lines labeled ÒScatterÓ in Fig.10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a signiÞcant frac-
tion of the asteroid-mass window atf pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15Ð150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6" 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this Òwidely separated observersÓ regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in AppendicesC 1 and C 3.

We also see in Fig.10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e.,! S # ! E ),
even for kS = 10.

Also evident from the lines labeled ÒScatterÓ in Fig.10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a signiÞcant frac-
tion of the asteroid-mass window atf pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15Ð150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6" 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this Òwidely separated observersÓ regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in AppendicesC 1 and C 3.

We also see in Fig.10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e.,! S # ! E ),
even for kS = 10.

Also evident from the lines labeled ÒScatterÓ in Fig.10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a signiÞcant frac-
tion of the asteroid-mass window atf pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15Ð150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6" 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this Òwidely separated observersÓ regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in AppendicesC 1 and C 3.

We also see in Fig.10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e.,! S # ! E ),
even for kS = 10.

Also evident from the lines labeled ÒScatterÓ in Fig.10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:

Picolensing exclusion forecast
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FIG. 10. Variation of results with source-size distribution assumptions, for di ! erent baselines RO as marked in each panel
(see Tab. II ). The shaded regions in each panel are as deÞned in Fig.8. Likewise, the marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8, but are drawn here only for a Gaussian source proÞle
for di ! erent values of kS , as marked in the legends. The lines marked ÒScatterÓ are for a single realization of assigning a
random value of kS with log 10 kS ! U[" 1, 1) to each of the 409 GRBs in the portion of the Swift /BAT catalogue on which our
results are based. We adopt the parameters in Tab. III , and assume here an observed population ofNgrb = 3000 GRB sources.
The Òpointlike sourcesÓ [roughly,! S # ! E for kS = 1], Òextended sourcesÓ [! S $ ! E for kS = 1], Òclosely spaced observersÓ
[RO # 2" O

E ], and Òwidely separated observersÓ [RO $ 2" O
E ] annotations (and the associated demarcating vertical lines) are

explained in more detail in the main text .

Even for kS = 10, however, the L2 and AU baselines
maintain their ability to robustly probe a significant frac-
tion of the asteroid-mass window at f pbh = 1: nearly the
entirety of the window where geometrical optics is a good
approximation (for the 15–150 keV energy range) is ac-
cessible. An AU baseline would moreover permit such a
mission to probe more deeply into sub-component DM
parameter space toward the upper edge of the window.

Interestingly, note that the lower value of the PBH
mass for which the projected exclusion limit crosses
f pbh = 1 is approximately the same for either the L2 and
AU baselines: M ! 6 " 10! 15M " . This is because PBHs
of this mass have an Einstein radius projected into the
observer plane that is small compared to either of these
observer separations. For observer baselines su! ciently
deep into this “widely separated observers” regime, the
picolensing volume becomes approximately independent
of the observer separation baseline because, for most of

the comoving distance between the observers and the
source, the picolensing region is simply two disjoint and
independent near-circles (with one approximately cen-
tered around each observer line of sight) with radii that
depend on the Einstein radius and/or the source size, but
not on the observer separation; see more detailed discus-
sion in Appendices C 1 and C 3.

We also see in Fig. 10 that the ability of the AU base-
line to probe below existing microlensing constraints out
to higher masses (M ! 2 " 10! 8M " ) is essentially unaf-
fected by the aggressive, standard, or conservative source
sizes. This is because, for these larger masses, the ma-
jority of the sources behave as pointlike (i.e., ! S # ! E ),
even for kS = 10.

Also evident from the lines labeled “Scatter” in Fig. 10
is that an intrinsic scatter of plus or minus an order of
magnitude in GRB source sizes around the determinis-
tic estimate D phys

S = T90/ (1 + zS) is not really an issue:

diffraction 
limit Fedderke & S.S. (2024)
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FIG. 11. Variation of results with a hard lower cuto ! placed on the GRB size distribution for the various baselines RO

annotated on each panel; see Tab.II . The shaded regions are as deÞned in Fig.8. The marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8. We adopt the parameters in Tab. III , and assume here
an observed population of Ngrb = 3000 GRB sources. Results are shown for a Gaussian source proÞle withkS = 1. However, we
exclude from the GRB population obtained from the Swift /BAT catalogue any GRBs that have assigned physical sizes D phys

S
that are smaller than the values of D cut given in the legend. For example, if the legend has the line marked as 1! 1011 cm,
we compute the average comoving picolensing volume taking into account only those sources in theSwift /BAT catalogue to
which we have assignedD phys

S > D cut = 1 ! 1011 cm, assume that this truncated distribution is representative of the true GRB
population, recompute the average picolensing volume for the truncated distribution, and then scale limits to Ngrb = 3000 such
GRBs. The number in brackets in the legend shows how many of the 409 Swift /BAT GRBs on which our study in based (see
Sec. III A ) survive the respective physical-size cuts.

plane-projected Einstein radius.
Also shown in Fig. 10 by the vertical dot-dashed

coloured line (and marked with the carat on the lower
mass axis) on each panel is the PBH mass for which28

RO = 2 ! O
E for a lens with ! L / ! S = 0 .5 for zS = 1.

While this is again very rough because lens distances
are scanned over, e! ective baselinesR!

O = RO | sin"O |
depend on "O which is averaged over, and sources are

28 Recall from Secs. II A 1 and II B that ! O
E = " E á! L ! S / ! LS is

the observer-plane-projected Einstein radius.

at di ! erent redshifts, the region to the left of this line
marked ÒWidely separated observersÓ is where the ob-
servers are well separated on the scale of the observer-
plane-projected Einstein radius, whereas the region to
the right marked ÒClosely spaced observersÓ is the oppo-
site regime.

We additionally study the sensitivity of the results to
a hard lower cuto! on the minimum allowed source size;
see Fig. 11. Here, we adopt the standard (kS = 1)
source sizes, but exclude all GRBs in the catalogue of
409 Swift /BAT GRBs we have considered that have an
assigned physical sizeD phys

S ! Dcut , for various values of

Lower cut on the GRB sizes in the sample:
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FIG. 11. Variation of results with a hard lower cuto ! placed on the GRB size distribution for the various baselines RO

annotated on each panel; see Tab.II . The shaded regions are as deÞned in Fig.8. The marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8. We adopt the parameters in Tab. III , and assume here
an observed population of Ngrb = 3000 GRB sources. Results are shown for a Gaussian source proÞle withkS = 1. However, we
exclude from the GRB population obtained from the Swift /BAT catalogue any GRBs that have assigned physical sizes D phys

S
that are smaller than the values of D cut given in the legend. For example, if the legend has the line marked as 1! 1011 cm,
we compute the average comoving picolensing volume taking into account only those sources in theSwift /BAT catalogue to
which we have assignedD phys

S > D cut = 1 ! 1011 cm, assume that this truncated distribution is representative of the true GRB
population, recompute the average picolensing volume for the truncated distribution, and then scale limits to Ngrb = 3000 such
GRBs. The number in brackets in the legend shows how many of the 409 Swift /BAT GRBs on which our study in based (see
Sec. III A ) survive the respective physical-size cuts.

plane-projected Einstein radius.
Also shown in Fig. 10 by the vertical dot-dashed

coloured line (and marked with the carat on the lower
mass axis) on each panel is the PBH mass for which28

RO = 2 ! O
E for a lens with ! L / ! S = 0 .5 for zS = 1.

While this is again very rough because lens distances
are scanned over, e! ective baselinesR!

O = RO | sin"O |
depend on "O which is averaged over, and sources are

28 Recall from Secs. II A 1 and II B that ! O
E = " E á! L ! S / ! LS is

the observer-plane-projected Einstein radius.

at di ! erent redshifts, the region to the left of this line
marked ÒWidely separated observersÓ is where the ob-
servers are well separated on the scale of the observer-
plane-projected Einstein radius, whereas the region to
the right marked ÒClosely spaced observersÓ is the oppo-
site regime.

We additionally study the sensitivity of the results to
a hard lower cuto! on the minimum allowed source size;
see Fig. 11. Here, we adopt the standard (kS = 1)
source sizes, but exclude all GRBs in the catalogue of
409 Swift /BAT GRBs we have considered that have an
assigned physical sizeD phys

S ! Dcut , for various values of
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FIG. 11. Variation of results with a hard lower cuto ! placed on the GRB size distribution for the various baselines RO

annotated on each panel; see Tab.II . The shaded regions are as deÞned in Fig.8. The marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8. We adopt the parameters in Tab. III , and assume here
an observed population of Ngrb = 3000 GRB sources. Results are shown for a Gaussian source proÞle withkS = 1. However, we
exclude from the GRB population obtained from the Swift /BAT catalogue any GRBs that have assigned physical sizes D phys

S
that are smaller than the values of D cut given in the legend. For example, if the legend has the line marked as 1! 1011 cm,
we compute the average comoving picolensing volume taking into account only those sources in theSwift /BAT catalogue to
which we have assignedD phys

S > D cut = 1 ! 1011 cm, assume that this truncated distribution is representative of the true GRB
population, recompute the average picolensing volume for the truncated distribution, and then scale limits to Ngrb = 3000 such
GRBs. The number in brackets in the legend shows how many of the 409 Swift /BAT GRBs on which our study in based (see
Sec. III A ) survive the respective physical-size cuts.

plane-projected Einstein radius.
Also shown in Fig. 10 by the vertical dot-dashed

coloured line (and marked with the carat on the lower
mass axis) on each panel is the PBH mass for which28

RO = 2 ! O
E for a lens with ! L / ! S = 0 .5 for zS = 1.

While this is again very rough because lens distances
are scanned over, e! ective baselinesR!

O = RO | sin"O |
depend on "O which is averaged over, and sources are

28 Recall from Secs. II A 1 and II B that ! O
E = " E á! L ! S / ! LS is

the observer-plane-projected Einstein radius.

at di ! erent redshifts, the region to the left of this line
marked ÒWidely separated observersÓ is where the ob-
servers are well separated on the scale of the observer-
plane-projected Einstein radius, whereas the region to
the right marked ÒClosely spaced observersÓ is the oppo-
site regime.

We additionally study the sensitivity of the results to
a hard lower cuto! on the minimum allowed source size;
see Fig. 11. Here, we adopt the standard (kS = 1)
source sizes, but exclude all GRBs in the catalogue of
409 Swift /BAT GRBs we have considered that have an
assigned physical sizeD phys

S ! Dcut , for various values of
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FIG. 11. Variation of results with a hard lower cuto ! placed on the GRB size distribution for the various baselines RO

annotated on each panel; see Tab.II . The shaded regions are as deÞned in Fig.8. The marked points and lines are projected
95%-conÞdence exclusions of the same nature as those detailed in Fig.8. We adopt the parameters in Tab. III , and assume here
an observed population of Ngrb = 3000 GRB sources. Results are shown for a Gaussian source proÞle withkS = 1. However, we
exclude from the GRB population obtained from the Swift /BAT catalogue any GRBs that have assigned physical sizes D phys

S
that are smaller than the values of D cut given in the legend. For example, if the legend has the line marked as 1! 1011 cm,
we compute the average comoving picolensing volume taking into account only those sources in theSwift /BAT catalogue to
which we have assignedD phys

S > D cut = 1 ! 1011 cm, assume that this truncated distribution is representative of the true GRB
population, recompute the average picolensing volume for the truncated distribution, and then scale limits to Ngrb = 3000 such
GRBs. The number in brackets in the legend shows how many of the 409 Swift /BAT GRBs on which our study in based (see
Sec. III A ) survive the respective physical-size cuts.

plane-projected Einstein radius.
Also shown in Fig. 10 by the vertical dot-dashed

coloured line (and marked with the carat on the lower
mass axis) on each panel is the PBH mass for which28

RO = 2 ! O
E for a lens with ! L / ! S = 0 .5 for zS = 1.

While this is again very rough because lens distances
are scanned over, e! ective baselinesR!

O = RO | sin"O |
depend on "O which is averaged over, and sources are

28 Recall from Secs. II A 1 and II B that ! O
E = " E á! L ! S / ! LS is

the observer-plane-projected Einstein radius.

at di ! erent redshifts, the region to the left of this line
marked ÒWidely separated observersÓ is where the ob-
servers are well separated on the scale of the observer-
plane-projected Einstein radius, whereas the region to
the right marked ÒClosely spaced observersÓ is the oppo-
site regime.

We additionally study the sensitivity of the results to
a hard lower cuto! on the minimum allowed source size;
see Fig. 11. Here, we adopt the standard (kS = 1)
source sizes, but exclude all GRBs in the catalogue of
409 Swift /BAT GRBs we have considered that have an
assigned physical sizeD phys

S ! Dcut , for various values of

realistic
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• Minihalos’ inner density profiles ρ(r) ∼ r−2



• minihalos act as extended lenses. Only inner part of the cusp is 
inside its Einstein radius 
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• magnification has long tails
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Conclusions

Picolensing of GRBs has potential to probe compact dark matter in 
the asteroid-mass window


Setup with two gamma-ray detectors separated by Earth—L2 
distance or larger is robust w.r.t. uncertainties in GRB sizes 


~AU separation will constrain DM from  to  at 
cosmological distances. Observation of 3000 GRBs will probe the 
abundance of  PBH below  even in the most 
pessimistic scenario  

10−14 10−3M⊙

10−11M⊙ 10−2

Work in progress

Picolensing as probe of axion miniclusters and minihalos


