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Intermediate Mass Black Holes
have been observed
§ Extensive primordial black hole 

literature: from Chapline (1975) to 
Carr et al. (2016).

§ Black holes have been detected in 
mass range:

OGLE III
2016

47 Tucanae
2017

LIGO 2016

2×30 M⊙
9.3 M⊙

2200 M⊙

Kiziltan+ 2017

Wyrzkowski + 2017

Abbott+ 2016

10 ≲ M+,-./ ≲ 1001 M⊙
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Goals

Revolutionary Goal
Confirm or reject Intermediate Mass MACHOs

as the majority of dark matter.

Conservative Goal
Make the first direct measurement of 

the mass spectrum of black holes in the Milky Way. 
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Massive MACHO Constraints circ. 2008
Completely ruled out massive MACHOs as Dark Matter

§ Microlensing
— Alcock et al. 2001
— Tisserand et al. 2007

§ CMB
— Ricotti, Ostriker, & Mack 2008

§ Wide Binary
— Yoo et al. 2004

§ Other constraints at masses ≳ 10$M⨀
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Massive MACHO Constraints circ. 2008
Completely ruled out massive MACHOs as Dark Matter

§ Microlensing
— Alcock et al. 2001
— Tisserand et al. 2007

§ CMB
— Ricotti, Ostriker, & Mack 2008

§ Wide Binary
— Yoo et al. 2004

§ Other constraints at masses ≳ 10$M⨀

Complex 
assumptions 

and 
astrophysics 

involved
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Massive MACHO Constraints circ. 2016
As assumptions and systematics explored constraints loosened

§ Microlensing
— Alcock et al. 2001
— Tisserand et al. 2007

§ CMB
— Ali-Haïmoud & Kamionkowski 2016

§ Wide Binary
— Quinn et al. 2009

"The limits that Ricotti and I reached 
for BH numbers were far too severe.”

-Ostriker
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Because of limits in understanding of astrophysics
still just order of magnitude estimate

§ Microlensing
— Alcock et al. 2001
— Tisserand et al. 2007

§ CMB
— Ali-Haïmoud & Kamionkowski 2016

§ Wide Binary
— Quinn et al. 2009

"The limits that Ricotti and I reached 
for BH numbers were far too severe.”

-Ostriker
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The latest astrophysical constraint from
dwarf galaxies and star clusters

§ Microlensing
— Alcock et al. 2001
— Tisserand et al. 2007

§ CMB
— Ali-Haïmoud & Kamionkowski 2016

§ Wide Binary
— Quinn et al. 2009

§ Dwarf Galaxies
— Brandt 2016, & Li et al. 2017
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The dwarf galaxy constraint is reliant on several astrophysical 
assumptions, likely to be wrong

§ No central massive black hole
— Kilizman et al. 2017 found 2200M⨀ black hole 

at the center of a star cluster

— Li et al. 2017 show factor of ~30 decrease in 
constraint if 1500 M⨀ black hole in center

§ Delta function IM MACHO mass function
— If broader distribution that extends to ∼ M⨀

(Carr et al. 2016) then result completely 
invalidated

§ Eridanus II cluster assumed to be at center of 
the dark matter halo

§ Satellites assumed to have had same mass for 
10 billion years
— Crnojevic et al. 2016 note evidence for tidal 

stripping due to Milky Way

Complex 
assumptions 

and 
astrophysics 

involved
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q ‘Fringe’ science. A prevailing theoretical model (despite lack of confirmation).

q Small sample size

q Uncertainty characterization/propagation is rarely done correctly/thoroughly

q Qualitative rather than quantitative support of assumptions

q Complex to go from measurement to constraint

q Multiple existing null experiments

Features of Null Bias

See Dec 2017 Texas A&M talk on Null Bias:
https://mediamatrix.tamu.edu/streams/579892/Will_Dawson_Seminar
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Microlensing is the closet thing we have to a direct 
measurement
§ We know there are black holes in this 

mass range.
— Extensive primordial black hole 

literature: from Chapline (1976) to Carr
et al. (2016).

§ Rather than dealing with an array of 
astrophysics we prefer a direct 
measurement.

§ Microlensing is the most direct way of 
constraining this parameter space.

OGLE III
2016 LIGO

2015, 2017

47 Tucanae
2017

Extend Existing

MACHO Constraints
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Gravitational microlensing basics

ObserverSource

Image -

Image +

Lens
θ

"#"#$
"$

Lens

Source

Image+

Image+

,-
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Total magnification is
what is measured

Lens

Source

Image+

Image'

Total magnification:

( ≡ (* + ('+,
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Microlensing Basics

Gaudi

Black Hole – Observer Frame Key

Lensed Images

Actual Source Location

Black Hole Lens

Einstein Ring
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Microlensing statistical ensemble constraints on 
the fraction of MACHO dark matter

Expected number of events
(assuming all have same timescale)

Average dark 
matter density at Dd

Number of 
monitored stars

Timescale of 
lensing event

Timescale of 
Survey

Paczynski 1986, 1996

Optical Depth
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New Milky Way & Mass Spectrum Models
New MACHO Constraints

Josh Calcino
(Queensland)
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Primordial Black Hole Mass Function

Accepted High Energy Physics Letters Mass (solar)1e-1 1e+5
M

p(
M

)
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Stellar evolution black hole mass function

Casey Lam (UC Berkeley)
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200+ Researchers

The DOE-HEP community has endorsed our approach
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Existing microlensing constraints only go up to ~10 !⊙

§How do we push 
beyond ~10M⨀?
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Previous surveys were limited by survey length relative to event 
time-scale and detection methods.

Magellanic CloudsMW Bulge

!E

!E
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Microlensing statistical ensemble constraints on 
the fraction of MACHO dark matter

24

Expected number of events
(assuming all have same timescale)

Average dark 
matter density at Dd

Number of 
monitored stars

Timescale of 
lensing event

Timescale of 
Survey

Paczynski 1986, 1996

Optical Depth



LLN L-P R E S -751791
25

Statistical Ensembles

25

Expected number of events
(assuming all have same timescale)

Average dark 
matter density at Dd

Number of 
monitored stars

Timescale of 
lensing event

Timescale of 
Survey

Paczynski 1986, 1996

Optical Depth

Note independent 
of MACHO mass.
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Paralensing:
Multi-year lensing events with 6 month periodic signal

Source Star

Black Hole Lens
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Parallactic effect first observed at LLNL

MACHO Survey (1995)
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Recent OGLE III parallax events 

Wyrzkowski et al. 2016

9.3 M⨀ Black Hole 1.0 M⨀ Neutron Star

~8 years



LLN L-P R E S -751791
29

Can have a significant and secure detection of multi-year event
with 6 months of data!

Wyrzkowski et al. 2016

9.3 M⨀ Black Hole 1.0 M⨀ Neutron Star

~8 years

Significant event 
detection in 
6 months. 
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Parallax fundamentally changes the MACHO constraint game.
Can constrain all mass ranges ≳ "#M⨀ with same survey!

30

Expected number of events
(assuming all have same timescale)

Average matter 
density at Dd

Number of 
monitored stars

Timescale of 
lensing event

Timescale of 
Survey

Paczynski 1986, 1996

Optical Depth

From 10’s of years 
to ~6 months!
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Gould did it…

31



LLNL-PRES-751791
32

Implementation is computationally intensive.
(Perhaps why it hasn’t been done yet. We now have the resources.)

32

Requires signal detection in 10 dimensions.
5 constrained

5 unconstrained
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Microlensing parallax constraint on black hole mass

§ Parallactic signal is a strong function of 
mass
— Without the parallax you basically have 

no constraint on the lens mass.

§ However there is still a degeneracy 
between lens mass and lens distance.

§ With an ensemble can place tighter 
constraints on the population mass 
spectrum, by utilizing our knowledge of 
the MW dark matter halo density 
function.

Wyrzkowski et al. 2016

OGLE Black Hole
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Paralensing + Astrometric Lensing
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Microlensing also affects the astrometry of the source star

Gaudi

Relative Centroid Shift

Key

Lensed Images

Apparent Source Location

Actual Source Location

Black Hole Lens

Einstein Radius

Observer-Source Star Frame
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Astrometric follow-up is easily facilitated
3

Fig. 1.— Left : A characteristic example of the photometric magnification (dashed line) and astrometric shift (solid line) of the lensed
source as a function of time since closest approach, normalized to Einstein units. Source magnification is greatest at minimum separation,
while the astrometric shift reaches a maximum at (t− t0) /tE =

√
2. The curves are calculated assuming a 10 M⊙ lens at a distance of 4

kpc from Earth, a source distance of 8 kpc from Earth, and impact parameter u0=0.1. Right : The astrometric shift in the position of a
lensed source as a function of the projected separation between the star and the lens, u, in units of Einstein radii. The curves are calculated
assuming a distance of 8 kpc between the Earth and the star, and a distance of 4 kpc between the Earth and the lens. The three different
curves are for lens masses of 1 M⊙, 5 M⊙, and 10 M⊙. The horizontal axis can be converted to units of time using the Einstein-radius
crossing time. For the 10 M⊙ case, the Einstein radius is ∼ 4 mas and the crossing time is typically >100 days.

Previously, a number of BH candidates have been pro-
posed based on the combination of microlensing parallax
measurements with Galactic models that place statistical
constraints on µrel, and thus on θE via Equation 3 (Al-
cock et al. 1995; Mao et al. 2002; Bennett et al. 2002;
Poindexter et al. 2005; Dong et al. 2007; Shvartzvald
et al. 2015; Wyrzykowski et al. 2015; Yee et al. 2015). Mi-
crolensing parallax measurements are subject to a four-
fold degeneracy that arises because the light curve does
not distinguish the side on which the lens passes the
source (i.e. ±u0 Smith et al. 2003) and the jerk-parallax
degeneracy (Gould 2004).
Although the interpretation of microlensing parallax

measurements with Galactic models can help to infer en-
semble properties of lenses (e.g. cumulative mass and
distance distributions), it yields only weak constraints
on the lens mass for any single event. It is especially
problematic for BH lenses, which might have different
spatial and dynamical distributions than stars due to
factors such as supernova birth kicks. Alternative ap-
proaches are needed to make the first robust detection of
an isolated BH.
Astrometric measurements of the lensed source pro-

vide a direct measure of θE and µrel and thus can be
used to overcome the microlensing parallax degeneracies
and dependences on Galactic models that have plagued
photometric attempts to constrain lens masses. The po-
tential of this technique has been known and studied
for over a decade (e.g. Miyamoto & Yoshii 1995; Hog
et al. 1995; Walker 1995; Paczyński & Stanek 1998; Bo-
den et al. 1998; Han & Jeong 1999; Jeong et al. 1999;
Gould & Yee 2014). During a microlensing event, the
images are unresolved, but the center of light is shifted
relative to the true position of the source by

δc(t) =
θE

u(t)2 + 2
u(t), (8)

(Walker 1995). Combining Equations 4 and 8 yields

δc(t) =
θE

τ2 + u2
0 + 2

[
u0 + τ θ̂E

]
. (9)

Figure 1 shows an example of both the photometric
and astrometric signal induced as a function of the pro-
jected source-lens separation, u. Note that the photo-
metric peak occurs at minimum separation, u = u0 (at t
= t0), whereas the maximum astrometric shift occurs at
u =

√
2. Typical astrometric shifts, even those induced

by ∼5 M⊙ black holes, are sub-milliarcsecond (mas) in
scale (Figure 1). Detections require the high astromet-
ric precision of facilities like the Keck adaptive optics
system feeding the NIRC2 instrument. Previous NIRC2
studies have demonstrated astrometric precisions as low
as ∼ 0.15 mas (Lu et al. 2010). Here we use Keck/NIRC2
to make the first ground-based attempt to detect isolated
BHs.

3. OBSERVATIONS

3.1. Photometry from the OGLE survey

We use photometry from the Optical Gravitational
Lensing Experiment survey (OGLE, Szymański et al.
2000). OGLE is a continuous, long term survey carried
out with the 1.3-m Warsaw telescope at the Las Cam-
panas Observatory in Chile. The survey is currently in
its fourth phase (OGLE-IV), with the telescope equipped
with a 32-CCD mosaic camera, and focuses on monitor-
ing stars toward the Galactic bulge for microlensing. See
Udalski et al. (2015a) for more details on the project.
Currently, the OGLE survey discovers, in real time, over
2000 microlensing events per year with its Early Warning
System (Udalski 2003)4. The I-band light curves used
in this study come from an independent off-line reduc-
tion, optimized for these events and using an improved
lens position, which used the OGLE photometric pipeline

4 http://ogle.astrouw.edu.pl/ogle4/ews/ews.html

Lu et al. 2016

Time Since Closest Approach

Max astrometric shift occurs
before/after peak magnification.

Gaudi
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Co-I Jessica Lu is currently making these measurements
with Keck adaptive optics!

Lu
 e

t a
l. 

(2
01

7)
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Parallax + Astrometric Microlensing = Tight Mass Constraint

this relation assumes that the source and lens are still
superposed, so that the lens flux must be derived from a
measurement of their combined flux, and that the uncertainty in
this flux measurement is 0.05 mag. Note that this figure shows
just one of the two solutions from Udalski et al. (2015), but the
other solution is almost identical.

Because of the uncertainty in ρ, a flux measurement of
OGLE-2014-BLG-0124L, combined with the known parallax,
would yield a direct measurement of the lens (and planet) mass
in this system.

In addition, most microlenses from the Spitzer sample have
parallax measurements but no measurement of finite source
effects because they are single objects. For these objects,
Calchi Novati et al. (2015) were only able to make statistical
estimates of the lens distances from the measured parallaxes
through a kinematic argument that assumes relm is approxi-
mately known based on the idea that the Sun and the lens are
moving together. Hence, a flux measurement is the only way to
provide direct measures of the lens masses and distances. One
specific example is OGLE-2015-BLG-1285, for which a flux
measurement of the lens secondary would lead to a mass
measurement for the system and therefore determine whether
the primary is a black hole or a neutron star (Shvartzvald
et al. 2015). Moreover, direct measurements of the lens fluxes
would improve the measurements of their distances, which
would in turn improve the measurement of the Galactic
distribution of planets.

3.2. WFIRST

This method of combining lens flux and parallax measure-
ments is also relevant for measuring lens masses and distances
with WFIRST. However, in this case, there is more information
available. WFIRST will make three measurements that
constrain the lens mass. First, because of its higher resolution,
the microlensing observations will resolve out blended back-
ground stars. Hence, once the source is accounted for, any light
left over will be due to the lens, a companion to the lens, or a
companion to the source. In general, the relative probabilities
of these various scenarios can be calculated, so lens flux
measurements will be routine. Second, the precision of

WFIRST will allow the measurement of astrometric microlen-
sing effects, which gives a measurement of Eq (Gould &
Yee 2014). Finally, WFIRST will measure parallaxes from the
orbital motion of the satellite about the Sun. Because the events
are short, orbital parallax measurements are primarily sensitive
to the parallel component of the microlens parallax vector

sin ,E, Epp l=& where λ is the latitude of the event with
respect to the ecliptic (Gould 2013). This leads to a 1D
measurement of the parallax (Gould et al. 1994), a problem
which is exacerbated by the fact that the ecliptic runs through
the Galactic Bulge. However, if the parallax is measured better,
e.g., because the parallax is large or more complex parallax
effects are observed (cf. Gould 2013; Yee 2013), this
measurement of the parallax is quite powerful because it takes
a completely different form from the other mass–distance
relations.
Figure 2 illustrates the interplay between these three

measurements for a typical case of a 0.5 Me lens star at
4.0 kpc and a case in which the lens is much closer (D 1.0L =
kpc). I have assumed the source is a dwarf star at 8 kpc with
H=18.0 mag, known with a precision of 0.05 mag from the
microlensing model. For the purposes of measuring the flux of
the lens, I have adopted an uncertainty in the calibrated flux at
baseline of 0.05 mag and assumed linearly varying extinction
with a total value of AH=0.4. For the measurement of Eq from
microlens astrometry, I have used Equation (18) from Gould &
Yee (2014) and adopted their fiducial parameters (i.e.,

0.01,phots = FWHM=175 mas, N=7000, and β=0.7).
Finally, for the parallax, I show two cases. The hatched regions
show the region excluded if only 1D parallaxes are measured
(with λ=30°), while the dashed lines assume a 10%
uncertainty in the total magnitude of the parallax vector.
Again, these relations include a 10% uncertainty in DS and use
the solar metallicity, 4.0 Gyr isochrones from An et al. (2007).
This figure clearly shows that what can be learned from the

combination of lens flux and parallax depends on how well the
parallax is measured and somewhat on the orientation of Ep (as

90 ,l  ,E, Ep p& so the constraints from 1D parallaxes
improve). However, the subset of cases for which the parallax
is measured are important for validating the WFIRST results.

Figure 2. Absolute magnitude–distance relations for a M0.5 : star at 1.0 kpc (left) and 4.0 kpc (right). WFIRST will measure three different constraints: the flux of the
lens (magenta), astrometric microlensing (blue), and parallax (black). For parallaxes, WFIRST will be much more sensitive to the parallel component E,p & than to the
perpendicular component .E,p ^ The hatched region shows the region that is ruled out if only E,p & is measured (assuming arctan 30E, E,p p =^& ); the dashed lines show
the 1-σ uncertainties if the parallax is measured to 10%.
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this relation assumes that the source and lens are still
superposed, so that the lens flux must be derived from a
measurement of their combined flux, and that the uncertainty in
this flux measurement is 0.05 mag. Note that this figure shows
just one of the two solutions from Udalski et al. (2015), but the
other solution is almost identical.

Because of the uncertainty in ρ, a flux measurement of
OGLE-2014-BLG-0124L, combined with the known parallax,
would yield a direct measurement of the lens (and planet) mass
in this system.

In addition, most microlenses from the Spitzer sample have
parallax measurements but no measurement of finite source
effects because they are single objects. For these objects,
Calchi Novati et al. (2015) were only able to make statistical
estimates of the lens distances from the measured parallaxes
through a kinematic argument that assumes relm is approxi-
mately known based on the idea that the Sun and the lens are
moving together. Hence, a flux measurement is the only way to
provide direct measures of the lens masses and distances. One
specific example is OGLE-2015-BLG-1285, for which a flux
measurement of the lens secondary would lead to a mass
measurement for the system and therefore determine whether
the primary is a black hole or a neutron star (Shvartzvald
et al. 2015). Moreover, direct measurements of the lens fluxes
would improve the measurements of their distances, which
would in turn improve the measurement of the Galactic
distribution of planets.

3.2. WFIRST

This method of combining lens flux and parallax measure-
ments is also relevant for measuring lens masses and distances
with WFIRST. However, in this case, there is more information
available. WFIRST will make three measurements that
constrain the lens mass. First, because of its higher resolution,
the microlensing observations will resolve out blended back-
ground stars. Hence, once the source is accounted for, any light
left over will be due to the lens, a companion to the lens, or a
companion to the source. In general, the relative probabilities
of these various scenarios can be calculated, so lens flux
measurements will be routine. Second, the precision of

WFIRST will allow the measurement of astrometric microlen-
sing effects, which gives a measurement of Eq (Gould &
Yee 2014). Finally, WFIRST will measure parallaxes from the
orbital motion of the satellite about the Sun. Because the events
are short, orbital parallax measurements are primarily sensitive
to the parallel component of the microlens parallax vector

sin ,E, Epp l=& where λ is the latitude of the event with
respect to the ecliptic (Gould 2013). This leads to a 1D
measurement of the parallax (Gould et al. 1994), a problem
which is exacerbated by the fact that the ecliptic runs through
the Galactic Bulge. However, if the parallax is measured better,
e.g., because the parallax is large or more complex parallax
effects are observed (cf. Gould 2013; Yee 2013), this
measurement of the parallax is quite powerful because it takes
a completely different form from the other mass–distance
relations.
Figure 2 illustrates the interplay between these three

measurements for a typical case of a 0.5 Me lens star at
4.0 kpc and a case in which the lens is much closer (D 1.0L =
kpc). I have assumed the source is a dwarf star at 8 kpc with
H=18.0 mag, known with a precision of 0.05 mag from the
microlensing model. For the purposes of measuring the flux of
the lens, I have adopted an uncertainty in the calibrated flux at
baseline of 0.05 mag and assumed linearly varying extinction
with a total value of AH=0.4. For the measurement of Eq from
microlens astrometry, I have used Equation (18) from Gould &
Yee (2014) and adopted their fiducial parameters (i.e.,

0.01,phots = FWHM=175 mas, N=7000, and β=0.7).
Finally, for the parallax, I show two cases. The hatched regions
show the region excluded if only 1D parallaxes are measured
(with λ=30°), while the dashed lines assume a 10%
uncertainty in the total magnitude of the parallax vector.
Again, these relations include a 10% uncertainty in DS and use
the solar metallicity, 4.0 Gyr isochrones from An et al. (2007).
This figure clearly shows that what can be learned from the

combination of lens flux and parallax depends on how well the
parallax is measured and somewhat on the orientation of Ep (as

90 ,l  ,E, Ep p& so the constraints from 1D parallaxes
improve). However, the subset of cases for which the parallax
is measured are important for validating the WFIRST results.

Figure 2. Absolute magnitude–distance relations for a M0.5 : star at 1.0 kpc (left) and 4.0 kpc (right). WFIRST will measure three different constraints: the flux of the
lens (magenta), astrometric microlensing (blue), and parallax (black). For parallaxes, WFIRST will be much more sensitive to the parallel component E,p & than to the
perpendicular component .E,p ^ The hatched region shows the region that is ruled out if only E,p & is measured (assuming arctan 30E, E,p p =^& ); the dashed lines show
the 1-σ uncertainties if the parallax is measured to 10%.
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Ability to resolve multiple lensed images

§ Potential to resolve multiple images 
from IM MACHO events!

Adaptive Optics
Resolution
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The Microlensing Triad

§ Achromatic
— Same signal across all wavelengths

§ Parallax
— Signal highly correlated with known 

motion around the sun

§ Astrometry
— Independent measurement; signal 

highly correlated with photometric 
signal
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Potential for over 4 decades of microlensing measurements
(but big step function at the end of 2022 with LSST)
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PALS DECam Microlensing Survey
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§ Objective
— Confirm or reject primordial black holes (> 10$⊙) 

as the predominant form of dark matter

§ Method
— Near Term: A multi-band low cadence DOE DECam

microlensing survey of Milky Way Bulge
• LLNL investing with LDRD now to verify plan via 

simulations
— Long Term

• LSST microlensing survey of the Milky Way and its local 
group

• Utilize existing WFIRST microlensing survey
• Follow-up JWST, and 30 m class telescope astrometric 

microlensing measurements

Near and long term plan for confirming or ruling out
primordial black holes as dark matter

DECam

LSST WFIRST
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Leading two new microlensing surveys on:
CTIO/DECam and Subaru/HyperSuprimeCam

Can essentially extend the LSST baseline from 10-15 years.
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PALS: Survey will overlap the MACHO Survey

Bulge

LMC

SMC

§ 3 fields

§ 32 nights over 2-years

§ 8 months runs per year

§ 2 nights per run

§ Targeted single epoch depth ~23.5

§ r-band + g-band

§ First light February 2018
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Efficient Survey Designed for Paralensing

Bulge

LMC

SMC
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PALS: Survey will overlap the MACHO Survey

Bulge

LMC

SMC

§ 3 fields

§ 32 nights over 2-years

§ 8 months runs per year

§ 2 nights per run

§ Targeted single epoch depth ~23.5

§ r-band + g-band

§ First light February 2018
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We are waiving the proprietary 
period.

You can get the data as soon as we 
take the data!
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LSST Forecast
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What this could look like with LSST,
based on latest OpSim run.

51

OpSim ‘minion_1016’ run.
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Intermediate mass black hole microlensing event injected into 
LSST OpSim data

52
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Events can purely be detected on by their paralensing signal
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Have to tools to start exploring LSST’s sensitivity to various black 
holes

23rd Mag Star
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LSST has the potential to provide the most direct, tightest, and 
broadest constraints on the abundance of IMBH’s

https://github.com/lsstdarkmatter/dark-matter-paper/issues/8

§ Assumptions:
— Gaussian noise

• No variable star noise
• Perfect differential photometry

— Optimal signal-matched-filter
— WFD Cadence
— All 23rd magnitude source stars

Numerical
Instabilities
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But that is from the Wide Fast Deep field,
where there aren’t many stars.

Previous simulation
from here.

But most stars are 
here.
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In latest plan LSST will only observe galaxy in first year.
TERRIBLE FOR THIS SCIENCE & SYNERGY WITH WFIRST!

Approx.
WFIRST Start
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While the signal in this case is still statistically significant,
there is no way of discriminating signal from background.
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§ Microlensing is (one of) the best measurements of intermediate mass black holes

§ Can either confirm or rule out primordial black holes with paralensing

§ Potential to measure the intermediate mass black hole mass spectrum regardless of 
evolutionally nature of black holes

§ We have started a two-year pilot survey on DECam capable of conservatively 
detecting hundreds of events if all dark matter.

§ LSST could be great for this science if cadence of Milky Way and Magellanic Clouds 
adjusted.

§ ELT’s and JWST will enable a new observational microlensing regime.

Summary




