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Assignment

* Format
— 45 minutes broken as follows: a 15 minute (uninterruped) presentation of the major science goals, 5
minutes of discussion, 10 minutes (uninterrupted) of suggested projects and then 15 minutes of
open discussion
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Major Science Goals
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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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Black Hole Dark Matter
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Intermediate Mass Black Holes
Have been observed
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Intermediate Mass Black Holes
Have been observed

2x30 Mg 9.3 Mg
= Also extensive primordial black hole \ OGLE lli
: : : P
literature: from Chapline (1975) to Carret  11G0 2016  Reviey / 2016
al. (2016). —
R M‘
= Current LIGO event rate is consistent with Ay - &*Q'ﬁfﬁh
intermediate mass black holes making up il
all dark matter (Bird et al. 2016 Y| .n""""‘
( ) 2200 M
= |f primordial BHs make up dark matter, P ' - 47 Tucanae
then measuring their mass spectrum will 2017
be especially exciting because it will tell o0s| N
us something about the fundamental Sool |
physics of the Big Bang. o
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Massive MACHO Constraints circ. 2008
ompletely ruled out massive MACHOs as Dark Matter
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102 10° 104
Mass(M )

= 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*Mg,
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Massive MACHO Constraints circ. 2008
Completely ruled out massive MACHOs as Dark Matter

1.0 U‘UY'I"U‘JD’I NEREEARAIMELEEREAEAEALAENENLR]S . Microlensing
— Alcock et al. 2001

0.8 — Tisserand et al. 2007
) CE | S Binaries VB
@ A u
= os[ M€ uo Complex -
= assumptions and — Ricotti, Ostriker, & Mack 2008
é 0.4 N astrophysics » Wide Binary
:  NEA involved
N R — Yoo et al. 2004

0.2} S— REe oo s e ssecsssaces = Other constraints at masses = 1O4M®

EMB Sy R
0.0
10° 10! 10? 10° 10*
Mass(M )
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Massive MACHO Constraints circ. 2016
As assumptions and systematics explored constraints loosened

L0 = Microlensing
S — Alcock et al. 2001
08| — Tisserand et al. 2007
= 0.6 MACHO
< VAN — Ali-Haimoud & Kamionkowski 2016
= | A
e
E ol ENIB—— = Wide Binary
E — Quinn et al. 2009
0.2}
"The limits that Ricotti and | reached for BH
0.0 numbers were far too severe.”
10° 10! 10° 10° :
Mass (M, ) -Ostriker
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Because of limits in understanding of astrophysics
still just order of magnitude estimate

1.0

0.8[

o
o

NACHD

Fraction of Halo Mass
o
S

0.0

CNB

10° 10!

102
Mass(M )

= Microlensing

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

= CMB
— Ali-Haimoud & Kamionkowski 2016

= Wide Binary
— Quinn et al. 2009

"The limits that Ricotti and | reached for BH
numbers were far too severe.”
-Ostriker
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The latest astrophysical constraint from
dwarf galaxies and star clusters

1.0 = Microlensing
'a°;a°:a°:a' — Alcock et al. 2001

0.8 ﬁﬁfij’ﬁﬁf"' — Tisserand et al. 2007
& = CMB
- o.s
= — Ali-Haimoud & Kamionkowski 2016
=
e
£ oal = Wide Binary
E — Quinn et al. 2009

0.2} » Dwarf Galaxies

— Brandt 2016, & Li et al. 2017
o 300 10’ 10° 10° \104
Mass (M . )
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The dwarf galaxy constraint is reliant on several astrophysical
assumptions, likely to be wrong

10 oo oo = No central massive black hole
SRR SO OAE LA — Kilizman et al. 2017 found 2200Mgblack hole
AN S A A A at the center of a star cluster
0.8 b OSSN o IV LD — Li et al. 2017 show factor of ~30 decrease in
' e I XA constraint if 1500 M, black hole in center
. 0.6 MACHO Complex = Delta function IM MACHO mass function
:E_ assumptions and — If broader distribution that extends to ~ Mg,
s . (Carr et al. 2016) then result completely
£ 04 astrophysics invalidated
g , involved :
& D2 e o = Eridanus Il cluster assumed to be at center
vA of the dark matter halo
] N (N S ———
e m————— = Satellites assumed to have had same mass
e —————— for 10 billion years
0.0 l - e ) — Crnojevic et al. 2016 note evidence for tidal
10 10 . ~1(()\1 | 10 10 stripping due to Milky Way
Lawrence Livermore National Laboratory M’L&; 13




Stellar Evolved Black Holes are Interesting Too
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Primordial black holes and stellar evolved black hole have very

different mass spectra; enabling discrimination

Primordial Black Holes

00 o .
-
Q oo
= 3
0“4
Te-1 Mass (solar)

Chapline and Barbari (2018)

1e+5

Stellar Evolved Black Holes

Milky Way BH Mass Function

10 12 14 16
BH mass M, )

Casey Lam (in prep)

‘ Lawrence Livermore National Laboratory
LLNL-PRES-xxxxxx

NA‘% 15

it S e



Microlensing is the closet thing we have to a direct
measurement of intermediate mass black holes

= We know there are black holes in this 10
Mass range.
— Theoretical arguments for primordial black 0.8
holes: from Chapline (1975) to Carr et al.
(2016).

0.6 [ MACHO Extend Existing

MACHO Constraints

= Rather than indirect astrophysical
inferences we prefer a direct
measurement.

o
FS

Fraction of Halo Mass

= Microlensing is the most direct way of 0.2
measuring black hole dark matter.

0.0
10° 10! 102 10° 104

Mass (M .. )
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Relevant Microlensing Basics
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Gravitational microlensing basics

Image 4
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Total magnification is
what is measured




Microlensing Basics

Magnification
o

Black Hole — Observer Frame
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Previous surveys were limited by survey length relative to event
time-scale and detection methods.

10‘ 50 l)’ :-’Uk])( Uperp = 200 l\]u\
Magellanic Clouds

8
= 6
: =
S, 3
-

2
Mass (M . )
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Statistical Ensembles

Expected number of events Number of
(assuming all have same timescale) monitared stars

Timescale of
2 n T At Survey

Timescale of
\—‘ lensing event
ical De D = (D4sD S D
Optical Depth D, 47TGD/—‘ ( p d/ S)
7‘=/ p(Dd)dDd
0

2

C
Average dark matter
Paczynski 1986, 1996 density at Dy
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Time-scale of microlensing events.
For high mass MACHOs MW Bulge is better.

D, =8Kkpe; vy =200 km /s D, = 50Kpe: vperp = 200 km /s

8 . 50 s . -
MW Bulge Magellanic Clouds 2
7 20
19
403 {18
6 117
116
115
> 30 114
A 7 m 113 &
g g & 12 5
< 4 b = 1 2
Q L Q 10 =
20 3 9
3 8
7
2 ;
103 a
1 3
2
1
10° 104 10° 104
Mass (M ) Mass (M - )
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Statistical Ensembles

Expected number of events Number of
(assuming all have same timescale) monitared stars

Timescale of
2 n T At Survey

\_‘ Timescale of
lensing event
Optical Depth D — DdDd DS
Note independent (p)f p DPs 4rGD /—‘ ( s/ Ds)
T p(Dg)dDg
0

MACHO mass. - 2

C
Average dark matter
Paczynski 1986, 1996 density at Dy
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Parallax:
Multi-year lensing events with 6 month periodic signal

M=10.0 solMass, Dy = 0.5 kpc, D; =8.0 kpC, Vperp =10.0 km /s,
¥0=0.3,t.=025yr, ;=0.0 yr, #=90.0 deg, = 315.0 deg

Source Star

A
> 5.0 = Earth Reference Frame
ﬂ = Sun Reference Frame
4.5
4.0

w
w

Magnification u
o

2.5
2.0
1.5
1.0 |
-4 -2 0 2 a
Time [year]
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Parallactic effect first observed at LLNL
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Recent OGLE lll parallax events

9.3 M Black Hole

1~—Ll' L2 v LAY v

—  standard

—— parallax

I |mag|

14.00

14.05

I [mag]

14.15¢

1.0 Mg Neutron Star

14.10¢

S— standard

parallax

15.4 14.20¢
0.04 0.10
0.02} 0.05¢
0.00 0.00
=0.02} —0.05}
~0.04} 0.10
2000 2500 3000 3500 1000 1500 5000 2000 2500 3000 3500 1000 1500 5000
HJID — 2450000 |[days] HJD — 2450000 [days]
) ~8 years . Wyrzkowski et al. 2016
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Can have a significant and secure detection of multi-year event
with 6 months of data!

9.3 M Black Hole 1.0 M Neutron Star

14.00
—  standard —  standard
-l Significant event — _parallax . v /N parallax
' LD
detection in |
= 152} = 14.10}
z 6 menths. 2
153t ~ 14.15}
15.4 14.20}
0.04 0.10
0.02} 0.05}
0.00 . 0.00
-0.02; | —0.05}
—””l‘ . N N = () l“ A A "
2000 2500 3000 3500 1000 1500 5000 “D000 3000 3500 1000 1500 5000
HJID — 2450000 [days] HJD — 2450000 [days]
« ~8 years Wyrzkowski et al. 2016
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Parallax fundamentally changes the MACHO constraint game.
Can constrain all mass ranges = 10 M, with same survey!

Expected number of events Number of
(assuming all have same timescale) monitored stars

Timescale of

From 10’s of years to
~6 months!

Optical Depth

Average matter
Paczynski 1986, 1996 density at Dy
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Gould did it...

THE ASTRO!

XTENDING THE MACHO SEARCH TO ~10° M,

© 1992 The Amercss Astronon Al rights racrved Frammed /SA
ANDREW GouLD
Institute for Advanced Study, Princeton, NJ 08540
Received 1991 November 4 accepted 1991 December 27

1992 June 20

The search for a microlensing (changing light-curve) signature of massive compact halo objects (Machos) by
the Macho Collaboration is currently believed to be sensitive in the range 107 7-10° M. Microlensing events
from higher mass objects last longer than the 4 yr duration of the planned experiments and therefore, accord-
ing to current beliefs, cannot be distinguished from long-term variables. In fact the signature of Machos in the
range 10°-10° M, can be distinguished from background events by the annual modulation in light magnifi-
cation induced by the Earth’s motion. For Machos in the range 10°-10° M, Hubble Space Telescope (HST),
or even ground-based measurements can resolve the split lensed images, thus confirming the lens interpreta-
tion of an event. If the HST's optics were repaired, it could resolve images for Machos 2300 M. The lower
mass limit can be reduced to 4 x 10”% M, by conducting 1 month of rapid repeat observations of a single
ficld. The standard view is that a Macho light curve yields only one physically relevant parameter, the time
scale of the event. The time scale is a combination of the four parameters one would like to know: the mass,
the distance, and the two components of transverse velocity of the Macho. I show that for masses 4-100 M,
annual parallax oscillations in the light curve can be used to determine the transverse velocity. In the range
10 °-10° M, such measurements can be made using a small special-purpose satellite telescope. For masses
10°-10° M, one may determine all four Macho parameters by combining a number of techniques.

Subject headings: astrometry — Galaxy: halo —— gravitational lensing — techniques: photometric

Lawrence Livermore National Laboratory 30 NUYSE o
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Microlensing also affects the astrometry of the source star

Observer-Source Star Frame

Key
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Co-l Jessica Lu is currently making these measurements

with Keck adaptive optics!
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Parallax + Astrometric Microlensing = Tight Mass Constraint

3.0 - 1.1
3.5| 11.0
4.0 . /40.9
4.5 08
= 10.7
5.0t
§ o _ Flux 10.6 ‘i’
5.5 |— Astrometry 0.5 ©
6.0 |l Parallax =
10.4
6.5}
7.0} '_ 0-3
7.5 M ALY L[4 _+. N\ L2702
0 1 8
Lens distance (kpc)
Yee 2015
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However parallax for most black hole events is small

Use 7= and demax 10 confirm BH lens candidates

+10Y
LSST cuts, i.e. :

e <245

101
e deltam > 0.05 ‘

M
T
c
[

£
>

BH
non-BH

1 —
Mass (M)

Casey Lam + 23" Microlensing Conference 2019 See also Fumio Abe’s + 23" Microlensing Conference 2019 talk
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Intermediate Mass MACHO signal provides
powerful background discrimination.

= Achromatic

— Same signal across all wavelengths

0T TTTTTTTTT
= Parallax . | 3
L Light curve from Sun 4
— Signal highly correlated with known motion .§ 15 ~Light curve from Earth-
) ' . t d
around the sun £ 10 | ol
| { \ [ %4
> - [ 1] %y -
= Astrometry N R S 5 S —
. Lo . ’;‘w\-'v'rn' e o
Independent.measuremen’.c, 5|.gnal highly [ “ _ e B Ly |
correlated with photometric signal

- 2 0 2
B N— - Time (years)

Lawrence Livermore National Laboratory YSE s
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But microlensing is not the only way forward

= Astrometry (Gaia)

= Massively multiplexed spectroscopy (LAMOST, SDSS Phase V, DESI)

= Black hole accreting from stellar wind (Cygnus X-1)

= Black hole accreting from disk (MAXI; A0620-00)

= Accretion of ISM (SKA,SRG)

= Ellipsoidal Modulation (ZTF, TESS) followed by radial velocity (SDSS, DESI)
= Narrow & Wide-band H-alpha imaging (future ZTF project?)

= Strong lensing by a background star (OGLE, ZTF)

= Lensing of secondary star (orbital plane perpendicular to the plane of the sky)
= Variations in eclipse time (OGLE)

= Radio-X-ray "fundamental plane" relation (VLA, SRG)

= Sub-millimeter transients (future facility)

Shri Kulkarni
Your method here http://www.astro.caltech.edu/~srk/BlackHoles/BlackHoles.html

Lawrence Livermore National Laboratory NUVYSE
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Suggested Projects
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LSST and other deep/long ground microlensing surveys can
probe this interesting region of parameter space

10"
Probing the Fundamental Nature of Dark |
Matter with the Large Synoptic Survey
Telescope NS |
10"+ GF ‘

LSST Dark Matter Group

102+

GB M31ML
104+ '
LSST MW Paralensing

LSST MW Microlensing

Dark Matter Fraction

CMB
104 — — - - . - —
1018 107 1012 1079 10°° 109 10" 10° 10°
Compact Object Mass (M)
NYSE
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They should be able to start determining if there are signs of
black holes in the matter power spectrum

— R et P e e ey | B Astrophysical BHs

: B Al Events + 30%PBHs

- 5794 events 10°; | T BB Al Events + 15%PBHs

N | All Events + 5%PBHs
- | 4 All Events
= 10°F c c 107 I
- 3 : Q Sensitivity of
= - ' u>J | Proposed Survey
L 3 -
£ - 107 I LIGO-mass
- (@) BH Dark
- - Matter
% ol 1 8 102 ! ! ! €
5. : : Planetary
l\\ g 1011 ulens
= sweet spot
A | R S 10
| 10 100
Iy ldil\‘.\) \
: .. : 107} ' =
Corrected for detection efficiency, power-law tails 107 10° 10 07 100 10°
Einstein Crossing Time tg
Mroz + 23" Microlensing Conference 2019 Preliminary: Medford, Lam, & Lu
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Implement fully Bayesian statistical methods

' Al L4 L4 L4 ] L4 L4 L Al l’ L 4 L T L4 ‘[ Al T L4 L4 ] ’
84
© 7783 , . _
VVV Hack from 234 Microlensing Conference 2019
=
o 1 1 10
-
§ - - = ;ll
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<
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e Bersey o w " 151
— e e e e vy vy seean canne waran arana arens
THE ASTROPHYSICAL JOURNAL, 725:2166-2175. 2010 December 20 doi: 10.1088/0004-637X/725/2/2166

© 2010, The Amenican Astronomical Society. All rights reserved. Printed inthe US A,

INFERRING THE ECCENTRICITY DISTRIBUTION

Davip W. HoGG'*, Apam D. MYERs™*, AND Jo Bovy'
I Center for Cosmology and Particle Physics. Department of Physics, New York University, 4 Washington Place, New York, NY 10003, USA: david.hogg @nyu.edu
“ Max-Planck-Institut fir Astronomie, Konigstuhl 17, D-69117 Heidelberg, Germany
3 Department of Astronomy, University of Illinois at Urbana-Champaign, Urbana, IL 61801, USA
Received 2010 August 24; accepted 2010 September 25; published 2010 December 6
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Will such statistical and analytical methods resolve some of
these discrepancies?

tE distribution

Observational cuts:
ot < 22, Uy < 2, fotenai > 0.1, Am; > 0.1mag

Observed distribution

3
1003 . Mroz+17
] PopSyCLE

)
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>
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o
o
£
=
=

Lam + 23" Microlensing Conference 2019
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Chromatic Microlensing!?
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Blending will be a large
problem for LSST

1090[N. Lss(deg )] Sajadian & Poleski




Blending can make genuine
lensing events chromatic




Spectroscopic radial
velocities may help

Detecting luminous gravitational microlenses using spectroscopy

S. Mao', J. Reetz’, and DJ. Lennon?

' Max-Planck-Institut fiir Astrophysik, Karl-Schwarzschild-Strasse 1, D-85740 Garching, Germany
# Universitits-Sternwarte, Scheinerstrasse 1. D-81679 Munich, Germany

Received 15 April 1998 / Accepted 9 June 1998



Black hole lens or boring old star lens?

‘ Lawrence Livermore National Laboratory INVSE

XX S e b~



There is often ambiguity about whether a microlensing lens is
truly dark

= Consider two MACHO microlensing
candidate black hole events

= Possible black holes but also
consistent with simple star-star
lensing

‘ Lawrence Livermore National Laboratory N s,(.% 47
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One option is to wait a decade or two and see if the lens moves
into plane sight

= Requires high resolution imaging
from space and ground over a very :
long temporal baseline, often much
longer than the duration of the event

o new source O

= Radial velocities and “chromatic o
microlensing” offer a way to break
this degeneracy on much shorter
timescales

‘ Lawrence Livermore National Laboratory N A‘ S@; 48
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Microlensing and Radial Velocity Complementarity

‘ Lawrence Livermore National Laboratory INVSE
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product, or process disclosed, or represents that its use would not infringe privately owned rights. Reference herein to any specific
commercial product, process, or service by trade name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States government or Lawrence Livermore National Security, LLC.
The views and opinions of authors expressed herein do not necessarily state or reflect those of the United States government or
Lawrence Livermore National Security, LLC, and shall not be used for advertising or product endorsement purposes.
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