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Microlensing of
Galactic sources

Ocures when multiple images are Eaih
unresolved — we see only the change of
the brightness of the source.
Micro lensing is achromatic.

Brightness of star

Pietrzynski, G. (2018), Nature, Vol. 562, p.349-350 Time

Microlensing allows detecting objects
normally impossible to detect (e.g.,
exoplanets, Massive Compact Halo
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When a foreground stas It a planet is orbiting the ‘ 1
(red) passes in front of a foreground star, it, t0o,
background star, it brightens will gravitationally lens the
the light of the background background star for a
it star, The gravitational field of shorter duration
Image Credit: NASA / ESA /K. Sahu / the foreground star warps <—— 30days >
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Binary lens

Mao & Paczynski 1991: we
expect that most of the
stellar objects are in binary
systems

Depending on mass ratio
and separation of binary
magnification patterns may
differ.

Magnification pattern

Mao & Paczynski 1991

Source trajectories on the

lens plane

L38 (M\O & PACZYNSKI
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FiG. 1.—Geometry of microlensing by a binary, as seen in the sky. The
primary star of | M, is located at the center of the figure, and the secondary of
0.1 My, or 0.001 M, is located on the right, on the Einstein ring of the
primary. The radius of the ring is 1.0 mas for a source located at a distance of 8§
kpc and the lens at 4 kpc. The two complicated shapes around the primary are
the caustics: the larger and the smaller corresponding to the 0.1 M, and
0001 M, companions, respectively. If a source is located outside these
regions, then only three microimages are formed, while a source inside them
forms five microimages. The parallel straight lines indicate the trajectories of
sources for which the light variations are shown in Fig. 2.

Magnification curves
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F1G. 2.—The light curves shown correspond to the six source trajectories in
Fig. 1. The source is modeled as a uniform disk of radius R,,,, = 10! cm. The
first six light curves, a—{, correspond to the case witha 0.1 M o companion; the
last two, cp and dp, correspond to the case with a 0.001 M o tompanion.
Notice very high spikes when a source crosses a caustic, or approaches a cusp,
asin the light curves c, d, and cp. The low-amplitude light curves a, ¢, f, and dp,
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AGNs (especially blazars) are highly variable sources for a high
range of frequencies and on different time scales ranging from
hours to years.

LETTERS TO NATURE

The idea that microlensing may be responsible for part of the
variability arose for the first time in the 80s.

Gopal-Krishna & Subramanian (1991) proposed that
achromatic optical variability of blazars on ~hours timescales
may be due to gravitational microlensing of the relativistic jet
knots.

Gravitational micro-lensing of the
relativistic jets of quasars
Gopal-Krishna & Kandaswamy Subramanian

Tata Institute of Fundamental Research, PO Bag No. 3, Poona University
Campus, Pune 411007, India

GRAVITATIONAL microlensing of quasars has been invoked to
account for their observed optical variability'—the timescale
being as short as a few years for microlenses the size of Jupiter
moving at ~300 km s~ ' (ref. 4). But some blazars (conspicuously
active quasars) show ultra-rapid variability on timescales as short
as 1 hour in the optical®~” and 1 day at centimetre wavelengths®'".
Blazars are known to contain relativistic jets directed within ~10°
of the line of sight'?, and bright knots in these jets could appear
to move superluminally with respect not only to the blazar nucleus
but also to any galaxy near the line of sight. We argue here that
any such superluminal motion'?, if microlensed by a star in an
intervening galaxy, can produce the requisite ultra-rapid vari-
ations, even in the absence of intrinsic flux variations in the jet.
Moreover, the same mechanism can naturally account for the
commonly observed ~1-day variability of compact radio sources
at centimetre wavelengths'?,
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Selection of the lensing candidates from the radio monitoring programs (OVRO 15 GHz, Metsahovi 22 and
37 GHz, OVRO 100 GHz, SMA 234 GHz).



The most promising candidate:J1415+1320.
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Figure 2. Same as Figure | but with the entire Metsihovi monitoring data at 22 and 37 GHz since 1989, and the OVRO MMA data at 100 GHz. Two more achromatic

U-shaped events are seen in 1993 and 20040,

Vedantham et al.2019
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Microlensing Events in the Optical
Lightcurve of Active Galaxy S50716+714

BlazarS50716+714:

e Particularly high duty cycle on short time scales at optical frequencies.

e Subject of numerous intra-night monitoring programs, e.g. Whole Earth
Blazar Telescope (WEBT) and Transiting Exoplanet Survey Satellite (TESS).

Figure 3. Mean-normalized photometric light curves of S5 07164714 in BVRI filters (see the upper panels in Figure 1) facilitating a visual comparison of variability

across the four bands.
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Whole Earth Blazar
Telescope (WEBT) Collaboration
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Peculiar achromatic "double-horn" maximum
feature with the plateau in between was noted for
the first time in Bhatta et al. 2016 ("for about 6hr
(...) the source suddenly exhibited a strongly
reduced level of flux variability, resulting in a
plateau in all four bands’ light curves”).

Ostorero et al.2006
Bhatta et al. 2016
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Similar events can be spotted in TESS data.

Inspired by the work (Vedantham et al. 2017) we propose that the
we propose that the U-shaped features we see in the optical light
curve of S5 0716+714, may as well result from the lensing of a

precessing jet in the source by a binary lens.
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magp

Achromacity

Four out of the six events, have the accompanying WEBT data
(Raiteri et al. 2021) , which clearly show that the flux changes
traced by the dense TESS sampling, are followed closely in all
the B, V, R, and | filters separately
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Figure 3. Light curves of 85 07164714 in BVRI built with data from the
WEBT Collaboration. Different symbols and colours distinguish different
data sets as explained in Table 1. In all panels, the TESS light curve is plotted
in grey. highlighting the excellent agreement between space- and ground-
based data.

Raiterietal.2021



It was difficult to find (qg,d) for which it was possible to fit first

two (TESS19-A andTESS19-B the rest of the events).
On the other hand lot of trajectory parameters give similar fit
quality.
Table 1. MULENSMODEL best-fit parameters.
Parameter TESS19-A TESS19-B  TESS20-A TESS20-B  TESS20-C  TESS20-D
p 0.0137 0.0137 0.0137 0.013” 0.013/ 0.013/
q 0.00545"  0.00545"  0.00545"  0.005457  0.00545  0.00545/
d 0.727/ 0.7277 0.7277 0.7277 0.7277 0.7277
up 0.36 0.35 0.48 0.78 0.75 0.54
tp 3.0 4.0 3.4 2.4 1.5 1.7
a 89 94 82 88 87 94
to [BTJD]  1843.78 1845.92 1849.62 1852.30 2026.66 2030.00
to [UTC]  2019-12-26 2019-12-28 2020-01-01 2020-01-03  2020-06-26  2020-06-29
06:36 09:58 02:46 19:05 03:54 12:04
x? /dof 1.91 1.5 3.75 2.10 0.93 0.89
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e g=0.0054, d=0.7,
Lens bina ry SyStem * qisthe binary mass ratio,

* disthe binaryseparationinthe Einsteinradius units
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Constains on the lens mass

Size of the emission region in blazar
cannot be smaller than gravitational
radius of the SMBH in nucleus:

GM, M,
= ~ A
9T T ( 1050, ) U

Lens must be on the line of sight to
the jet for at least ~20 years.

Ovel T < REg

We can assume maximal apparent
velocity (for this source 30). Then:

L RE = {‘Zﬁapp tE

Orbital period of the binnary has to
be << than the time of the event.

Vorbte < d R

or = (

AGM Dig

C

2

Dy, Dg

)1;"2



M
104 M,

We know the time scale of
the events from the
fitting. Assuming maximal
projected velocity Bapp.

N104 .ﬁapp ’ L_E ’ DLS -
- 30 2d 100 pc

(

104
< 1000|
= 40
E 5 10 50 100

D, sa[100pc]

The binary lens mass

For a typical blazar with
M.~108M, the velocity
dispersion is expected to be
around o, = 200 km s71 .

\ ¢

. 2 2
M < 102 Ovel T Di g
104 M 200 km/s 20yr 100 pc

10 < M/Mg < 1082 for the distance DLS =~ 100 pc,
10* < M/Mg < 10°for D5 = 10 kpc.
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What is our lens?

Mass consistent with the IMBH accompanied by Masses in thg lStMellar Graveyard
0 Iin Solar via
the lower mass object. sses

The IMBH lens should be accompanied by a
much less massive (ratio 1:200) object.
N-body simulations of globular clusters show
that we may expect IMBH with companions for
these mass ranges (see, e.g., Konstantinidis et
al. 2013, Leigh et al. 2013)

EM Neutron Stars

Laser Interferometer Space Antenna (LISA) is
expected to detect ~2 mergers of BHs in this

= GWTC-2 plot v1.0
Mmass ra nge per yea r (Ama ro Seoa ne et d I 2022) LIGO-Virgo | Frank Elavsky, /'iaortoz Geller | Northwestern

LIGO-Virgo Neutron Stars o

Paper Krdl et al. based on this analysiswas recently submitted
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For small separations (d), magnification
occurs predominantly in a compact
area surrounding the centre of mass of
a binary lens.

If, in addition, the mass ratio is < 0.01
magnification pattern resembles point-
mass lens

As mass ratio grows, the area of
magnification is also enlarged, creating
various shapes which exact appearance
depends on the separation parameter



After initial exploration of the (q,d)
cp e parameter space through inverse ray
Flttlﬂg procedure shooting, we used Mulens Model (Poleski
& Yee, 2019) to find the lens model that

may fit all events.

Parameter Name in Unit Description
MulensModel o It was impossible to fit all of the parameters at the
. o0 e time of the closest approach betveen the source and same time. So we first found the lens (qg,s) which
u u-0 The mpact parameter betwieen the source and the lens may fit all the events. Then we froze their values.
te t.E d The Einstein crossing time.
p rho The radius of the source as a fraction of the Einstein
e The fit was performed for each selected event
) o comsion se 2 action of the Finstein ving rodins. separately. Since the number of the free parameter
q q I::;l“;fi‘*ql;“r::ﬁf:‘*“ the lens companion and the lens was still too large, in each fit, we selected a set of
a alpha deg. The angle between the source trajectory and the binary different values of tE, and fit the remaining
auis.

trajectory parameterst0, u0, and a.

Seven parameters is needed to describe lensing event. Three of The final model was chosen based on the x2
them should be the same for all of the events (g, s, rho). Four statistic .
describe the source trajectory on the lens plane — they will be
different for each event




