Microlensing Parallax with Spitzer

Pathway to the Galactic Distribution of Planets

2015 Sagan/Michelson Fellows Symposium
May 7-8, 2015
Caltech

Sebastiano Calchi Novati

Sagan Visiting Fellow
NExScl (Caltech), Univ. Salerno

in collaboration with: A. Gould (Pl), G. Bryden, C. Beichman, S. Carey, J. Yee et (many) al



OUTLINE

(1 Microlensing: it’s all about gravity
J Microlensing and the hunt for Exoplanets

d The Microlensing Parallax: a ruler in the sky
» Uncovering the lens mass and distance

J The Spitzer 2014 Pilot Program

» 0B140939: First Space-based Microlensing Parallax Measurement
of an Isolated Star

» 0B140124: First Microlensing Planetary System with Space-Based Parallax
> Parallax measurements of 21 Single-Lens events

 The Spitzer 2015 Observational Campaign

what this is all about: simultaneous observation of the same microlensing event
from two observers (Spitzer and ground-based telescopes) separated by ~1 AU:
measure the parallax and get the lens distance (also) for single-lens events,

this leading to the Galactic distribution of exoplanets (for a large enough statistics)



Gravitational Microlensing

Light from a background source is deflected by intervening objects along the line of sight

Weak field / strong lensing / multiple images / micro: the lens is a stellar-mass compact object/
nearby stellar sources === image separation AB~ mas === observe the source change
in magnification as a function of time because of the source-lens relative motion

Luminous
source
Moving massive
object M

Characteristics length: Einstein Radius, Rg (microlensing cross section)
Bulge sources (Dg = 8 kpc) and typical lens mass (M;~0.3 M): Rg~ 2.2 AU



Microlensing and the Search for Exoplanets

(«standard») Single lense systems: 3 parameters: (ty, uy) characterize the event geometry
A single observable related to the (lens) physical parameters: tg = tg(My, Dy, Dg, V)

— degeneracy in the lensing parameter space
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Multiple (binary and/or more) lens systems

planets: searching for low mass lens companion’s
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Images (blue ovals) of the source (red circles) moving across the Einstein ring (green)
The primary lens (black dot) hosts a planet (red cross) along the path of one of the images
This creates a perturbation (here, a bump) along the primary single lens light curve

Note both magnification and demagnification for the source images
If ever the planetis at the magenta cross position... you just miss it!



Microlensing and Exoplanets Astrophysics

We can detect and characterize exoplanets through microlensing.... is that useful ?
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Microlensing is sensitive to planetsin regions of the parameter space
difficult to impossible to probe with other methods



breaking the degeneracy in the microlensing parameter space

[ ] [ ] @0
The Microlensing Parallax 2 g
measure the projection of the Einstein radius into the observer plane, g 6
given a known length of order AU in the observer plane S/{_
J 4

1 Orbital z;: Earth acceleration for very long duration events
(i) biased sample, ii) subtle distortions)

] Satellite r;: Observers separated by a significant fraction of an AU
unbiased sample of events and .... this is NOT a small effect!

Finite size source effect
(a second ruler: the source angular size)
The effect depends on the projection of the

Einsteinradiusinto the source plane
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From the parallax to the lens mass and distance
through the (projected) velocity

The projected velocity
(from the fit parameters)

The parallaxvector

Vhel = Vgeo + vEBJ_’

L
A key quantity: kinematic properties only -
indepedent of the lens mass -

Discriminate bulge and disc lenses

Rg The parallax

~ 1-—D;/Ds amplitude

v Source-lens relative proper motion is
U = ——T,p; withina factor of 2 of u~4 mas yr=*
AU for bulge and disc lenses
_ ” geo L E - 0 E Possible to get to statistical statements on

M and m,.,; also when Oy is not measured

kT E k [ 4x (and therefore on D, for fixed Ds)



Spitzer Microlens Planets and Parallaxes in 2014

a 100 hr (38 2.6hr windows) pilot program Pl: A. Gould, co-I: S. Carey, J. Yee (DDT #10036)

Measure of microlens parallaxes by simultaneousobservationsfrom Spitzer, at about
1 AU from Earth, of microlensing events toward the Galactic Bulge alerted and
observed by the OGLE survey (~ 2000 new events/9 monthsin 2014)

Why (and why not) Spitzer Observation carried out in June 2014
O Solar orbit (HID-245000=6814, 6850)
d 3.6 um camera, =~ 2" PSF New protocol for «regular» ToO observations
O Short notice with 3-9 day turnaround (AG, JCY)

L 60 events observed (OGLE)
= 1 planetaryevent
= 4-5 binarylenses

+* Can only observe the Bulge
for two ~38 d intervals/year
(only one of which during the

Earth Bulge visibility period) " 22 si.ngle-lens events a-nalyze.d _
< Rapid responses are very = 15 (S|'ngle-l'e'ns) under investigation
disruptive to mission = ~17 insufficient sampling

Scientific purposes
v Probe feasibility (pilot program!)
v' Microlensing lens masses and distances (planetary events)



Gould 2014 100hr Spitzer pilot program

Pathway to the Galactic Distribution of planets: Spitzer
Microlens Parallax Measurements of 21 Single-Lens Events

OGLE-2014-BLG-0099: Ay? = 17.33, 0, 241.54, 202.96 (~+,,++,+-)
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The parallaxdegeneracy (4 = A(u?(t))
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bottom line: 4 minima in the y* space
with 2 values for the amplitude g
(relevant to mass and lens distance)

Udalski et al, ApJ 2015



Rich argument (a statistical assessment)

The two components of 1ty should (in general) be of the same order:
If we find g . >> 1 _ then it is highly likely that the g _ solution is correct

Consider an event with similar ty, and u, from Earth and from Spitzer

Both components of mp _ « (AT, Auy _) arethereforesmall

There is then a second solution 1t . o< (AT, Aug ) for which Aug 1~ 2uy g

Is there a way to underweight mg  vs T _ ? Let’s assume T, . is correct....

Tt 4 is almost aligned with the y-axis which is unlikely assuming a random
distribution for the parallax vector orientation: P, ~ |At| /|u0,@ , Which is small

The event cross the Earth-Spitzer axis just such ug o~ — Uq spitzer Which (again)

is unlikely (the event may pass everywhere): P,,, _~ |Au0’_|/|u0’@ , Which is small

The probability for both simultaneously happen is even smaller

Such an argument cannot be considered decisive in any specific case,
however its use is appropriate, in a statistical sense, if the objective
is to find the (cumulative) distribution of lens distances



residuals

North

Rich argument in practice

A case where it does apply

OGLE-2014-BLG-0678: sz =0.47,0,24.57,3.73 (-+,--,++,+-)
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A case where it does NOT apply

OGLE-2014-BLG-1021: Ay* = 0.61, 1.27, 1.81, 0 (===, ++,+-)

disc or bulge lens?
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Analysis of the 21 single-lens events

filled: disc .
empty: bulge |
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stars: disc + bulge
squares: Ay’< 0

0.5 1 1.5 2

. 2.5
logIO(sz) (rejected mg , solutions)

Singling out the
correct it solution

0 Ay?
] Rich argument

e 10 evts with Rich argument

(4 with large Ax?, and 1 «wrong»)
« 6 withlarge Ay? (small g ratio)
* 5 doubtful cases (3 disc + 27?)

Disc and bulge nature
based on kinematic (V)

in the following statistical
analysis we consider accordingly
from 1 up to all the 4 solutions



(Microlensing parallax for single-lens systems)

Towards a distribution of lens distances

The phase space density, I' = nov,
evaluated at the fit parameter values (the parallax!)
provided a kinematic model of the Galaxy

The volume element : DL2 AD;

The kinematicprior: P(¥) = P(¥,model, mw,.;,D;)
The cross section: g = m,.0;/Tg

The proper motion: u = m,.,; 7/AU

(The lens mass: M= 1t,..; /K g )

I ->pr=dr/d(D;) = pr(1m,¢;, D)

Discrimination among the 4 it solutions:

e Rich argument (when appropriate: 10 evts/21)
*+ Ax* - p x exp(—A4x*/2)
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D/kpc = 1/(n_/mas + 1/8.3)

one planetary event
OGLE-2014-BLG-0124
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» single peak distributions (most cases)

U broad distribution for disc lenses
O bulge stars (30% only, bias obs protocol ?)
O gap around 6.5 kpc (conjecture: los ?)

*» small statistics
+* Selection effects

the specific features of the distribution,
and its possible biases, are irrelevant for
the actual purpose of the analysis.....

SCN, Gould, Udalski et al, ApJ 2015.



.. Yo the Galactic Distribution of Planets
a test study: 1 planet only (OGLE-BLG-2014-0124)

a key issue: the planetary events are NOT chosen for Spitzer observations because
they are known to have planets — they are a fairly-drawn sample from the
ensemble of single lens events which then provides, regardless of any bias in this
sample, a probe for a (relative) measure of the planets distance distribution

OGLE-2005-BLG - 1619: M
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a caveat: each point-lens
lightcurve pdf must be
weighted by the corresponding
planet sensitivity (Gould et al
2010), in order to compare the
resulting cumulative
distribution, namely the
cumulative distribution of
planet detectability, with the
Galactic distribution of planets

Gould et al, ApJ 2010



Spitzer as Microlens Parallax Satellite: Mass measurement
for the OGLE-2014-BLG-0124L Planet and its Host Star

O = 0.84 + 0.26 mas (for M < 1.2 Mg) g = 0.15 (2.5%)
16.0————r
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Udalski, Yee, Gould et al (SCN) ApJ 2015



The 2015 Spitzer Observational Program

. . Pl: A. Gould, proposal #11006, 832 h (= June 10th-July 10th)
The Microlensing Parallax in the Sky

Simultaneous Spitzer and survey+follow up ground-based microlensing observations
with Spitzer observations triggered by ground-based microlensing survey

key point: measure of the lens distance (also) for single-lens events

A first probe of the Galactic distribution of planets / vs 2014
** Increase statistics

s Strategy to Maximise Planet Sensitivity (Yee et al, submitted)
(measure the parallax for as many as planetary events as possible....
without knowing a planetis there!)

v Objective and Subjective selection criteria
» choice for the events and choice for the cadence

v Improve Spitzer photometry
v’ Spitzer Real-Time analysis
1 Probe for brown dwarf binaries
1 First mass-based measurement of the stellar mass function
(including dark objects such as black holes)



Finding Planets With Microlensing

Astronomers use a technique called microlensing to find distant planets in the heart of our
galaxy, up to tens of thousands of light-years away. This infographic illustrates how NASA's
Spitzer Space Telescope, from its perch in space, helps nail down the distance to those planets.

A microlensing event occurs when a faint star passes in front of a distant, more visible star. The
gravity of the foreground star acts like a magnifying glass to brighten the distant star. If a planet
is present around the foreground star, its own gravity distorts the lens effect, causing a brief dip
in the magnification.

The great distance between Earth and Spitzer helps astronomers determine the distance to the
lensing planetary system. Spitzer can see lensing events before or after telescopes on Earth, and
this timing offset reveals the distance to the system.
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