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Free floating planets (FFPSs)

The objects with M < 0.01 Mg, that is not orbiting around any host star are
called:

- Free floating planet (FFP)

- Rogue planet

- Orphan planet
FFPs are detected in young star forming region by infrared imaging surveys:
WISE 0855-0714 (M~3+10M; D~2.2pc) Luhman et al. 2014

Their origin is uncertain
Formed in protoplanetary disks and subsequently ejected. \eras et al., 2012
Formed by direct collapse of molecular clouds. Silk, J. 1997

The gravitational microlensing, is the only way, to detect these objects at
distances larger than a few tens of parsecs.



Gravitational microlensing

The Earth, a close star, and a brighter, more distant star Gravity from the closer star acts as a lens and
happen to come into alignment tor a few weeks or months  magnifies the distant star over the course of the transit

D000

pN

distant =tar

o ={ar

I'he change in bnghiness can be plotted on a graph

Amplification

Time

Just see a distant star magnified.
Eistein predicted 1936, but concluded imposible to observe. Einstein, A. 1936

In 1986, Paczynski suggested it is possible if watch millions of stars. Paczynski, B.
1986




Gravitational microlensing: Geometry
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Gravitational microlensing: photometric

observations
UT=1 to 2 40 A
Uo l/ ‘1' SOJ‘FF_CG 3'5;' //\\
Lens g 3.0§— / \
/A
Lé' 2.0 — °/ \
< .// \'\
=1 15| e .\\.\ .
u’ (t) + 2 . E./././,/.// e
A(u) = : A, =1.34 wof ;
U(t)\/u (t) + 4 -1t5l - 1IO - OIS - IO!OI - IO!SI ~ Il!OI - Il-.5
u(A) = \/5[ ( A? )2 _qjv A(;)/T
A2 _1 uo — \/5[( . ax )1/2 _1]1/2
A\nax -1
u(t) = \/u§+(t_t°)2 Measurable parameters are: ug, t,, T

A microlensing event is detectable if in its curve there are at least 8 consecutive points
with A>A,, .



Gravitational microlensing: the second order effects

1. Finite source effect
2. Parallax effect
a) Orbital parallax

b) Trigonometric parallax

3. Binary lens



3. Binary lens ( Bound Exoplanets)

I 1 I I i I I 1 I 1 I l I I i
3823 confirmed exoplanets ’5 30 -
. S a0 [
e ~74%, Transit method g
« ~20%, Radial Velocity method % b
« ~2%, Gravitational Microlensing gL
1 L | | 1 | |
website 4240 4245 4250
https://exoplanetarchive.ipac.caltech.edu/index.htmi MOA-2007-BLG-192L b
Mp~ 3.3Mgqnin
The first exoplanet: OGLE-2003-BLG-235Lb Semi-Major Axis ~ 0.62 AU

(Bond et al. 2004)
(Bennett et al. 2008)



1. Finite source effect —

» This effect is detected in events where u, is
comparable to p..

» The amplification for uniform source brightness,
Is calculated using polar coordinates centered at the
source center

Amplification

j d@f rAU)dr o RD _& |
u ' ju— pu— .
7z,0* ReDs 6 o[
> By the fiting can defined p.. ot
» The angular size of the source estimates through . >
the color and magnitude diagram (CMD) and then 1 o
the © can be measured. LN VN
> Finite source effects can be detected on a light o s 00 o5 o

t/TE

curve when it contains at least 8 points with

Res > photometric error around the event peak. Up=0.1, p.=0.46 T¢=9.2 hours

Hamolli et al., 2015

‘AF -AF|>AF = ‘A— Al > % = Res > photometric_error




2/a. Orbital parallax effect

»  The parameter of line of sight ¢, ¢

»  The observer coordinates projected in lens plane:

: | | ‘ | - | | T I 11 1 11 I 11 1 | 1
50 100 150 200 800 850
JD - 2449000

Alcock et al., 1995
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x,(t) = p{—sin y cosd(cos &(t) —e) —sin ysin d+/1—e? sin &(t)}
X, (t) = p{—sin ®(cos &(t) —e) +cos D+1-e? sin &(t)}

p:

u(t)® = p(t)* +d(t)°

Amplifikimi

P(t) = P (t) +COs WX, (t) =X, (t)] +Siny X, (1) — X, (t)]
d(t) =dg —sinyw[x (1) — % (t)] +Cosy[X, (t) — X, (to)]

ut)® +2 ( ty)

OJu) < 4 Po(t) = d, =U,

‘AF — ApF‘ >AF = ‘A— Ap‘ >— :> Res > photometric _error
F

A, (1) =

Residuals

1
0.5 1.0

» By the fiting can defined p and then r oo



2/b. Trigonometric parallax effect

»  The simultaneous observation of the same event
by two telescopes

For each curve can be defined the max time and
Impact parameter and then find

>

15

[{OGLE)

Aty = [to; —toy| AUy =|Ug; £ Ugy |

D,

e

residual

At
=AU =(—2,Au,)
tE

« The Au, has a two-fold degeneracy : the “+” depends
on whether the two telescopes lie on the same “—” or
opposite sides “+” of the direction of motion of the lens.

 So, rg value cannot be uniquely determined.

« D, , Is the projected separation between the two telescopes
in the observer plane.
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Yee et al., 2015, ApJ, 802, 76



Gravitational microlensing: Astrometric observations

The light centroid traces the elliptic trajectory.

The centroid of the image pair is defined as the
average position of + and —images weighted by the
associated magnifications

u A +u A u(®+3)

U= -
A +A u®+2

The measurable quantity during an event is the centroid
shift of the image pair relative to the source,

A=U—-U=

u®+2

1

OI".)

Unlike A, which is a dimensionless quantity that depends only on the dimensionless

separation u, the A is a function of both u and O..

aet g pll,  a=i %
uz+2 - _2u§+2 . 2«/U§+2

From the measurement of the a and b can be defined O..

C2

M :ErEQE

If by a microlensing event © and r are measured, then the mass can be defined uniquely:
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The current microlensing observations

Present

MOA, since 1995. Discovered 21 exoplanets.
OGLE, since 1992, Discovered ~ 50 exoplanets towards the bulge.
Kepler 2, is moving in an Earth-trailing Solar orbit, the distance from Earth is about 0.5AU.

Spitzer, is about 1.48 AU behind the Earth on the orbit , is used for trigonometric paralla
with OGLE and MOA.

Gala, L2 point, Astrometric observations of all the sky since December 2013, precision
down to 4 pas,

Future

WFIRST, in 2020, ~3 sq. deg (10 fields), ~432 days (6 seasons of 72 days each), cadence
~15 minute, A,=1.001 (u,,,, = 6.54), photometric error 0.1%.

max

Euclid, in 2021, 0.54 deg FoV, 6 years duration, A;=1.001 (u
minute, photometric error is 0.1%.

max — 0.54), cadence ~20



Survey towards the Galactic Bulge

= Why? — microlensing probability : ~10°  (caused by stars)
— dense field with stars

= Optical depth: the probability that at any time a random star is magnified more than A,

7= IODS n(D, )(zR2)dD,

= Microlensing rate: the number of events per unit time and per monitored star.

= Einstein time: ~ 30 days — Mg,
~afew days — M,
~hours — Mgy,



Free-floating planets by observations

_——Power-laww/ FL

 From 474 microlensing events of MOA-II -~ Fover—lavw/ FL

data set (2006-2007), 10 were found with T ?%";E‘%zp%i
< 2 days. A best fit procedure defines a mass o | Log-normal: * PLY
range of FFPs 10° < M/M<< 102, distributed g -

following a power-law mass function \f %, .

100

with ap =137 and N =551 number 3
of planetary mass objects per star.
* Recently there are some reviewed values for ~ °f / )
the mass distribution, by the analysis of 2617 Il /)
events of OGLE-IV, 2010-2015, Mroz, et al. S 0 Y
2017. b, (day)
« Spatial distribution of FFPs: Sumi et al. 2011
a) triaxial bulge with mass density « Velocity distribution of FFPs:
2 o Xy, 2 —
PM, Xy, z) = py(M)e S'=(Crt) T (V. —V. )
o . f(v;) oc exp[—————]
b) double exponential disk with mass density Zgi
. —|z|/H o—(R=Ry)/h
IO(M J R1 Z) — IOO(M)e € Han & GOUld, 1995

Hafizi et al., 2004



Results (Euclid or WHirst)

Since their cadence is planed 20 min, is expected to detect the microlensing events with
duration larger than 2.67 hours.

The optical depth of microlensing events caused by FFPs is of order 10 and the event
rate is a few hundred events for month.

The optical depth and microlensing rate depend on the power law index of the FFP mass
function.

Using Monte Carlo numerical simulations, we calculate the efficiency of orbital parallax
effect, which results ~ 30% and the best period for it is in June.

0.5 |

¢ In approximately 30% of the microlensing events T Thin sk
caused by FFPs it will be possible to detect the finite o4 T TheRas
source effects in the light curves.

0.3 -

Finite source efficiency

¢ The finite source efficiency increases with the
value of x, so it is more likely to detect finite source
effects for FFPs in the Galactic bulge. o1

D2 |-

0.0 1 L - ! 1 L 1 L N
00 01 02 02 D4 D5 06 07 08 09 10
*»=D /D_



Results: The trigonometric parallax effect (OGLE-K2-
Spitzer)

Since, from April 22 to June 2 (2016), was planed [ ot
microlensing survey towards the bulge, by K2, Bl R
Spitzer and OGLE, we calculate the efficiency of ‘ i -
the trigonometric parallax effect.

For OGLE the threshold amplification is taken the
minimum value of the peak amplification of events : . L
detected during the 2015 campaign, A, = 1.028. R [N
For the K2C9 mission the threshold amplification i F o777 ;
Awn-k2 = 1.004.
Concerning the Spitzer observations, the threshold T I S e a—
amplification is A, _¢ = 1.066. t,h

We assume that the observational cadence is 30 min. & /6" M= 107 Maun, DL =31 Kkps g =015

13 | .

Amplifications

Probability that a microlensing event is detected by two telescopes depends by the spatial
distributions of FFPs. The bigger is for FFPs in the bulge.

Probability that a microlensing event is detectable by OGLE and K2C9 telescopes is larger at
the beginning of the campaign, while it decreases towards the end of it.

The probability for OGLE- K2 telescopes is bigger then OGLE-Spitzer, due to the larger
values of both the A, _ and the D, between Spitzer and Earth.



Results: Astrometric microlensing (Gaia, OGLE)

» Using Monte Carlo simulation, the astrometric efficiency of the events photometrically
detectable depends on the index value of FFP mass function.

» Also, the astrometric signal efficiency decreases when the value of D, is increased.

= The efficiency of the astrometric effect 025 e
varies from about 10%, for close FFPs, to i
zero for FFPs in the Galactic bulge. 020 L e i

= On the contrary, the photometric detection
efficiency is roughly independent from D,

________________

015 i
and turns out to be between 15% and 20%. g [ '
o . £ — Astrometric
= The efficiency for events astrometricallyand £ . ¢ ---- Photometic
. . (= -+ Aglrometric & photometric
photometrically detectable is only a few i

percent.

= By OGLE observations during 2016 are
detected 34 events with T < 2 days. For ap,
= 1.3 and cadence 2 hours, we find that _
2+3 of them could have astrometric signal 0 1 2 3 4 5 8§ 71 8
observed by Gaia telescope. D, (kpc)

.05 ...

0.00




Results: Second order effects (thin disk)

Table 1: Efficiency of some second order effects in microlensing events caused
by FFPs towards the Galactic bulge as a function of the ap; value in the

range 0.9 - 1.6 and for observing cadence of 20 min and 30 man.

Cadence 20 min

C'adence 30 min

apr, | Finite source | Orbital parallax Satellite paralax Satellite parallax Astrometric

ef ficiency e f ficiency ef ficieney (E — K2C9) | ef ficiency (E — S) ef ficiency
0.9 0.220 0.330 0.915 0.462 0.166
1.0 0.250 0.328 0.890 0.424 0.099
1.1 0.269 0.321 0.858 0.349 0.076
1.2 0.294 0.314 0.814 0.299 0.070
1.3 0.318 0.312 0.774 0.249 0.064
1.4 0.336 0.304 0.739 0.207 0.053
1.5 0.359 0.302 0.701 0.158 0.041
1.6 0.371 0.229 0.672 0.130 0.036

« When «a,; gets larger values, only the efficiency of detecting finite source effect is

increased.
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FFP candidate by OGLE

Recently is presented the discovery of a
Neptune-mass free-floating planet
candidate in the ultrashort (t - = 0.320 +
0.003 days) microlensing event OGLE-
2016-BLG-1540.

The event exhibited strong finite-source
effects, which allowed us to measure its
angular Einstein radius of 0 - =9.2+0.5
nas.

However, remains a degeneracy between
the lens mass and distance.

Magnitude

Residual

1421

1431

1441

OGLE I
KMT CTIO 1

KMT SAAO 1

7606 7607
HJD - 2450000

7604 7605 7608 7600 7610

7603

(Mroz et al. 2018, ApJ, 155, 121)
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