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5. OBSERVATIONAL REQUIREMENTS

Two distinct steps are required to observe a planetary
system by microlensing. First, one must single out a disk star
which happens to be microlensing a bulge star. Second, one
must observe this star often enough to catch the deviation in
the light curve due to the planet, The first step involves the
observation of millions of bulge stars on the order of once per
day. The second step involves the observation of a handful of
stars many times per day. In the following we give a rough
outline of what is required for each of these steps.

While observations from one site would be useful, there‘arc
advantages to be gained by observing from several sites. First,

two telescopes that were totally committed. Third, in view of
the fleeting nature of the events, it would seem prudent to build
in some redundancy in case of bad weather at a particular site.
Thus, the optimal scheme would employ, say, a dozen tele-
scopes. Each of these would be committed to carry out two
observations per night. During the near-December season,
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Planets 2011

Exoplanet Discoveries vs. Snow—Line
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Relation of Mass and Distance
to Lensing Observables
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H (calibrated magnitude)

To measure angular Einstein radius:
Standard Sky-Plane Rulers
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To measure angular Einstein radius:
Standard Sky-Plane Rulers
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To measure parallax:
Standard Observer-Plane Rulers
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1-D Parallaxes Are “Common”
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1-D Parallaxes Are “Common”

OCGLE-2005-BLG-071
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+owur (square peg: round hole)

Component of T toward Sun




(round peg: round hole)
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What can be done?

Focus on nearby n =7 /KM; k=8mas/M
low-mass lenses
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Table 1
Monitored Events with Magnification A = 100

Name Amax fn(HID) 1 M/Mg Method
OGLE-2007-BLG-224 2424 42337 7 0.056+0.004 M =6g/xmg
OGLE-2008-BLG-279 1600 4617.3 101 0.64£0.10 M =g/
OGLE-2005-BLG-169 800 34919 43  0.49*02 GM®ég @ 1i
MOA-2007-BLG-400 628 43546 14 03071 GM by @ IE

OGLE-2007-BLG-349 525 43486 12] ~{).6 M = Bg/kmE
OGLE-2007-BLG-050 432 42220 68 050X=0.14 M = 8g/kmE
MOA-2005-BLG-310 400 46564 11 =067X=0.14 AD

OGLE-2006-BLG-109 289 3831.0 127 051*%% M =ég/eme, AO
OGLE-2005-BLG-188 283 35005 14  0.16%030 GMafg &t
MOA-2008-BLG-311 279 46554 18 02075 GM&fg & tp
MOA-2008-BLG-105 267 45658 10
OGLE-2006-BLG-245 217 3885.1 59
OGLE-2006-BLG-265 211 38932 26

OGLE-2007-BLG-423 157 43203 29
OGLE-2005-BLG-417 108 3568.1 23




OGLE-2006-BLG-109
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Five Lightcurve Features
1+2+3+5=Saturn 4=Jupiter
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Generation 1.5: Survey+Followup

OGLE-2013-BLG-0341
Binary+ 2-M_ _ Planet at 1AU
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What can be done?

Focus on nearby n =7 /KM; k=8mas/M
low-mass lenses L
I (3" order in time)
-Biased toward long t, E-parallel
T (4™ order in time)

Terrestrial Parallax
R /AU =1/23,000

earth



OGLE-2007-BLG-224
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Terrestrial Parallax:
Simultaneous Observations on Earth
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What can be done?

Focus on nearby n =7 /KM; k=8mas/M
low-mass lenses L
I (3" order in time)
-Biased toward long t, E-parallel
T (4™ order in time)

R AU =
Terrestrial Parallax earth/ U =1/23,000

Rare, Nearby



Events with Terrestrial Parallax

Name M oy i L PTE e Amm

(Mz) (kpe) (masyr') (mas) (Rg) (day)

OGLE-2007-BLG-224 0.056 0.5 48.0 077 10 106 2400

OGLE-20058-BLG-279 064 4.0 2.7 0.54 100 7 1600

Gould & Yee 2012 Apl, 764, 107



Events with Terrestrial Parallax

Name M Iy i B prE IE Amm

(Mz) (kpe) (masyr') (mas) (Rg) (day)

OGLE-2007-BLG-224 0.056 0.5 48.0 077 10 106 2400

OGLE-2008-BLG-27T9 0.64 4.0 2.7 0.54 100 T 1600
AU 0.
M) = Opmg = —6, 2 0.28 mas——
OFE 0.6 pras

Gould & Yee 2012 Apl, 764, 107



Events with Terrestrial Parallax

Name M Iy i B prE IE Amm

(M) (kpc) (mas y‘r"b (pras) (Rg) (day)
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Gould & Yee 2012 Apl, 764, 107




Events with Terrestrial Parallax

Name M Iy i B prE IE Amm

(M) (kpc) (mas y'r"b (pras) (Rg) (day)
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MOA Point-Lens Events
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FFP Best-Fit Characteristics
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Free-Floating Planets
Point-Lens Events w/o FFPs (short)
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MOA Point-Lens Events
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Satellite Parallaxes (Panacea?)

- T IR !

ON THE POSSIBILITY OF DETERMINING THE DISTANCES
AND MASSES OF STARS FROM THE GRAVITATIONAL
LENS EFFECT

S. Refsdal
{Communicated by Professor 5. Rosseland)
A
: B
(Received 1966 June 6) _

Summary ag

It is shown that the distance and the mass of a star which acts as a gravitational
lens can be determined if the lens effect can be observed from the Earth and
from at least one distant space observatory. The distance from the Earth to

the space observatory will usually have to be of the order of. 5%, of one
astronomical unit or more.

Fle. 1.



Magnification

Satellite Parallaxes (Panacea?)
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From a paper written 15 years ago ...
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Spitzer—Earth Projected Separation (AU)
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OGLE-2014-BLG-0939:
First Isolated Lens with Spitzer Parallax
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Refsdal (1966) 4-fold Degeneracy
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OGLE-2014-BLG-0939:
4-fold Degeneracy Expressed in Velocity
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OGLE-2014-BLG-09309:
Degeneracy Broken => Mass & Distance
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OGLE-2014-BLG-0124:
First Microlens Planet with Spitzer Parallax
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OGLE-2014-BLG-0124:
How Spitzer Observations Were Chosen

Udalski et al. 2015, AplJ, 799, 237
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OGLE-2014-BLG-0124:
The “Big Dip”
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OGLE-2014-BLG-0124:

Source and Caustic Reconstruction
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22 Point-Lens Spitzer Parallax Measurements

OGLE-2014-BLG-009%: ﬁf =17.33, 0, 241.54, 202.96 [+, +++)

: | T L
[= i i | I:.';"-l::"j i i o S I
= 16 | - ! !
=T RS iilﬂm,'f Spitzer SAAO |

6.3 i P~ OGTE MOa TOORTST0

6780 6300 6320 5240 260 5230
H‘: _ O | !
= 005 - s : b
4 0 -
'E - L] b I T !' t
E =005 T T I

6780 6800 6220 5340 5260 5230

HID-2450000

Heliocentric velocity (km/s) (Geocentric parallax

20 i i i el ! ! ! l
| | | = |l ] 1 1 1
od N O NN L
2 i i i 02 ! ! ! I
- w i i 01l + i i i
= 20 I | | | | |
=R T‘“x;ﬂu i ol i i i i
= ] —— 1 ] ] —— ] ]
r | i i 7 i i
0 & | & I I 41 T T ."/f‘}: T T
T | | | | I I I I
! ! ! 420 ST ) )
- } | | | | | | |
0 I I I SEN J J J
-30 ! ; I I I I I I
i i i _|:|_‘|.
50 0 50 04 02 0 02 04
East

Calchi Novati et al. 2014, ApJ, 1n press



22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements

OGLE-2014-BLG-0454: i-.;r:z =5.87,0, 16048, 233 89 (—+, —+++-

'_.ll.":
=
=
=
i
HID-2450000
Heliocentric velocity (km/s) Geocentric parallax
i i i i i I _i.? ..... I |
04
|
200 "{‘ '''''' !‘ '''''' i - '{'_ 03 b _;I_ ..... I
! ! | | ! 0a L | | | |
i 1| e ————— |_ ..... N [ — 1_
= --.\____\__- 12 31l =—————— e e ¢ ¢ e R
E 0 - - B —— = O ——— !_._.E;.!_ ..... T e
z | | | | | _|:| 1 __|._ ..... .|_ ..... _.l._ ..... .l__ ..... I__
-5 1
-—l:-:l T I_ ..... I - _|:| : I N — —_— e — - —
l -
10 4 —— b —. i - B I CT T T T T T ]
! ! ! ! | 04 _._!_ ..... e S L | ]
s00 150 O 250 -500 04 02 0 02 04

Calchi Novati et al.ﬂ 2014, ApJ, 1n press



22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements

OGLE-2014-BLG-08035: ﬁ;{z =0.07,0, 1.56, 0.09 (-—+,-+++)

i e '.'Q,-I
o A SR SV WY, = i . .
g i i el
= :_i_ﬁ_ﬂﬂ‘-ﬂ ..................... .I._ ............. 4= a
i i
5780 6800 6820 6840 5260 6850
w ! !
=
=
=
ifi
= ’ i b i i
§780 6500 6820 5840 GE60 6850
HID-2450000
Heliocentnic velocity (km/s) (Geocentric parallax
i ! i i i i i i
_‘":":l ________ # ...... |_ ............... —_ D] _.__. L 1 _._._._
3 ——m—. N L.
!
e e I S S —
! I I 01 I ] I
= L) e %" __I. ....... r— I EII
S plha—d_ L - o -4 — ]
ra g1 — Y
T S _ L1 —= -
3 T e = L i i
I Y S Lomod L_ 02 [ v !
T | | |
0 -200 =300 0 0 0.3

East

Calchi Novati et al. 2014, ApJ, 1n press



22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements

OGLE-2014-BLG-1021: .-’1}:'1 =0.61,1.27, 1.81, 0 (= —+++-)

o
=
=
g =
6
HID-2450000
Heliocentnic velocity (km/s) Geocentric parallax
15':":' ______ __ﬁ ...... - S — —_ |:|] I l.T —— [P — —_
1000 bmod b J| esH-- T
01 - ——— —_———e. e
jm . _{___E{I_ ......... .I_ ..... _ .:| |:|-T- _|__ | l.l.- |||_ ..... _|_ ..... _|-_
E 1 ] — L i I I, — ' J T ——— L 1]
ra f g i AT N
7 S S & S — | os f
_|:| 1 — II_ —— ———— i
-1000 }-—- = A I - 015 e o S R
-1500 b= _! _________ TSN S - 07 - N T
1000 0 1000 0 01 @ 01 0
East

Calchi Novati et al. 2014, ApJ, 1n press



22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
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22 Point-Lens Spitzer Parallax Measurements
Versus 1 Planet
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OGLE-2014-BLG-1050:
First Binary Caustic Crossing From Space
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Kepler (MP)’

Gould & Horne 2013, AplJ, 779, L28



Kepler (MP)*
Multi-Plexing

Gould & Horne 2013, AplJ, 779, L28



Kepler (MP)*
Multi-Plexing
for
Mass Production

Gould & Horne 2013, ApJ, 779, L28



Kepler (MP)*
Multi-Plexing
for

Mass Production
of
Microlens Parallaxes

Gould & Horne 2013, AplJ, 779, L28



Lens Plane Trajectories
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What we would like to do ...
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R. Street 2013, Kepler Science Meeting



... and what we can do!

Ally=2.0-2.5 mag
All)=2.0-2.5 mag

Bace-1Ra Alll=1.5-2.0 mag

A(l)=2.0-2.5 mag
AR 10 All=1.0-1.5 mag
A(l)=1.5-2.0 mag

R. Street 2013, Kepler Science Meeting
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K2 Microlensing Science:
Short Event: If lens 1s a star
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K2 Microlensing Science:
Short Event: If lens 1s an FEP
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K2 Microlensing Science:
Bound Planets: Mass and Orbit

Lens Flane Trajectories
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WEFIRST

o or Barrel Assembly
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WEFIRST Geosynchronous Parallaxes
(Starting From Lightcurve Asymmetry)
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+owur (square peg: round hole)

Component of T toward Sun




(round peg: round hole)
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Direction of @ = Directionof [l ... 50

e Measure T (robust)
E,parallel

« Measure direction of W ((])u)
+ Infer direction of T_(¢_ = d)u)

o Derive magnitude of ©_=m /cos(P )
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