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~ Our favorite toys...

Photo Nour Skaf, July 2021






With 10 meters KECK telescope and adaptive optics,
Resolving source and lens. Measuring proper motion
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HST : 6.5 years after the event

Bennett et al., 2015

Len. Source




Detecting source & lens, measuring proper motion

& i
Relative proper motion ~ 7-9 mas/yr East ‘
Host star mass 0.5 0.3 My,

Planet mass ™~ 13 Mjgiter Sep=623mas
Distance DL=2_7 + 1.6 kpC Flux ratio = 1.76 in H

Projected separation ~ 2.7 AU

Mrel | = 7.39 = 0.2 mas/yr e | = 7.28 £ 0.12 mas/yr
Mrel b= 1.33 £ 0.23 mas/yr el p=1.54 & 0.12 mas/yr
Host star mass: 0.69 = 0.02 Mg Host star mass: 0.65 == 0.05 M
Planet mass: 14.1 = 0.9 Mg, Planet mass: 13.2 = 1.5 Mg 1,
Distance D, = 4.1% 0.4 kpc Distance D, =4.0=% 0.4 kpc

Projected separation 3.5 = 0.3 AU Projected separation 3.4 & 0.3 AU



Constraining source-lens proper

motion + lens flux
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OGLE-2012-BLG—-0950Lb Properties

With Keck & HST
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Constraining source-lens proper motion + lens flux
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Figure 3. Distributions for the Bayesian posterior probability for the planetary and host star mass, their separation and the

distance to the lens. These are shown with only light curve data (blue) and with additional constraints from Keck (red). The
central darker shades represent the 68.3% of the distributions, and the lighter shades the 95.4% of the distributions. The black
vertical line indicates the median of the probability distribution for each parameter




Mass (Mgy)

A Saturn-mass planet orbiting an M-dwarf
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Observing at KECK, getting your tilt-tip star right

0b161195/mb16350

ob161195 17 5523.50 -301226.1 2000 Igs=1BLG103.7 dx=39 B=0.26
tt168 17 55 23.7540-30 12 34.971 2000 Rliu =15.04 sep= 9.46 Vo lo = 16.671 14.043
tt169 17 55 22.9460 -30 12 13.943 2000 Rliu =14.72 sep=14.12 Vo lo = 16.291 13.716
tt170 17 55 22.2070-30 12 16.762 2000 Rliu = 15.09 sep=19.19 Vo lo = 17.595 14.094
tt171 17 5522.6010 -30 12 43.830 2000 rmag=13.91 sep=21.22 Vo lo = 14.607 sat b-r=1.18




Where is the
source ?




Where is the source ? Using OGLE data




Not always easy to see the lens... if it is there

KECK K, Narrow Separation = 67 mas

SOURCE

ingle star PSF ResidualfiDual star PSF Residual
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A Sub-Neptune Beyond the Snow Line of an M-dwarf
OGLE-2016-BLG-1195Lb, Vandorou+ 2025
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A Jupiter—=Sun Analogue Residing in the Galactic Bulge
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MOA-2010-BLG-477

Bachelet+ 2012 : a Jupiter orbitinga ~ 0.6 Mo

The host should be H=14-19, detectable with KECK

Source/lens proper motion 10 mas/yr
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MOA 2010-Bl#-477 jn 2015, H ?
NIRC2, laser guide star, Wide caffra.
10 frames, exptime=5 sec, coadg .3'. :




* MOA 2010-BLG-477 in 2015, narrow cam H band
- NIRC2, laser guide star, 10 x 30 sec '

1 fra_me

Stack of 10 frames



2015, Hband "

NIRC2, 10 frames, 60 sec 2018, H band
NIRC2, 10 frames, 60 secondsili
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Where is the lens ?

Figure 1. H-band adaptive optics imaging of MOA 2010-BLG-477 from the KECK observatory a. A crop of a narrow-camera
H-band image obtained with the NIRC2 imager in 2015 centered on MOA 2010-BLG-477 with an 8 arcsec field of view. b. A 0.36
arcsec zoom of the same image. The bright object in the center is the source. To the north-east (the upper left) is an unrelated
H = 18.52 4 0.05 star 123 mas from the source. ¢. The field in 2018. The contours indicate the likely positions of a possible

12
10 main sequence host (probability of 0.393, 0.865, 0.989 from light to dark blue) using constraints from microlensing parallax and
- lens-source relative proper motion.
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White dwarf mass luminosity

Blackman et al.

Distance modulus = 11.5 mag Table 1. System Parameters of MOA 2010-BLG-477Lb

Units Value (£10) 20 range

HST to search the lens at V 25-29 ? il
White Dwarf Lens Distance Dy (kpc) 1.99 4 0.35 1.31-2.69
White Dwarf Lens Mass M (Mg) 0.53 £0.11 0.32-0.74
Planet Mass mp (My) 1.43+£030  0.87-2.03
Source Star Distance Ds (kpc) T8%+1.3 5.5—10.2

2D star-planet separation a, (AU) 2.8+0.5 1.9-3.7

3D star-planet separation  a (AU) 3488 2.1-12:1
g (1073)  2.61+0.03 2.55-2.67

Mass Ratio
= White Dwarf Host V7, mag 26.92 +1.80 23.38-29.44
§ White Dwarf Host J;, mag 24.83+0.91 22.80-26.41

We can detect it with JWST or ELT.

M/M .



AQO observing cookbook, for visiting astronomers

The afternoon before observations, double check everything, build scenario of how the night would be knowing the
weather. This is the moment to think and talk, at the telescope, it will be the action.

Get your finding chart right before the observations, choose tip-tilt stars, learn your field and your target
- choose also your fields for taking the sky.

- If laser cannot be used, have your natural guide stars.

-For your dither pattern, do not take too big steps, few arcsec

- Personnally, always series of 5 images. Example, NIRC2 Camera Narrow coadd 3, 5 images of 60 sec at each
dither, and 5 dither, by 1 arcsec.

If you are at the telescope, be ready to adjust strategy as a function of your targets.

- If I can do 80 mas images, | do the target where | do need 80 mas, not the one where | need 50 mas.

- If I need 50 mas, | wait to have 50 mas no matter how cool my target is.

- Rule of thumbs, it will take you 5-10 min to arrive to new target, acquire the laser etc Yo
- You usually start with tip-tilt star, close the loop and offset to target. SN
- Do check that indeed, you really offseted to target.

- In otherwords, do look at your images during acquisition... yes, do look at them !

- Make sure you have enough images to get your science out. If not 100 % sure, just spend a bit more time




AO data reduction comments

The Keck AO Imaging (KAI) data reduction pipeline

or

Using flat-fielded/dark subtracted data from KECK archive + home-made pipeline

Some tools : Sextractor (source extraction), Swarp (stack images), wcstools, gaia, Daophot

- Make sure you have identified the right target in the field (more tricky than what you would think)
- Using Vista 4m telescope data for calibration (VVV)
- Extra care in choosing calibration stars

- Variable PSF in AO field, different from observing run to observing run.
Aperture photometry to start, to measure fluxes.
Calculating PSF models to resolve source/lens (daophot + others)

- If you measure flux excess at the position of the source -> upper limit on the flux of the lens. 4 ¥
- Companion to the source, companion to the lens, chance aligned stars ?
- If you detect a lens candidate... double check its proper motion few years later



https://keck-datareductionpipelines.github.io/KAI/
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Multi-conjugate AO (MCAO), providing a uniform correction
over a large (~50") field with moderate-to-high Strehl on ELT




Instruments | MICADO (ELT) OSIRIS Imager (Keck Il) | GMTIFS

Telescope

Wavelength
Pixel scale

Field of view
Detector

AO
Astrometry

Diffraction
limit (K)

Typical useful
Strehl

MICADO ELT versus OSIRIS KECK

ELT (39 m)
0.8-2.4 um

4 mas/pixel (wide), 1.5
mas/pixel (HR)

50.5” x 50.5" (wide)
9 x H4RG (=150 Mpix)
MORFEO MCAO / SCAO

~50 pas design goal

14 mas (3.5 pix/FWHM)

30-60% (expected)

MORFEO MCAQO/SCAO

Keck Il (10 m)
1.0-2.5 um

20 mas/pixel

20.4" x 20.4"
1024 x 1024 Hawaii-1
Keck NGS/LGS AO

0.5—-2 mas after distortion
calibration

55 mas (2.7 pix/FWHM)

15-40%, depending on
conditions

Keck NGS/LGS AO

GMT (25.4m)
1.0-2.5 um

5 mas/pixel

20.4"x20.4"
2 x H4RG (16.8 Mpix)

~100-300 pas

22 mas (4.2 pix/FWHM)

60—70% (expected)

LTAO or NGS AO

4x sharper images, 5x finer sampling (or 13x in the astrometric mode),
2.5x% larger linear field (about 6x the area), ~15x greater collecting area,

ELT is perfect to hunt for White Dwarf lenses... and astrometry for black holes, but not only !
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These catalogues are incomplete, but useful for calibrations
Zero point at 1.5 %, astrometry at ~ 3 mas
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Reprocessed VISTA 4m telescope in JHK,
deep OGLE V I, deep CFHT ugri’ covering
Euclid field

Led by Erica Thygesen
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OGLE and VISTA 4m

Led by Erica Thygesen
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WFIRST +  EUCLID

Miens = 376.47 + 37.808 Mg Miens = 4.6182 = 1,0880 My Miens = 0.1597 £2.9509 My
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Fig. 1. Three simulated examples of microlensing events due to FFP lenses as seen by Eucrip and Roman. Best-fit parameters based only «
data are presented in gray in the top-right of each figure, while shown in black are best-fit solutions using both datasets. Note that the shif
and magnification due to the parallax are too small to be visible. Magnitudes are artificially aligned to the Roman system for the plotting

Observing in Euclid VIS and Roman IR for 20 days, 15 min sampling
- Efficient way to discreminate rogue planets from flare stars
- only way to measure masses by parallax

One satellite alone CANNOT DO [T,
Euclid we need BOTH EUCLID AND ROMAN.
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Some recent papers & Data

Rektsini+2025 OGLE-2014-BLG-1760: A Jupiter—Sun Analogue Residing in the Galactic Bulge

Terry+, 2025 A Candidate High-velocity Exoplanet System in the Galactic Bulge

Vandorou+, 2025 MOA-2010-BLG-328: Keck and HST Expose the Limits of Occams Razor in Microlensing
Vandorou+, 2025 OGLE-2016-BLG-1195Lb: A Sub-Neptune Beyond the Snow Line of an M-dwarf Confirmed by Keck
Adaptive Optics

Bachelet+ 2022 Euclid-Roman joint microlensing survey: Early mass measurement, free floating planets, and exomoons
Beaulieu+ 2026 Euclid Quick Data Release (Q2) -- The Euclid Galactic Bulge Survey

Euclid Q2 data release from June 2024

Catalogue of 5.2 sq degree with ugri (CFHT 4m), VI (OGLE), JHK (VISTA) underway (Thygesen+ 2026).
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