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ABSTRACT

High-precision infrared astrometry is a powerful tool for the study of resolved stellar populations throughout our
Galaxy. We highlight two particular science cases that require precise infrared astrometry: (1) measuring the
initial mass function in massive young clusters throughout the Milky Way and (2) finding isolated black holes that
photometrically and astrometrically lens background bulge stars. Using astrometric results from these science
cases, we perform a comparative analysis of the infrared astrometric capabilities from the Keck single-conjugate
adaptive optics (AO) system, the Gemini multi-conjugate AO system, and the Hubble WFC3IR instrument. For
the most crowded fields and a small region of interest, we show that Keck’s single-conjugate AO system and
the well-characterized NIRC2 instrument produce the highest astrometric precision at ~150 pas. However, for
targets that cover a wider field of view, both the Gemini South AO Imager (GSAOI) and HST WFC3IR should
be considered carefully. GSAOI currently delivers lower astrometric precision than HST WFC3IR for a given
integration time; but, programs that require more frequent astrometric measurements over longer periods of time
may benefit from the higher availability and possibly longer lifetime of GSAOL.
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1. INTRODUCTION

High-precision relative astrometry has become a powerful tool for studying crowded stellar populations, par-
ticularly globular clusters, young massive clusters, and the Galactic center. At optical wavelengths, HST has
demonstrated astrometric precisions of <300 microarcseconds on globular clusters.! Relative proper motions
have been used to measure clusters’ internal dynamical state, search for intermediate mass black holes, and pro-
duce precise cluster memberships that reveal unexpected structures in color-magnitude diagrams.?* At infrared
(IR) wavelengths, ground-based adaptive optics (AO) systems deliver the highest-resolution images and compa-
rable or better astrometric precision, although over a smaller 107-20” field of view (vs. 200”7 with the HST ACS
instrument). AO astrometry at IR wavelengths has been critical for studies of stars orbiting the supermassive
black hole at the Galactic center.” ? Infrared astrometry is also necessary for studies of other heavily reddened
populations. For instance, massive young clusters are ideal for determining whether the star-formation process
and stellar initial mass function varies with environment as has been demonstrated on the Galactic center Arches
and Quintuplet clusters!®'? and NGC 3603 and Westerlund 1 in the Milky Way disk.'>!* Studies of young
massive clusters typically require larger fields of view than are delivered by most single-conjugate AO systems
(e.g. Keck, VLT) and would benefit tremendously from high-precision astrometry from either multi-conjugate
AO systems on the ground or high-resolution infrared imagers in space. Another example science case is the
astrometric study of individual long-duration microlensing events towards the Galactic bulge, which can reveal
whether the lensing object is an isolated stellar-mass black hole. The lens produces both a photometric magnifi-
cation and an astrometric deviation as a background star moves behind the lens and these measurements can be
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combined to directly measure the mass of the lens.'® 20 This science case needs maximum astrometric precision
over a small field of view, which is well matched to single-conjugate AO systems.

In this proceeding, we present preliminary astrometric results from these two science cases as a means of
quantifying and comparing the astrometric capabilities of the single-conjugate AO Keck NIRC2 instrument, the
multi-conjugate AO Gemini GSAOI instrument, and the HST WFC3IR instrument. In §2; we present the current
astrometric precision and accuracy from ground-based AO systems. In §3, we present astrometric results from
the HST WFC3IR instrument and a comparative analysis with AO astrometry is presented in §4. Finally, in
85 we present preliminary results derived from astrometry on both the study of young, massive clusters and the
search for microlensing stellar mass black holes.

2. IR ASTROMETRY WITH ADAPTIVE OPTICS
2.1 Keck Single Conjugate Adaptive Optics

The facility near infrared camera on Keck II (NIRC2, PI: K. Matthews) at the W. M. Keck Observatory is
mounted on a stable Nasmyth platform behind a single-conjugate laser-guide star adaptive optics (AO) system.?!
This camera and AO system has become a workhorse for high-precision astrometric observations thanks to its
optical stability and significant efforts to develop astrometric reduction techniques®?2? and characterize the
geometric distortion.?* Much of the characterization was undertaken as part of the UCLA Galactic Center
program in which precise astrometry is used to measure the orbits of stars around our Galaxy’s supermassive
black hole.% Currently, relative astrometric precisions of 80 pas and accuracies of 150 pas are routinely delivered
over a 107 x10” field of view on the Galactic Center,” which is typically observed astrometrically under median or
better seeing conditions. A similar floor of 150 pas in astrometric accuracy is also seen on the NACO system at
the VLT and the source of this systematic astrometric error is likely a combination of errors in the point spread
function (PSF), which is estimated from the data and is assumed to be constant over the field, and residual
distortions.?® Efforts are underway to improve both the on-axis PSF estimation?% 27 and the off-axis PSF spatial
variability (UCLA AO Optimization project, PI: Ghez) to reduce this astrometric floor.

In addition to Galactic center observations, a number of new science cases are possible with relative astro-
metric errors of 150 pas. For instance, we have conducted a pilot project to detect isolated black holes in the
Milky Way that microlens background bulge stars (see 5.2 for more details). We highlight this project, as it
represents what can reasonably be expected on stellar populations that are both fainter and less crowded than
the Galactic center. This project required astrometric measurements obtained roughly once a month during the
photometric peak of the lensing event and then less frequent follow-up measurements over several years. Given
the necessary time sampling and classical telescope scheduling, there was no allowance for poor weather; therefor,
the resulting quality of the astrometric measurements more broadly sample the range of seeing conditions that
a typical non-queue observing program would experience and are not as precise as the Galactic center case.

NIRC2 astrometric observations were obtained for the OGLE-selected, long-duration microlensing event,
OB110022 from 2011—2013 (Sinukoff et al., in preparation). The observations were designed to minimize relative
astrometric errors down to K=18, which is 2-3 magnitudes fainter than past observations. Integration times were
set such that the brightest star in the field, which in this case is the lens at K=13, yields counts in the peak
pixel that are just short of the regime where detector non-linear flux response becomes an issue (12,000 DN for
NIRC2). The integration time per exposure is tuned for each run depending on the seeing and cloud-cover and
was typically 60 s. These integration times are longer than in Galactic Center observations and benefit from
reduced readnoise due to large numbers of Fowler samples when reading the detector. In each epoch, 30-50
exposures were taken and only small (<(//7) dithers were used to remove bad pixels while minimally sampling
optical distortions. The resulting astrometric precision after combing all exposures in a single epoch was 240
pas at K=18, with some epochs as high as 340 pas in poor (>17) seeing and some epochs as low as 110 pas
in good (~0'6) seeing (Figure 1, left). To derive the relative astrometric accuracy, we compare the measured
proper-motion uncertainties with those predicted from
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where 0,0 is the typical astrometric precision per epoch and ¢; is the date of each epoch. In the case of OB110022,
the proper-motion uncertainties are 65% higher that expected (200 pas/yr vs. 120 pas/yr). The source of this
discrepancy is likely the severe anisoplanatism and PSF variability present in several of the epochs, which we
dealt with by restricting our analysis to a circular field of view with a radius of 2”5 at the expense of losing
reference stars.
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Figure 1. Keck single-conjugate adaptive optics positional uncertainties (left) and proper-motion uncertainties (right) for
six epochs spread over a two years on the candidate black hole lens, OB110022. The observations were designed to reach
a systematic astrometric floor of 150 pas at K=18 in each epoch (green line), which takes 30-50 minutes of integration
time. The resulting proper-motion errors are slightly larger than that predicted by Equation 1, most likely due to ignoring
PSF spatial variability and errors in cross-epoch coordination transformations. Proper motions errors are shown for the
subset of stars that are detected in all 6 epochs and are within 2”5 of the target source.

2.2 Gemini Multi Conjugate Adaptive Optics

The Gemini Multi Conjugate Adaptive Optics System, GEMS,?%29 feeds the GSAOI instrument,3% 3! both of
which are mounted at a Cassegrain port behind the primary mirror on the Gemini South Telescope. Gemini
GSAOI has an 85” x85” field of view, substantially larger than the single-conjugate AO system that feeds Keck
NIRC2. During commissioning, the cluster NGC 1851 was observed over several nights (Figure 2) and the data
have been analyzed to characterize the astrometric performance of the system. Figure 3 shows the resulting
astrometric precision as a function of stellar brightness from 10 minutes of data obtained 2013 March 04. The
same reduction tools were utilized to analyze this data as were developed for Keck NIRC2 data.?? Unlike the
Keck NIRC2 data, the Gemini data showed substantial improvements in the astrometric precision when a high

2nd-order polynomial was used to transform the coordinates of each image into a common reference frame (Figure
4).

While the astrometric precision within a single observation appears to be comparable to Keck NIRC2, only
a multi-epoch analysis can be used to test the astrometric accuracy of the system. Fortunately, NGC 1851 was
observed on two consecutive nights for ~170 seconds each night with no dithers, the same natural guide stars,
and stars located on the same position of the detector — a nearly ideal setup for testing some components of
astrometric accuracy. A comparison of the stellar positions over the two nights shows that the astrometry is less
accurate than predicted based on the single-night precision (Figure 5). This is likely the result of time-variable
distortion induced by gravity vector changes as the telescope points at different elevations.?® The elevation angle
differed by 10° across the two nights. The high-order transformation removes most of the time-variable distortion.
However, some spatial correlations remain, as evidenced by the asymmetry in the right panel, suggesting that
even higher-order residual distortions are still present.2’
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Figure 2. A GSAOI K-band mosaic image of the cluster NGC 1851 taken during GeMS commissioning.?®?° This data
set demonstrates the uniform and high-resolution image quality over a 85” x85” field of view (mosaiced to 100” x100”)
that the system delivers. The spatial resolution is a factor ~1.5 better than the resolution delivered by HST at near-
infrared wavelengths, although HST’s higher Strehls yield better contrast. The relatively uniform PSF that GeMS delivers
is essential for high-precision astrometry since a spatially varying PSF is likely the source of the current systematic
astrometric floor of Keck single-conjugate AO data.

3. IR ASTROMETRY WITH HST WFC3

The Wide Field Camera 3 (WFC3) on the Hubble Space Telescope (HST) offers infrared imaging over a larger
field of view than any current ground-based AO system at the expense of lower spatial resolution due to HST’s
smaller aperture and poorer pixel sampling. To compare, WFC3IR, GSAOI, and NIRC2 have fields of view
of 130”, 85”, and 10” typical spatial resolutions of 156 mas at H-band, 90 mas at H- or K-band, and 60 mas
at K-band, respectively. HST also has the advantage of residing above the Earth’s atmosphere and does not
suffer from the residual atmospheric jitter that dominates astrometry with ground-based AO at short integration
times. Although ground-based AO systems show more PSF variations on short timescales, HST’s PSF does
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Figure 3. GeMS+GSAOI positional uncertainties vs.
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coordinate system with polynomials of increasing order: Left: Translation, rotation, and scale (4 free parameters). Middle:
Full first-order polynomial (6 free parameters). Right: Full second-order polynomial (12 free parameters). The median
positional error at different magnitudes (black line) shows the effects of saturation for stars brighter than K<10.5 and only
slight increases down to K=14. The median positional uncertainties below K>12 show substantial improvement with the
higher order transformations going from 300 pas (left) to 200 upas (right). These commissioning observations were limited
to a total integration time of only 10 minutes and show comparable astrometric precision to the Keck single-conjugate
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Figure 4. GeMS+GSAOQOI positional uncertainties vs. radius with individual frames transformed into a common coordinate
system with polynomials of increasing order: Left: Translation, rotation, and scale (4 free parameters). Right’: Full second-
order polynomial (12 free parameters). The data were undithered and should not be affected by static optical distortions.
The dramatic improvement from higher-order polynomial transformations suggests that there is a time-variable component
to the distortion. The likely source of the time-variable distortion is gravity-induced flexure as these observations were
spread over 1 hour with an elevation change of 8° (66°-75°).
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Figure 5. Difference between star positions measured on two consecutive nights with individual frames transformed into a
common coordinate system with polynomials of increasing order: Left: Translation, rotation, and scale (4 free parameters).
Right': Full second-order polynomial (12 free parameters). The RMS of the positional differences is ~2000 pas in the
low-order case and 600 pas in the high-order case. The error bars show the combined normal errors from each night, 790
pas and 460 pas for the low- and high-order transformation, which are substantially smaller than the observed scatter.
This is likely the result of time-variable distortion induced by gravity vector changes as the telescope points at different
elevations. The elevation angle differed by 10° across the two nights. The high-order transformation removes most of the
time-variable distortion. However, some spatial correlations remain, as evidenced by the asymmetry in the right panel,
suggesting that even higher-order residual distortions are still present.

change appreciably between exposures due to slow thermal variations in the satellite. Fortunately, the time-
variable component of the PSF can be treated as a small perturbation on the time-averaged PSF and the
perturbation is nearly uniform over the field of view. This is offers a distinct advantage over ground-based AO
where both the on-axis PSF and the PSF spatial variations must be determined separately for each image.

Given the astrometric success of HST’s optical cameras, we have embarked on a study of several massive (10%
Mg ), young (<10 Myr) clusters (Westerlund 1, Arches, Quintuplet) to determine if the initial mass function
differs from that found in the local solar neighborhood or at the Galactic Center (see 5.1 for more detail). We
use this program to illustrate the astrometric capabilities of WFC3IR in comparison with ground-based AO
astrometry. The HST observations have been carefully designed with dithers landing at different pixel phases
in order to compensate for the under-sampled pixels (1.2 pixels per resolution element) and only small dithers
(<10”) were used to avoid introducing optical-distortion errors. Observations were obtained once a year for three
years on the Arches cluster with stars placed at identical positions on the camera in all epochs (Hosek et al.,
in preparation). The total integration time was ~200 minutes per epoch. One difficultly with HST WFC3IR
observations is the slow detector readout times and small on-instrument buffer, which makes it exceedingly
difficult to obtain the short-exposures that are necessary to measure bright stars without saturation. Drift scan
techniques applied in other bright-star astrometry cases are not applicable due to high stellar densities in our
clusters. The most heavily saturated stars cannot be accurately subtracted and should be masked out in both
the core and the extended diffraction spikes during astrometric analysis.

Precise astrometry is extracted from the images using tools initially developed for HST’s WFPC2 and ACS
instruments.! Key factors for WFC3IR astrometry include modeling the PSF spatial variability using a 3x3
grid of PSFs and also allowing the PSFs to change by small, smooth perturbations from exposure to exposure.
Astrometric errors are at least a factor of 2 higher if a uniform, static PSF is used instead. We also note
that archival observations that are not designed for astrometry (with insufficient pixel phase sampling or widely
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Figure 6. HST WFC3IR positional uncertainties (left) and proper-motion uncertainties (right) on the Arches star cluster
in the Galactic center in the F153M (~H-band) filter (Hosek et al., in preparation). The median positional uncertainty
at F153M=18 mag is 300uas and should yield a predicted proper-motion error, based on Equation 1, of 170uas/yr (blue
dashed line). The resulting median proper-motion uncertainty at F153M=18 mag is 0.160 pas/yr, in agreement with
the prediction, showing that there are no uncaptured sources of systematic error in the relative astrometry at these
faint magnitudes. Saturation and non-linearity introduces additional error for stars brighter than F153M<16. Despite
HST’s lower spatial resolution, the astrometric precisions of these observations are comparable to the higher-resolution
AO observations shown in Figure 1 thanks to longer integration times, higher SNR, and a precise estimate of the PSF
and its spatial variability for the HST data.

dithered) may yield astrometric errors between 2 and 7 mas due to sub-Nyquist centroiding errors and residual
distortions. For the carefully designed Arches experiment (Hosek et al, in preparation), the resulting astrometric
precision per epoch has a minimum of 170 pas at F153M-band=16 and grows to 300uas at F153M=18 (Figure
6, left). Note that the astrometric uncertainties are taken as the error on the mean position rather than the
standard deviation of the positions measured in each image, which is consistent with the error analysis of the AO
observations. We find that predicted proper-motion uncertainties based on Equation 1 match with the observed
proper-motion uncertainties for faint stars (Figure 6). However, the bright stars astrometric errors are slightly
larger than expected suggesting that there is a small additional source of systematic error.

4. COMPARISON OF AO VS. HST INFRARED ASTROMETRY

Currently, the astrometric analysis of AO and HST data are at different stages of development. HST has nearly
a decade head-start and is a more stable system when compared with ground-based AO systems. Nevertheless,
we present a brief comparison of the strengths and weaknesses of each system in an effort to help guide users
interested in performing new astrometric experiments. In order to more directly compare WFC3IR, Gemini
GSAOI, and Keck NIRC2, we must estimate the single-epoch astrometric accuracy in an integration time of 15
minutes at K=18 mag. The random component of the positional uncertainty is assumed to scale with integration
time and flux as t;llt/ % and f~1/2. For Keck NIRC2, we adopt a 240 pas astrometric accuracy at K=18 in 30
minutes of integration time composed of 190 pas of random error and a 150 pas systematic contribution. This
scales to 370 pas at K=18 in 15 minutes. For Gemini GSAOI, we assume the stellar density of the observations
is sufficiently high that high-order transformations can be used between all images. The resulting astrometric
accuracy is 600 pas at K=14 in 3 minutes and is composed of 460 pas of random error and 385 pas of systematic
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Figure 7. Comparison of astrometry with Keck NIRC2, Gemini GSAOI, and HST WFC3IR as a function of integration
time (left) and stellar magnitude (right). See §4 for details. All astrometric errors are assumed to scale with integration
time and flux as t;nlt/ 2 and f ~1/2 and to reach a systematic astrometric floor that is unique to the analysis of each
instrument. The systematic floor has not been full explored for Gemini GSAOI and HST WFC3IR and (1) may not
exist, (2) may scale with the properties of the observations, and (3) may be the result of different processes than for Keck

NIRC2.

error, which may be appropriate for observations taken with a 10° elevation spread. This scales to 1350 pas at
K=18 in 15 minutes. For HST WFC3IR, we adopt an error of 300 pas at K=18, assuming the same sensitivity
between F153M-band and K-band, in 200 minutes, which is composed of 260 pas of random error and 150 pas
of systematic error. We note that the systematic floor has not been verified on HST WFC3IR with different
lengths of observations; however, the astrometric error appears too large at F153M=16 as compared with only
flux-scaled predictions at F153M=18 and a systematic floor resolves the issue. This scales to 960 pas at K=18
in 15 minutes. A summary of the scaled values is presented in Table 1 and Figure 7 shows estimated astrometric
errors for different integration times and magnitudes.

Table 1. Comparison of astrometric errors across instruments for an 18th magnitude star in 15 minutes.

Instrument Astrometric Error
0 (pas)
Keck NIRC2 370
Gemini GSAOI 1350
HST WFC3IR 960

For the most crowded fields and a small region of interest, it is clear that Keck’s single-conjugate AO system
and the well-characterized NIRC2 instrument are superior. However, for targets that cover a wider field of view,
the decision-tree is more complex. Gemini GSAOI and HST WFC3IR have similarly large fields of view and
Gemini is queue scheduled such that good image quality can be required. Gemini GSAOI has better spatial
resolution, but larger astrometric errors than HST WFC3IR. The most crowded wide-field science cases will
require the larger aperture of Gemini GSAOI. The highest-precision, wide-field science cases where over-crowding
is less of a concern will benefit from the better precision on HST WFC3IR. However, the HST subscription rate
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is higher than Gemini South by a factor of 4—5, while the astrometric errors differ by a factor of 1.5. A detailed
comparison of the overheads between HST and Gemini for a specific program is necessary to determine which
instrument is more suitable. One cautionary note, Gemini GSAQOI is the newest facility and its astrometric
properties (e.g. distortion solution) are still under development.

5. SCIENCE APPLICATIONS

There are strong science motivations for developing high-precision infrared astrometry capabilities. In this
section, we highlight two cases: (1) measuring the initial mass function in massive young clusters and (2) finding
isolated black holes that microlens background bulge stars.

5.1 Young Massive Clusters

Massive star clusters are ideal laboratories for studying a wide range of stellar phenomena and are the closest
observable realization of the simple stellar population models that are used throughout astronomy. The stars in
these clusters most likely formed at the same time and with the same chemical composition; only the mass of
each star differs (although see3?32). For this reason, massive globular clusters have become the de facto test bed
for stellar evolution and stellar atmosphere models.?* 36 The youngest and most massive clusters (> 10* M, )
are particularly worthy targets as they contain many stars even at the highest masses (150 Mg, ) and allow us to
probe the earliest phases of stellar and cluster evolution and measure the initial mass function. However, these
young massive clusters are typically found deep in the Galactic plane at large distances and high extinction.
Confusion between cluster members and foreground and background field stars often limits the detailed study
of these clusters. Proper motions largely resolve this issue since cluster members move together and can be
separated from the contaminating field stars.'9'* Figure 8 shows the proper motions of stars in and around
the Westerlund 1 (Wd 1) young massive cluster derived from archival optical and near-infrared HST images.
Members are selected based on their common proper motions and reveal the cluster sequence from an otherwise
complex CMD. The cluster CMD shows a nearly vertical main sequence, as expected in the infrared, and the
pre-main-sequence turn-on point around 2 Mg . The proper motions are currently derived with optical images
as the first epoch and are thus limited to ~1 Mg . Repeated IR observations have been obtained and will allow
us to identify members and reconstruct the initial mass function of the cluster down to ~0.2 Mg (Lu et al., in
preparation). We have embarked on similar programs with Keck NIRC2 and Gemini GSAOI for several other
massive young clusters at different ages and locations throughout the Milky Way.

5.2 Black Holes Microlensing Background Bulge Stars

The only black hole remnants of massive stars that have been definitively detected are ~30 that are accreting
from companions.?” However, there may be over 100 million isolated stellar mass black holes within the Milky
Way.38 One method for detecting isolated black holes is through a microlensing event in which the black hole
lenses a background star as they pass within close projected (not three-dimensional) proximity.1®2° Black holes
with masses >5 Mg should produce microlensing events with long-durations (>100 days) and high magnification
that can easily be identified using OGLE or MOA surveys of the Galactic bulge. However, the long-durations
can also be produced with a less massive lense if the lensing object and the background source have a similar
proper motion on the sky. Fortunately, microlensing produces an astrometric deviation that is proportional to
the mass of the lens, which can be used to determine if the lens is truly a black hole. In 2011, we embarked
on a pilot project to identify candidate black hole microlenses that showed evidence for long-durations as their
flux increased to the photometric peak. We obtained multi-epoch Keck NIRC2 astrometry immediately after the
peak and for several years after in order to search for non-linear astrometric motions. No significant non-linear
motions have been detected yet, largely due to very poor atmospheric conditions in 2011. However, we have
demonstrated the feasibility of the technique and two of the objects in our sample have sufficiently long durations
that they need to be re-observed over the next two years to estimate the proper motion of the background source
after it is no longer lensed. Figure 9 shows the expected astrometric deviation from linear proper motion for a
10 Mg black hole, which may be measurable by 2016 for OB110022 (Sinukoff, in preparation).
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Figure 8. Proper motions (left) and color-magnitude diagram (CMD, right) for the massive young cluster, Wd 1. High-
precision astrometry allows cluster members to be separated from contaminating field stars since cluster members share a
common proper motion. Cluster members selected in this manner (right, yellow points) reveal the cluster sequence from
an otherwise complex CMD. The cluster CMD shows a nearly vertical main sequence, as expected in the IR, and the
pre-main-sequence turn-on point around 2 Mg . These HST proper motions were extracted from archival optical and IR
images and are thus limited to ~1 Mg . Second-epoch IR observations have been obtained and will allow us to identify
members and reconstruct the initial mass function of the cluster down to ~0.2 Mg .

6. CONCLUSIONS

We have presented a comparative astrometric analysis of the single-conjugate (Keck NIRC2) and multi-conjugate
adaptive optics (Gemini GSAOI) systems and HST WFC3IR. We have highlighted several science cases that
benefit from high-precision infrared astrometry over both small (10”) and large (90”) fields of view and showed
preliminary astrometric results. The benefits of high-precision infrared astrometry both from ground-based AO
systems and from HST have not diminished with the launch of Gaia. Gaia will have high astrometric errors
in the crowded-stellar-population science cases presented here. Furthermore, Gaia’s optical sensitivity limit is
V<20, which corresponds to stellar masses above 15 Mg for Westerlund 1, one of the least reddened young,
massive clusters. The Galactic center clusters, such as the Arches and Quintuplet, are undetectable with Gaia.
Development of AO astrometric analysis techniques and system characterization is still at the early stages,
particularly for the new Gemini GSAOI system, and is critical to the design of future AO systems.
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