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WFIRST is an exquisite astrometric instrument

• Same mirror size as Hubble, space-based resolution 

• 100x larger FOV —> many more astrometric anchors 
per field 

• Goes far deeper than Gaia will 

• Infrared: Galactic plane and bulge are accessible 

• Quieter thermal environment than HST 

• HLS and microlensing survey - astrometry for “free”
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Ways to do astrometry with the WFIRST WFI
•Direct reference 

•Assume 0.5 mas localization, 5 yr 
time baseline, good S/N 

•HLS fields: ~25-50 μas/yr 
•Bulge fields:  ~0.05 μas/yr 
(systematics?) 

•Pointed obs can go deeper 
•Longer time baselines cross-platform 
(HST, Gaia, JWST) 

Riess et al 2014
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Parallax to SY Aur 3

There are several reasons for these limitations. With
the most efficient imagers, light is discretely sampled in
pixels with angular size ∼ 40 and 50 mas (WFC3 UVIS
and ACS WFC, respectively). Measuring the position
of a source to better than ∼ 1% of the pixel size has
proved very difficult (Bellini et al. 2011); among the con-
tributors to a noise floor may be zonal and temporal
variations in the effective point-spread function (PSF),
and small-amplitude irregularities in the geometric dis-
tortion which cannot reliably be calibrated with exist-
ing data. Any variations in the jitter over the image—
produced, for example, by instantaneous rotations of the
telescope—will introduce an additional field variation of
the effective PSF. With the FGS, measurements are not
limited by pixel size, but they are carried out one star
at a time, so stability of the telescope and of the fo-
cal plane is paramount; in addition, the limited rate at
which photons can be collected with the phototube de-
tectors also limits the achievable S/N independent of the
source brightness.

2.2. Astrometry with Optical Scans

Many of the limitations of pointed observations can be
overcome via a new observing mode with WFC3, spa-
tial scanning under FGS control, developed for WFC3
in 2011 to obtain photometry during exoplanet transits.
In this mode, the target field is observed while the tele-
scope is slewing in a user-defined direction and rate (to
a maximum of 7.′′8 s−1). Up to 5′′ s−1, the telescope can
maintain FGS guiding at all times; for faster scan rates,
the telescope must be controlled by gyroscopes, leading
to a smoother but less accurate motion. Each source
thus describes a “trail” on the detector (see Figure 1).
In the simplest mode, the motion is straight and uni-
form, resulting in a straight trail with constant brightness
(counts per unit length) after accounting for geometric
distortion in the detector. The trails for all sources are
parallel in the distortion-corrected frame. More complex
“serpentine” scans are also possible and can be prefer-
able for sparse fields or exceptionally bright targets (see
§4).

Fig. 1.— (Left) Digital Sky Survey image of the field centered
around Cepheid SY Aur covered by WFC3-UVIS spatial scan-
ning. (Middle) Scan image of the field in F606W from DD pro-
gram 12879. Points become parallel lines with a greatly increased
number of samples along the scan direction and relative astrome-
try precision perpendicular to the scan. (Right) Scan field marked
with a box in the middle panel, magnified by a factor of 7.

Some of the advantages of this method are immedi-
ately obvious. The light from each source is spread over
a much larger number of pixels, allowing a larger global
S/N to be achieved for each source5 . Furthermore, each
long trail provides thousands of separate position mea-
surements in the cross-trail direction, one for each pixel
traversed, thus averaging out the impact of single-pixel
and local irregularities. Scanning at an angle relative to
the detector also provides sub-pixel sampling of the un-
dersampled WFC3 PSF. Because the measurements are
time-resolved (e.g., 25 pixels per second at a scan rate
of 1′′ s−1), the telescope jitter can be subtracted as a
function of time, negating the impact of even large (∼ 1
pixel) jitter events which are not uncommon. With spa-
tial scans, we expect to routinely achieve measurement
precision of one-thousandth of a WFC3-UVIS pixel (1
millipixel, or mpix, corresponding to 40 µas) or better.

The disadvantage of this method is that precise mea-
surements can be made in only one direction at a time,
the direction perpendicular to the scanning motion, as
positions in the direction along the motion are blurred
by the motion itself. Thus, a precise two-dimensional
measurement of relative positions requires in principle
two observations. It is advantageous to choose scans to
occur along the parallel readout direction (i.e., the Y -
detector axis), as this limits the dominant direction of
imperfect charge transfer and its attendant smearing to
occur along the direction not being measured. The much
smaller effect of the serial charge transfer efficiency is ad-
dressed in §2.5.2.

The disadvantage of obtaining positional changes in
just one dimension is minimal for the measurement of
parallaxes, as the motion of interest takes place in a pre-
dictable direction. By choosing the scan direction appro-
priately, the measurement can be made for the dominant
parallax component.

2.3. Designing the Observation

The main characteristics of the planned observations
relate to the brightness of the source, the availability of
reference stars within the detector field of view, and the
desired timing of the observation vs. the allowed tele-
scope roll angles. An unusually large degree of planning
and simulating is needed to obtain useful observations in
this mode.

As in all narrow-field astrometric observations, WFC3
spatial scan observations can only measure the relative
parallax of the target—the difference between the paral-
lax of the target and that of nearby reference stars. All
stars in the field of view move along similar parallactic
ellipses with the same shape, orientation, and phase be-
cause the apparent parallactic ellipse traced annually on
the sky is simply the reflex of the motion of the Earth
around the barycenter of the Solar System. However, the
amplitude of the motion of each star (e.g., its semima-
jor axis) scales inversely with its distance from the Sun,
and represents the parallax. Since the absolute point-
ing of each observation is not known to better than a
few tenths of an arcsecond, only the difference between

5 The original motivation for this mode was the ability to collect
> 108 photons per source without saturation, thus allowing high-
precision global and time-resolved photometry of bright sources
such as stars with transiting exoplanets.
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WFIRST can use Gaia stars as guide stars and astrometric anchors

For G<15.5: 

Gaia parallax 
errors are 

5<σπ<40 μas 

σμ~0.5σπ μas/yr 

(end of mission) 

Minimum 150 
stars per 

WFIRST field

15.5 > H2MASS > 9.5, no bright neighbors within 5” 



15.5 > H2MASS > 9.5, no bright neighbors within 5” 

Galactic Center Galactic AnticenterFor G<15.5: Gaia parallax errors are 5<σπ<40 μas 
σμ~0.5σπ μas/yr (end of mission) 

Minimum 150 stars per WFIRST field

WFIRST can use Gaia stars as guide stars and astrometric anchors

NGP SGP



WFIRST will go deeper than Gaia or LSST

Typical proper motions in the Milky Way/Local Group



“Latte”

300 kpc 
(Rvir?)

150 kpc

Wetzel et al. 2016

•Tracers of the MW’s dark halo 
•Tests of LCDM through:  

•accretion history  
•mass and shape of DM halo 
•mass and orbit distribution of 

satellites 
•bound structures good GO 

targets 
•unbound structures require 

wide area —> HLS

Structure in the Galactic halo
Bound and disrupted satellites extend to the MW’s virial radius



Orbits & dynamics of MW satellites

Figure 2: Our proposed targets in context: distance from the Milky Way (MW) versus stellar mass, or
absolute magnitude, for all 51 known dwarf galaxies out to 500 kpc, including those that are
star-forming/gas-rich (blue stars) and quiescent/gas-poor (black points). Red circles show our proposed 32
targets, including the 23 recently discovered satellites from DECam, Pan-STARRS and ATLAS (green
diamonds). Within ⇠ 400 kpc of the MW, all dwarf galaxies other than the Magellanic Clouds (bottom
right) are gas-poor/quiescent, highlighting the e�ciency of environmental quenching via the MW halo.

Figure 3: Expected proper motion accuracy for our target dwarf galaxies, using a 5-year baseline with
Gaia (red), a 4-year baseline with HST (black), and an 11-year baseline combining HST + JWST (blue).
Left: bulk orbital proper motion. The few galaxies with particularly high expected accuracies from Gaia
are exceptionally bright. Even within HST’s projected 4-year lifetime, it will outperform Gaia for
measuring bulk orbital proper motions beyond 80 kpc, providing a measurement of the total halo mass.
Right: internal kinematics from proper motions of individual stars. Green points show existing
line-of-sight dispersions (from spectroscopy), red and black points show expected accuracies in measuring
the proper-motion (tangential) dispersion. Because of orbital anisotropy, these two dispersions can be quite
di↵erent. Gaia will only measure dispersion potentially for Ursa Major II (5 stars), while the median
number of HST stars useful for dispersions is 47. HST+JWST will provide the only feasible method to
resolve proper motions of internal kinematics, to test the nature of dark matter on sub-kpc scales.

10

figure courtesy A. Wetzel, from funded HST Cycle 24 proposal

11 year baseline 16 year baseline

HST-WFIRST joint observations are powerful!
This scaling does not account for WFIRST’s larger FOV

Bulk PMs Internal dispersions



Orbits & dynamics of MW satellites and beyond?

using dwarf galaxy model from Bullock & Johnston 2005 + IR isochrones from L. Girardi 
inspired by Antoja et al. 2015



Orbits & dynamics of MW satellites

using dwarf galaxy model from Bullock & Johnston 2005 + IR isochrones from L. Girardi 
inspired by Antoja et al. 2015

Internal dynamics of nearby dwarfs  
are potentially accessible to spatial scans



Tidal structures in the Galactic halo with the HLS

Discovering & connecting tidal structures beyond 100 kpc
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There are stars out there 
NOT in bound 

structures….
…from multiple progenitors

Sanderson, Secunda, 
Johnston, & Bochanski 2017

WFIRST HLS
2x WFIRST HLS



Groups found with 
positions only

Tidal structures in the Galactic halo with the HLS

Discovering & connecting tidal structures beyond 100 kpc

see poster by A. Secunda

25 μas/yr PMs distinguish outliers



Isolated Stellar-Mass Compact Objects
• Black holes/neutron stars formed via stellar collapse 

• Mass Function of BHs/NSs constrains: 

•  BH/NS formation mechanism  

• supernova physics 

• nuclear equation of state 

• predictions for gravitational-wave detectors 

• 108 to 109 BHs predicted in Galaxy 

• No confirmed detections of isolated stellar-mass BHs to 
date



Astrometry using HST’s WFC3-IR in bulge fields  
is already being done successfully

Isolated Stellar-Mass Compact Objects

extratidal stars forming a break in the cluster profile, though
neither study examines how this break evolves as a function of
orbital phase.

There is a large body of additional literature studying the
dynamical evolution of star clusters in tidal fields, though these
do not show the evolution of the outer radial profile. N-body
simulations of clusters on eccentric orbits by Baumgardt &
Makino (2003), Lamers et al. (2010), and Webb et al. (2014)
primarily focus on the evolution of the mass-loss rate and mass
function, while Webb et al. (2013) examinethe half-mass
radius, tidal radius, and cluster size rather than the morphology
of the radial profile at large radii. Many other studies examine
clusters on circular orbits, though these are limited to old
(>10 Gyr) globular clusters (Trenti et al. 2010; Gieles
et al. 2011), or do not present detailed radial profiles of their
models (Ernst et al. 2009; Madrid et al. 2012).

It is worthwhile to note that none of the studies discussed
above examine the evolution clusters within the central regions
of the Milky Way. There have been several studies of Arches-
like young compact clusters within the inner 200 pc of the
Galaxy, but these similarly do not examine the evolution of the
outer radial profile. N-body simulations by Kim et al. (2000)
and Portegies Zwart et al. (2002) make predictions regarding
expected cluster lifetimes and the evolution of the radial profile
out to the half-mass radius. Portegies Zwart et al. (2004) focus
on the evolution of the mass function of Arches-like clusters,
concluding that the mass function of the inner region of the
Arches reported by Figer et al. (2002) could be explained by
dynamical mass segregation. Several other studies model the
effects of dynamical friction on compact clusters, predicting
inspiral toward the GC and their subsequent evolution, though
the cluster profile during this process is not presented (Kim &
Morris 2003; Portegies Zwart et al. 2003; Gürkan &
Rasio 2005). Additional studies of the behavior of the radial
profiles of Arches-like clusters near the GC are required to
draw more conclusive interpretations from the observations
presented here.

5. CONCLUSIONS

We have conducted a multiepoch photometric and astro-
metric study of the Arches cluster using the HST WFC3IR

camera at 1.27, 1.39, and 1.53 μm. Using a sophisticated
astrometric pipeline, we extract individual stellar proper
motions to an accuracy of at least 0.65 mas yr−1 down
to F153M≈ 20 mag (∼2.5e), reaching a precision of
∼0.1 mas yr−1 for the brightest stars. Taking advantage of the
distinct kinematic properties of the cluster, we use a four-
Gaussian mixture model to simultaneously fit the cluster and
field proper-motion distributions and calculate cluster member-
ship probabilities. This is a substantial improvement over
photometrically determined cluster membership owing to the
large degree of differential reddening across the field. The field
of view in this study is 144 times larger than previous
astrometric studies of the Arches cluster, allowing for the
identification of high-probability cluster members out to a
cluster radius of 75″ (∼3 pc at 8 kpc).
Combining the cluster membership probabilities, an extinc-

tion map derived from RC stars, and an extensive completeness
analysis, we construct the stellar radial density profile for the
Arches cluster in the range 6 25< R< 75″ (0.25 pc< R<
3.0 pc) down to a differentially dereddened magnitude of
F153M = 20 mag. This profile is well fit by a single power-law
of slope Γ = 2.06± 0.17 with a constant field contamination
density of 2.52± 1.32 stars pc−1. Surprisingly, no evidence of
a tidal radius is observed. Adopting a King profile as a model,
we obtain a 3σlower limit of 2.8 pc for the observed tidal radius
of the Arches cluster. This shows that the cluster extends
beyond its largest predicted theoretical tidal radius of 2.5 pc.
Additionally, we examine the Arches cluster profile for

evidence of mass segregation and tidal tails. We find the
cluster to exhibit mass segregation at all observed radii,
with the radial profile of bright stars (F153M< 17 mag, or
M > ∼13Me) being notably steeper than the profile of fainter
(17 mag< F153M< 20 mag) stars. A K-S test reveals the
differences between these profiles to be significant. We leave a
careful conversion from brightness to mass for a future paper.
Similarly, we search for evidence of tidal tails by comparing
the profile parallel to the direction of orbit to the profile
perpendicular to it. No statistically significant asymmetries are
observed in these profiles, as would be expected from tidal tail
structures. Further observations, perhaps at larger cluster radii,
are needed to continue to search for tidal tails.

Figure 15. Astrometric error on the mean and photometric rms error vs. observed magnitude for the F127M (blue), F139M (green), and F153M (red) filters. The solid
lines show the median errors, and the shaded regions cover one standard deviation. Stars with astrometric errors above 1.5 mas (and thus proper-motion errors above
0.65 mas yr−1) or photometric errors above 0.06 mag in the F153M filter are not included in the analysis. These cuts are shown by the black dotted lines.
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The Astrophysical Journal, 813:27 (23pp), 2015 November 1 Hosek et al.

Red: data chosen for 
cleanest astrometry

Hosek et al. 2015 
see also Kains et al 2017

Stars from Arches  
(cluster near GC)
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Fig. 18.— A simulation of the 2D astrometric shift due a 10-M� black hole at 4 kpc microlensing a background source at 8 kpc with a
relative proper motion of 7 mas yr�1 and impact parameter u0 = 0.5. The model X (top left) and Y (bottom left) positions vs. time are
shown (solid) overlaid with simulated astrometric measurements and an unlensed source motion (dashed). The measurements on the plane
of the sky are shown in the top right and zoomed in on the bottom right. Error bars represent the 1� astrometric uncertainty expected
from NIRC2 observations (0.15 mas). The astrometric e↵ects of parallax have been omitted. Lu et al. 2016

Astrometric shift constrains masses of microlensing events 
detected by the bulge survey

•Simulated event 

•10M⦿ BH at 4kpc 

•lensing source in 
bulge (8kpc) 

•requires 150 μas 
astrometric errors 

•dashed line = 
unlensed model  

Isolated Stellar-Mass Compact Objects



Lu et al. 2016

WFIRST Bulge Microlensing Survey is naturally good for this: 
N=thousands, Nyrs = 6, millions of targets

Isolated Stellar-Mass Compact Objects

WFIRST’s wide FOV will allow microlensing 
searches outside the bulge fields too (e.g. LMC?)

Approx. 
WFIRST 
precision

for N~25

�c ⇠
0.5 masp

N



(Super-)Earths & Neptunes around bright stars

Melchior, Spergel & Lanz, in prep

Figure 1: Left: WFIRST WFC Cycle 5 pupil for filters from R062 to H158. For reference, the aperture diameter is 2.37 m. Center: WebbPSF model of a
monochromatic point source with � = 1 µm in the center of the focal plane. Colors have logarithmic stretch. The presence of 12 di↵raction spikes instead of 6 is
a consequence of the non-radial alignment of the support struts. Right: Visual comparison and horizontal profiles at peak intensity of the WebbPSF model and the
analytical model of a single support strut given in Equation 5. The WebbPSF model was internally oversampled by a factor 10, rotated, and then downsampled to
the final resolution.

Figure 2: Comparison of the vertical profile of the di↵raction spikes as pre-
dicted by WebbPSF and the analytical model of a single support strut given in
Equation 5 for a point source with � = 1 µm in the center of the focal plane.
The area within the first di↵raction minimum (here x < 39 pix) was excluded.
The model underestimates the amount of di↵racted light from the centrally ob-
scured pupil, which can be approximated by a constant in y-direction with an
amplitude of 0.2 · 10�5 (shown in light red).

the PSF model is a fair description of the actual di↵raction spike
(see §2), and an intensity limit set by the saturation level of the
H4RG detectors, estimated at Ip(i, j) < 1.2·105 e� (B. Rauscher,
private comm.) with a gain of 2.

Because of the separability of Ip we can express the ele-

ments of the Fisher matrix as
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The one-dimensional derivatives are listed in Equation A.6.
The final ingredient for the likelihood are the pixel noise

variances, for which we assume a combination of Poisson, sky
background, thermal ermission, read-out noise, and dark cur-
rent

�2
i, j = N fstrutIp(i, j) + Isky + Ithermal + �

2
ron + �

2
dark (9)

The read-out noise and dark currents are not yet known (�ron <
20 e� pix�1 as per WFIRST Science Requirements). We adopt
�ron = 5 e� pix�1 and �dark = 0.015 e�s�1pix�1. Thermal and
sky background intensities, taken from the WFIRST exposure
time calculator3, for di↵erent wavelengths are listed in Table 1.

The relevant quantity in this configuration is the uncertainty
in the narrow y-direction,

�2
y =
h
F�1
i
22
, (10)

where we marginalized over the uncertainty in the x-direction.
However, WFIRST has k = 6 support struts at di↵erent angles
�k, separated by approximately 30 deg, so that each of them
can be used as an independent measurement of y with precision

3
https://wfirst.ipac.caltech.edu/sims/tools/wfDepc/

wfDepc.html

3

Diffraction spikes average  
over many pixels



(Super-)Earths & Neptunes around bright stars

Melchior, Spergel & Lanz, in prep
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Figure 5: Stars from the Extended Hipparcos Compilation within d = 10 pc
and VHip < 11. Masses are calculated from the spectral type. Colors indicate
J � R, sizes the apparent brightness in VHip. The shaded regions correspond to
astrometric signatures of {3, 5, 10} µas for a hypothetical planet with Mp = 3M

�

and a period of 1 yr (lighter is easier to detect).

et al. 2013) for planets with rocky composition (Mp < 5M
�

,
Seager 2010), which depend only on stellar flux and tempera-
ture, we determine the corresponding periods p and show them
with thick lines in Figure 6. Stars with e↵ective temperatures
below 2600 K or above 7200 K are excluded, and we ignore any
dependence on the planet mass, which mostly a↵ects the inner
edge of the HZ (Kopparapu et al., 2014). Unfortunately, low-
mass stars, nominally best for astrometric measurements, have
HZs with small p, a regime that is hard to access astrometri-
cally. Nonetheless, with an astrometric precision of 3 µas, we
would be able to find planets with rocky compositions at the
outer edges of their HZs. In addition, the G- and K-type stars
↵ Centauri A and ↵ Centauri B are the only stars, for which
Earth-mass planets could be found with Earth-like periods.

Several more stars from our list (not shown in Figure 6 for
the sake of clarity) would add discovery potential of Neptune-
class planets, especially on long orbits. Realistically, long or-
bital periods are limited from by the lifetime of WFIRST, cur-
rently specified as 6 yr (Spergel et al., 2015). A substantial ex-
tension to ⇡ 16 yr is possible if we add measurements from
GAIA, provided it can achieve comparable astrometric preci-
sions for stars above its nominal bright limit G = 6 (Martı́n-
Fleitas et al., 2014).

Can we connect this to the Coronagraph?

6. Conclusion

We constructed an analytical model of the WFIRST di↵rac-
tion spikes generated by a single support strut obscuring the
telescope aperture. This model is a very reasonable descrip-
tion of the actual PSF outside of the first di↵raction minimum.
By propagating Poisson noise from the star, the sky, and the
thermal emission of the telescope, as well as read-out noise
and dark current, we determine that centering on the di↵rac-
tion spikes of WFIRST allows for an astrometric precision of

Figure 6: Minimal detectable mass of hypothetical planets around the most
promising target stars from Figure 5, assuming an astrometric precision of
3 µas. The color scheme is identical to Figure 5. Thick parts of the lines indi-
cate the habitable zone of the star for a rocky planet (applicable for Mp < 5M

�

,
see text for details).

10 µas for a R = 6 of J = 5 star in a 100 s exposure. The best
attainable precision at fixed magnitude is realized in the bluest
filters because the di↵raction spikes are narrowest.

Given that both the di↵raction spike measurement and the
systematic floor from optical distortions and pixel-level arti-
facts yield diminishing returns for longer integrations, one should
conduct a series of exposures with t . 100 s when seeking
more precise astrometry. To better determine the optical distor-
tion pattern and to account for possible spatial correlations of
pixel-level artifacts, these exposures should be o↵set by about
100 pixels or more, which is the range in which most of the
information about the stellar center is contained. We find that
with an assumed systematic uncertainty of 20 µas per exposure,
a per-visit precision of 10 µas can be achieved for R < 7.5 or
J < 6.5 stars with total visit times of 1000 s or less.

For such bright stars the measurement is systematics-limited.
Uncorrected optical distortions or small-scale flaws e.g. from
subpixel QE variations or persistence can quickly dominate the
overall precision of the measurement. It will be critical for re-
producible precision astrometry that the optical distortion model
is well constrained at least in the central regions of the de-
tectors. We believe that these challenges can be met given
WFIRST’s thermally stable environment in the L2 orbit and the
calibration products from the microlensing program and dedi-
cated calibration campaigns in high-stellar density fields.

An astrometric exoplanet discovery program with WFIRST
could detect Earth-mass planets with orbital periods of 1 yr or
more as well as Neptune-class planets with shorter periods.
Combing measurements from GAIA could additionally provide
access to the regime of rocky planets with periods of 10 yr or
longer.
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WFIRST can astrometrically  
detect a 3Me planet  
with a 1-year period  

around 10s of the nearest stars

Figure 1: Left: WFIRST WFC Cycle 5 pupil for filters from R062 to H158. For reference, the aperture diameter is 2.37 m. Center: WebbPSF model of a
monochromatic point source with � = 1 µm in the center of the focal plane. Colors have logarithmic stretch. The presence of 12 di↵raction spikes instead of 6 is
a consequence of the non-radial alignment of the support struts. Right: Visual comparison and horizontal profiles at peak intensity of the WebbPSF model and the
analytical model of a single support strut given in Equation 5. The WebbPSF model was internally oversampled by a factor 10, rotated, and then downsampled to
the final resolution.

Figure 2: Comparison of the vertical profile of the di↵raction spikes as pre-
dicted by WebbPSF and the analytical model of a single support strut given in
Equation 5 for a point source with � = 1 µm in the center of the focal plane.
The area within the first di↵raction minimum (here x < 39 pix) was excluded.
The model underestimates the amount of di↵racted light from the centrally ob-
scured pupil, which can be approximated by a constant in y-direction with an
amplitude of 0.2 · 10�5 (shown in light red).

the PSF model is a fair description of the actual di↵raction spike
(see §2), and an intensity limit set by the saturation level of the
H4RG detectors, estimated at Ip(i, j) < 1.2·105 e� (B. Rauscher,
private comm.) with a gain of 2.

Because of the separability of Ip we can express the ele-
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The one-dimensional derivatives are listed in Equation A.6.
The final ingredient for the likelihood are the pixel noise

variances, for which we assume a combination of Poisson, sky
background, thermal ermission, read-out noise, and dark cur-
rent

�2
i, j = N fstrutIp(i, j) + Isky + Ithermal + �

2
ron + �

2
dark (9)

The read-out noise and dark currents are not yet known (�ron <
20 e� pix�1 as per WFIRST Science Requirements). We adopt
�ron = 5 e� pix�1 and �dark = 0.015 e�s�1pix�1. Thermal and
sky background intensities, taken from the WFIRST exposure
time calculator3, for di↵erent wavelengths are listed in Table 1.

The relevant quantity in this configuration is the uncertainty
in the narrow y-direction,

�2
y =
h
F�1
i
22
, (10)

where we marginalized over the uncertainty in the x-direction.
However, WFIRST has k = 6 support struts at di↵erent angles
�k, separated by approximately 30 deg, so that each of them
can be used as an independent measurement of y with precision

3
https://wfirst.ipac.caltech.edu/sims/tools/wfDepc/

wfDepc.html
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Figure 5: Stars from the Extended Hipparcos Compilation within d = 10 pc
and VHip < 11. Masses are calculated from the spectral type. Colors indicate
J � R, sizes the apparent brightness in VHip. The shaded regions correspond to
astrometric signatures of {3, 5, 10} µas for a hypothetical planet with Mp = 3M
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and a period of 1 yr (lighter is easier to detect).

et al. 2013) for planets with rocky composition (Mp < 5M
�

,
Seager 2010), which depend only on stellar flux and tempera-
ture, we determine the corresponding periods p and show them
with thick lines in Figure 6. Stars with e↵ective temperatures
below 2600 K or above 7200 K are excluded, and we ignore any
dependence on the planet mass, which mostly a↵ects the inner
edge of the HZ (Kopparapu et al., 2014). Unfortunately, low-
mass stars, nominally best for astrometric measurements, have
HZs with small p, a regime that is hard to access astrometri-
cally. Nonetheless, with an astrometric precision of 3 µas, we
would be able to find planets with rocky compositions at the
outer edges of their HZs. In addition, the G- and K-type stars
↵ Centauri A and ↵ Centauri B are the only stars, for which
Earth-mass planets could be found with Earth-like periods.

Several more stars from our list (not shown in Figure 6 for
the sake of clarity) would add discovery potential of Neptune-
class planets, especially on long orbits. Realistically, long or-
bital periods are limited from by the lifetime of WFIRST, cur-
rently specified as 6 yr (Spergel et al., 2015). A substantial ex-
tension to ⇡ 16 yr is possible if we add measurements from
GAIA, provided it can achieve comparable astrometric preci-
sions for stars above its nominal bright limit G = 6 (Martı́n-
Fleitas et al., 2014).

Can we connect this to the Coronagraph?

6. Conclusion

We constructed an analytical model of the WFIRST di↵rac-
tion spikes generated by a single support strut obscuring the
telescope aperture. This model is a very reasonable descrip-
tion of the actual PSF outside of the first di↵raction minimum.
By propagating Poisson noise from the star, the sky, and the
thermal emission of the telescope, as well as read-out noise
and dark current, we determine that centering on the di↵rac-
tion spikes of WFIRST allows for an astrometric precision of

Figure 6: Minimal detectable mass of hypothetical planets around the most
promising target stars from Figure 5, assuming an astrometric precision of
3 µas. The color scheme is identical to Figure 5. Thick parts of the lines indi-
cate the habitable zone of the star for a rocky planet (applicable for Mp < 5M
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,
see text for details).

10 µas for a R = 6 of J = 5 star in a 100 s exposure. The best
attainable precision at fixed magnitude is realized in the bluest
filters because the di↵raction spikes are narrowest.

Given that both the di↵raction spike measurement and the
systematic floor from optical distortions and pixel-level arti-
facts yield diminishing returns for longer integrations, one should
conduct a series of exposures with t . 100 s when seeking
more precise astrometry. To better determine the optical distor-
tion pattern and to account for possible spatial correlations of
pixel-level artifacts, these exposures should be o↵set by about
100 pixels or more, which is the range in which most of the
information about the stellar center is contained. We find that
with an assumed systematic uncertainty of 20 µas per exposure,
a per-visit precision of 10 µas can be achieved for R < 7.5 or
J < 6.5 stars with total visit times of 1000 s or less.

For such bright stars the measurement is systematics-limited.
Uncorrected optical distortions or small-scale flaws e.g. from
subpixel QE variations or persistence can quickly dominate the
overall precision of the measurement. It will be critical for re-
producible precision astrometry that the optical distortion model
is well constrained at least in the central regions of the de-
tectors. We believe that these challenges can be met given
WFIRST’s thermally stable environment in the L2 orbit and the
calibration products from the microlensing program and dedi-
cated calibration campaigns in high-stellar density fields.

An astrometric exoplanet discovery program with WFIRST
could detect Earth-mass planets with orbital periods of 1 yr or
more as well as Neptune-class planets with shorter periods.
Combing measurements from GAIA could additionally provide
access to the regime of rocky planets with periods of 10 yr or
longer.
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facts yield diminishing returns for longer integrations, one should
conduct a series of exposures with t . 100 s when seeking
more precise astrometry. To better determine the optical distor-
tion pattern and to account for possible spatial correlations of
pixel-level artifacts, these exposures should be o↵set by about
100 pixels or more, which is the range in which most of the
information about the stellar center is contained. We find that
with an assumed systematic uncertainty of 20 µas per exposure,
a per-visit precision of 10 µas can be achieved for R < 7.5 or
J < 6.5 stars with total visit times of 1000 s or less.

For such bright stars the measurement is systematics-limited.
Uncorrected optical distortions or small-scale flaws e.g. from
subpixel QE variations or persistence can quickly dominate the
overall precision of the measurement. It will be critical for re-
producible precision astrometry that the optical distortion model
is well constrained at least in the central regions of the de-
tectors. We believe that these challenges can be met given
WFIRST’s thermally stable environment in the L2 orbit and the
calibration products from the microlensing program and dedi-
cated calibration campaigns in high-stellar density fields.

An astrometric exoplanet discovery program with WFIRST
could detect Earth-mass planets with orbital periods of 1 yr or
more as well as Neptune-class planets with shorter periods.
Combing measurements from GAIA could additionally provide
access to the regime of rocky planets with periods of 10 yr or
longer.
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WFIRST will extend  
Gaia’s detection space 

(Super-)Earths & Neptunes around bright stars

…and possibly complement coronagraph



Other science with WFIRST astrometry
• Detection and dynamics of young star clusters and star-
forming regions in the Galactic disk 

•Three-dimensional stellar dynamics in the inner bulge 

•ISM tomography (3D map) toward the bulge/in the plane 

•3D orbits of high-velocity stars 

•BH/NS “kicks” & multiplicity 

•Globular cluster internal kinematics of faint MS stars 
(multiple populations, H-burning limit, tidal-field 
exploration, etc.) 

•Internal motion of stellar populations in M31, LMC, SMC



Astrometry in the 2020s 
will be part of a cross-instrumental 

renaissance
• Gaia sets astrometric frame 

• HST sets 25-40 year time baselines for local dwarf 
galaxies, GCs 

• LSST finds standard candles & new targets over wide FOV 
@ matched depth 

• Ground-based spectroscopy completes/extends stellar 
phase space distribution to MW Rvir 

• WFIRST adds PMs over HLS field, precise astrometry in 
bulge fields, pointed obs of e.g. dwarf galaxies, exoplanets



Maximizing Astrometry Output for WFIRST
• An excellent understanding of the PSF and detector is critical 

for astrometry as well (work ongoing): 

• Understanding subpixel sensitivity is very important (ongoing) 

• investigate time-dependence (radiation-dependence) of sub 
pixel detector fluctuations (esp intrapixel QE) - is this an issue? 

• So is calibration of the distortion solution 

• Some attention when scheduling can make a big difference: 

• allow for multi-year GO proposals to optimize PM baselines 

• maximize time between field revisits when possible, esp for 
large sky areas (HLS, WINGS, …) 

• consider a GO spatial scanning mode (subgroup active) 

• allow archival searching for all observations of a given field 
(level 2 pixel data, GO and programmed) for GI astrometry



Geometric-Distortion simulations

Create a “somewhat realistic Bulge field” 
as seen by the WFIRST WFI to: 

- Test the feasibility of solving for the WFI 
GD  using Gaia stars; 

- Test the impact of:  
jitter RMS (i.e., PSF time-dependent      
variations), 
IPCs (i.e., static PSF variations), 
persistence, 
read-out amplifier hysteresis, 
intra-pixel sensitivity variations, 
etc… 

 on the achievable GD-solution accuracy.

Motivation

Reference frame based on a typical  
MicroSIT pointing  

Use of WebbPSF spatially-varying models 

125 MicroSIT-like single-chip images (>1M 
stars each) with random pixel-phase 
sampling and with a 10x10 pix dither 
pattern 

Input GD: 3rd order polynomial with ~1% 
corner-to-center distortion 

Recovered using ~2000 expected Gaia 
stars in the field and 5th order polynomial

Implementation (initial tests)



Input measured distortion  
(combined residuals of all 125 images)

Final global position residuals (all 125 images)

Significant jitter-induced pixel-phase errors 
  -> Need improved, time-dependent  PSF 

models

Final single-image position residuals and 
pixel-phase errors  for mild and small jitter 

RMSs


