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Abstract. The Wide-Field InfraRed Space Telescope (WFIRST) will be capable of delivering precise astrometry for
faint sources over the enormous field of view of its main camera, the Wide-Field Imager (WFI). This unprecedented
combination will be transformative for the many scientific questions that require precise positions, distances, and ve-
locities of stars. We describe the expectations for the astrometric precision of the WFIRST WFI in different scenarios,
illustrate how a broad range of science cases will see significant advances with such data, and identify aspects of
WFIRST’s design where small adjustments could greatly improve its power as an astrometric instrument.

Keywords: infrared space observatory, astronomy, infrared imaging, infrared detectors.

† https://outerspace.stsci.edu/display/FWG/Astrometry
*Robyn E. Sanderson, robynes@sas.upenn.edu

1 Introduction

The wide field of view and stable, sharp images delivered by the Wide-Field Imager (WFI) planned
for the Wide-Field InfraRed Space Telescope1 (WFIRST; Ref. 1) make it an excellent instrument
for astrometry, one of five major discovery areas identified in the 2010 Decadal Survey. WFIRST
has two main advantages over other spacecraft missions: it can precisely measure very faint stars
(complementary to Gaia); and it has a very wide field of view (complementary to the Hubble Space
Telescope, HST, and the James Webb Space Telescope, JWST). Compared to HST, WFIRST’s
wider field of view with similar image quality will provide many more astrometric targets in a
single image, but also hundreds more anchors to the astrometric reference frame in any field, in-
cluding both background galaxies and stars with precise positions in the Gaia catalog (Refs. 2, 3.
In addition, WFIRST will operate in the infrared (IR), a wavelength regime where the most precise
relative astrometry has so far been achieved with adaptive optics images from large ground-based
telescopes (e.g. 150 µas from Keck (Ref. 4). WFIRST will provide at least a factor of three im-
provement in astrometry over the current state of the art in this wavelength range, while spanning
a field of view thousands of times larger. WFIRST is thus poised to make major contributions to

1http://www.stsci.edu/wfirst/observatory
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Observables systematically studied in  
Van Tilburg, Taki, Weiner [JCAP 2018] 

Mondino, Taki, Van Tilburg, Weiner [PRL 2020]
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Global observables: probing the entire population
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FIG. 5. (Left) Maximum subhalo size R0 that can be constrained at 95% confidence as a function of subhalo mass M0, and
(Right) Maximum subhalo density ⇢0 that can be constrained at 95% confidence as a function of subhalo mass M0, assuming
dark matter fraction fDM = 1. In each case, achievable constraints using WFIRST-like Galactic stellar proper accelerations
(blue line) and using SKA-like (red line) extragalactic proper motions are shown. The dashed lines on the right plot represent
the density (horizontal) and masses (vertical) of unbound fluctuations in the case of scalar field dark matter with benchmark
masses m� = 10�22 and 10�21 eV. �

such as primordial black holes, where photometric lens-
ing observations [88] and techniques based on detecting
local astrometric lensing e↵ects and transients (see V18
for examples and details) are more appropriate.

C. Enhanced primordial power

We investigate a scenario in which the spectrum of pri-
mordial perturbations at small scales is enhanced com-
pared to the standard ⇤CDM expectation. This leads
to a relative overabundance of low-mass halos which,
having collapsed at earlier times, would also be signif-
icantly denser compared to those in the standard cos-
mological evolution. We parametrize this enhancement
phenomenologically by introducing a kink in the dimen-
sionless power spectrum of Gaussian curvature perturba-
tions � parametrized by a break at kB and high-k slope
nB,

P�(k) =

8
><

>:

As

⇣
k
k⇤

⌘ns�1
k < kB

As

⇣
kB
k⇤

⌘ns�1 ⇣
k
kB

⌘nB�1
k � kB

(23)

where we take As = 2.105 ⇥ 10�9, ns = 0.9665, and
k⇤ ⌘ 0.05 Mpc�1 [1].

The dimensionless matter power spectrum at a given
wavenumber and redshift can be obtained through the
matter transfer function D(k, z) as

P�(k, z) = |D (k, z)|2 P�(k) (24)

and we use CLASS [89] to compute the transfer function.
Given the present-day matter power spectrum, the mass
variance (encoding the amplitude of fluctuations within
a sphere of radius R) can be computed as

�
2(R) =

Z
d(ln k) P�(k) |D (k, z = 0)|2 |W (k, R)|2

(25)

where the window function W (k, R) =
3(kR)�3[sin(kR) � kR cos(kR)] is the Fourier transform
of a top-hat smoothing function with smoothing scale
R = (M/(4/3⇡⇢m))1/3 with ⇢m the mean density of the
Universe. With the mass variance in hand, the modified
mass spectrum of subhalos in this scenarios is computed
using the Tinker mass function [90] implemented in the
COLOSSUS [91] code and given by

dn

dM
= f(�)

⇢m

M

d ln �
�1

dM
(26)

where f(�) is parameterized as

f(�) = A

⇣
�

b

⌘�a
+ 1

�
e
�c/�2

(27)

with the constants A, a, b and c calibrated to (⇤CDM)
simulations (see Refs. [90, 91] for further details). We
calibrate the overall number of subhalos such that an
unkinked power spectrum yields the same number of
subhalos as in the ⇤CDM case we have considered in
Sec. IV A (150 between 108–1010 M� [66]) with this
pipeline. The left panel of Fig. 7 shows representative
examples of kinked primordial power spectra, with the

5

Compact objects in the Milky Way: sensitivity projections
Vector power spectrum decomposition 

Mishra-Sharma et al [PRD 2020]
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FIG. 4: Forecasted Constraints on Gaussian Lenses by
the Roman Space Telescope. The blue lines/areas show
the results when the fraction of DM in these lenses is

also sampled. The orange lines give the results when we
assume that all the DM is in these halos. The 2D plot

shows the 68% and 95% contours.

FIG. 5: Forecasted Constraints on Gaussian Lenses by a
survey like the Roman Space Telescope’s EML Survey,
but with a larger field of view (fsky = 0.05). The blue
lines give the 68% and 95% contours. The dashed black

line gives the 95% upper limit from Ref. [28].

for subhalos very close to their host galaxies, simulations
have found that c200 could extend upwards to ⇠ 70 [41].
Thus, with only a modest improvement in sensitivity (ei-
ther through analysis methods or survey strategy), the
Roman Space Telescope’s EML survey could be sensitive
to CDM subhalos within the galaxy.

B. Discussion & Future Work

We now discuss the caveats of this study. First and
foremost, the EML survey parameters have not been fi-
nalized and are subject to change. As mentioned above,
we also make several simplifications (e.g., shape of the
FOV) that could marginally e↵ect the results. We dis-
cuss the most impactful assumptions below: neglecting
binary star systematics, the use of mono-mass popula-
tions of lenses, and our modeling of multiple star lensing
by single lenses.
One possible systematic is the acceleration from binary

star systems. These systems are ubiquitous and could be
a serious systematic since they would produce large ac-
celeration signatures. For low-mass binary systems, the
most likely semi-major axis is a = 5.3 AU [for a review of
binary star systems, see Ref. 42]. This, withM = 0.1M�
and a distance of 8 kpc from the observer gives an on-sky
acceleration of ↵ ⇠ 35 µas/yr2, which is many orders of
magnitude greater than the expected lensing signal from
a population of lenses. However, careful modeling could
be used to distinguish the signals. In most cases, the pe-
riodic motion of the stellar positions would allow us to
discard these sources [see 34, for a similar discussion of
how to distinguish binaries from planet signals].
We only consider mono-mass populations of lenses in

our work. This allows us to consider the constraining
power at di↵erent masses more easily, but it is not a
realistic scenario. The expected subhalo mass function is
largely uncertain, due to tidal e↵ects, baryonic feedback,
and DM physics. In addition, the radial dependence and
expected profiles of the subhalos can also heavily depend
on these factors and vary from the assumptions made in
this paper [see, e.g., 43–45]. Future work could look into
the constraints on the mass function, as well as consider
other radial dependencies and mass profiles. Constraints
on these properties would let us learn about both DM
physics and baryonic feedback.
Finally, as mentioned in Section III, we do not explic-

itly consider the e↵ects of a single lens a↵ecting multiple
stars. This would add extra correlations to the acceler-
ation signal expected in the stars. In some sense, our
p(�|Nl) likelihood does account for the particular distri-
bution of impact parameters assuming a fixed number of
lenses in the field. The magnitude of the signal should
be preserved by our formalism, even if the angular dis-
tribution is not. Our analysis here can be taken as a
conservative estimate of the true signal.
There are also several ways of improving these con-

straints. We discuss 2 avenues for further improvement

Forward modeling 
Pardo & Doré [PRD 2021]

Machine learning & likelihood-free inference approach 
Mishra-Sharma [MLST 2022]
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FIG. 5. (Left) Maximum subhalo size R0 that can be constrained at 95% confidence as a function of subhalo mass M0, and
(Right) Maximum subhalo density ⇢0 that can be constrained at 95% confidence as a function of subhalo mass M0, assuming
dark matter fraction fDM = 1. In each case, achievable constraints using WFIRST-like Galactic stellar proper accelerations
(blue line) and using SKA-like (red line) extragalactic proper motions are shown. The dashed lines on the right plot represent
the density (horizontal) and masses (vertical) of unbound fluctuations in the case of scalar field dark matter with benchmark
masses m� = 10�22 and 10�21 eV. �

such as primordial black holes, where photometric lens-
ing observations [88] and techniques based on detecting
local astrometric lensing e↵ects and transients (see V18
for examples and details) are more appropriate.

C. Enhanced primordial power

We investigate a scenario in which the spectrum of pri-
mordial perturbations at small scales is enhanced com-
pared to the standard ⇤CDM expectation. This leads
to a relative overabundance of low-mass halos which,
having collapsed at earlier times, would also be signif-
icantly denser compared to those in the standard cos-
mological evolution. We parametrize this enhancement
phenomenologically by introducing a kink in the dimen-
sionless power spectrum of Gaussian curvature perturba-
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nB,
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where we take As = 2.105 ⇥ 10�9, ns = 0.9665, and
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matter transfer function D(k, z) as
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simulations (see Refs. [90, 91] for further details). We
calibrate the overall number of subhalos such that an
unkinked power spectrum yields the same number of
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such as primordial black holes, where photometric lens-
ing observations [88] and techniques based on detecting
local astrometric lensing e↵ects and transients (see V18
for examples and details) are more appropriate.

C. Enhanced primordial power

We investigate a scenario in which the spectrum of pri-
mordial perturbations at small scales is enhanced com-
pared to the standard ⇤CDM expectation. This leads
to a relative overabundance of low-mass halos which,
having collapsed at earlier times, would also be signif-
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As

⇣
k
k⇤

⌘ns�1
k < kB

As

⇣
kB
k⇤

⌘ns�1 ⇣
k
kB

⌘nB�1
k � kB

(23)

where we take As = 2.105 ⇥ 10�9, ns = 0.9665, and
k⇤ ⌘ 0.05 Mpc�1 [1].

The dimensionless matter power spectrum at a given
wavenumber and redshift can be obtained through the
matter transfer function D(k, z) as

P�(k, z) = |D (k, z)|2 P�(k) (24)

and we use CLASS [89] to compute the transfer function.
Given the present-day matter power spectrum, the mass
variance (encoding the amplitude of fluctuations within
a sphere of radius R) can be computed as

�
2(R) =

Z
d(ln k) P�(k) |D (k, z = 0)|2 |W (k, R)|2

(25)

where the window function W (k, R) =
3(kR)�3[sin(kR) � kR cos(kR)] is the Fourier transform
of a top-hat smoothing function with smoothing scale
R = (M/(4/3⇡⇢m))1/3 with ⇢m the mean density of the
Universe. With the mass variance in hand, the modified
mass spectrum of subhalos in this scenarios is computed
using the Tinker mass function [90] implemented in the
COLOSSUS [91] code and given by

dn

dM
= f(�)

⇢m

M

d ln �
�1

dM
(26)

where f(�) is parameterized as

f(�) = A

⇣
�

b

⌘�a
+ 1

�
e
�c/�2

(27)

with the constants A, a, b and c calibrated to (⇤CDM)
simulations (see Refs. [90, 91] for further details). We
calibrate the overall number of subhalos such that an
unkinked power spectrum yields the same number of
subhalos as in the ⇤CDM case we have considered in
Sec. IV A (150 between 108–1010 M� [66]) with this
pipeline. The left panel of Fig. 7 shows representative
examples of kinked primordial power spectra, with the
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Relatively extended subhalo populations can be probed

Vector power spectrum decomposition 
Mishra-Sharma et al [PRD 2020]
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FIG. 4: Forecasted Constraints on Gaussian Lenses by
the Roman Space Telescope. The blue lines/areas show
the results when the fraction of DM in these lenses is

also sampled. The orange lines give the results when we
assume that all the DM is in these halos. The 2D plot

shows the 68% and 95% contours.

FIG. 5: Forecasted Constraints on Gaussian Lenses by a
survey like the Roman Space Telescope’s EML Survey,
but with a larger field of view (fsky = 0.05). The blue
lines give the 68% and 95% contours. The dashed black

line gives the 95% upper limit from Ref. [28].

for subhalos very close to their host galaxies, simulations
have found that c200 could extend upwards to ⇠ 70 [41].
Thus, with only a modest improvement in sensitivity (ei-
ther through analysis methods or survey strategy), the
Roman Space Telescope’s EML survey could be sensitive
to CDM subhalos within the galaxy.

B. Discussion & Future Work

We now discuss the caveats of this study. First and
foremost, the EML survey parameters have not been fi-
nalized and are subject to change. As mentioned above,
we also make several simplifications (e.g., shape of the
FOV) that could marginally e↵ect the results. We dis-
cuss the most impactful assumptions below: neglecting
binary star systematics, the use of mono-mass popula-
tions of lenses, and our modeling of multiple star lensing
by single lenses.
One possible systematic is the acceleration from binary

star systems. These systems are ubiquitous and could be
a serious systematic since they would produce large ac-
celeration signatures. For low-mass binary systems, the
most likely semi-major axis is a = 5.3 AU [for a review of
binary star systems, see Ref. 42]. This, withM = 0.1M�
and a distance of 8 kpc from the observer gives an on-sky
acceleration of ↵ ⇠ 35 µas/yr2, which is many orders of
magnitude greater than the expected lensing signal from
a population of lenses. However, careful modeling could
be used to distinguish the signals. In most cases, the pe-
riodic motion of the stellar positions would allow us to
discard these sources [see 34, for a similar discussion of
how to distinguish binaries from planet signals].
We only consider mono-mass populations of lenses in

our work. This allows us to consider the constraining
power at di↵erent masses more easily, but it is not a
realistic scenario. The expected subhalo mass function is
largely uncertain, due to tidal e↵ects, baryonic feedback,
and DM physics. In addition, the radial dependence and
expected profiles of the subhalos can also heavily depend
on these factors and vary from the assumptions made in
this paper [see, e.g., 43–45]. Future work could look into
the constraints on the mass function, as well as consider
other radial dependencies and mass profiles. Constraints
on these properties would let us learn about both DM
physics and baryonic feedback.
Finally, as mentioned in Section III, we do not explic-

itly consider the e↵ects of a single lens a↵ecting multiple
stars. This would add extra correlations to the acceler-
ation signal expected in the stars. In some sense, our
p(�|Nl) likelihood does account for the particular distri-
bution of impact parameters assuming a fixed number of
lenses in the field. The magnitude of the signal should
be preserved by our formalism, even if the angular dis-
tribution is not. Our analysis here can be taken as a
conservative estimate of the true signal.
There are also several ways of improving these con-

straints. We discuss 2 avenues for further improvement

Forward modeling 
Pardo & Doré [PRD 2021]

Machine learning & likelihood-free inference approach 
Mishra-Sharma [MLST 2022] Lots of interesting dark matter science with Roman!


