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ABSTRACT

Spacecraft carrying optical communication lasers can be treated as artificial stars, whose relative astrometry to
Gaia reference stars provides spacecraft positions in the plane-of-sky for optical navigation. To be comparable to
current Deep Space Network delta-Differential One-way Ranging measurements, thus sufficient for navigation,
nanoradian optical astrometry is required. Here we describe our error budget, techniques for achieving nanoradian
level ground-base astrometry, and preliminary results from a 1 m telescope. We discuss also how these spacecraft
may serve as artificial reference stars for adaptive optics, high precision astrometry to detect exoplanets, and
tying reference frames defined by radio and optical measurements.
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1. INTRODUCTION

Ever since the ancient time, people has been using stars for navigation purpose. Modern spacecraft will use
optical communication to enlarge the bandwidth and thus will carry optical communication lasers and cameras.
Laser beams from these spacecraft are artificial stars, therefore, their astrometry relative to background stars
enables us to know their positions in the plane-of-sky. Combined with optical ranging information, 3-d positions
of spacecraft can be formed. To navigate spacecraft in deep space, we need high precision in astrometry because
the distance of spacecraft from Earth is on the order of 1AU. Currently, the state-of-the-art ground based radio
astrometry is obtained by the delta-Differential One-Way Ranging (delta-DOR) measurements with two Deep
Space Network (DNS) antennas at a time. The accuracy of delta-DOR, astrometry is 1-2 nanoradian (nrad).! At
1AU, 1 nrad precision in astrometry means 150m precision in distance, which is adequate for the most stringent
requirement in navigation, orbit insertion. Therefore, to be sufficient for optical navigation, nanoradian optical
astrometry accuracy is required for the ground terminal to determine the location of the spacecraft with respect
to background stars.

Ground-based optical astrometry has limitations due to the atmosphere. Current state-of-the-art of ground-
based stellar differential astrometry is at the order of 1 mas ( 5nrad ), mostly limited by 1) differential chromatic
refraction error, 2) field stability, 3) atmospheric turbulence, 4) field distortion. Among these factors, the atmo-
spheric turbulence is a fundamental limit, which becomes small only for very narrow angle relative astrometry.

Fortunately, the European Space Agency’s Gaia mission, which is currently in operation, will survey a billion
stars down to magnitude of 20th with unprecedented precision of 10-100 pas at the completion of the mission.
The abundance of reference stars provided by the Gaia catalog will revolutionize the capability of ground-based
astrometry because with a billion of reference stars, the average separation is less than 0.5 arcmin, which allows
us to perform very narrow angle astrometry for absolute astrometry. Very narrow angle astrometry mitigates
the atmospheric turbulence effect because most of atmospheric turbulence effect are common between target and
reference objects. In addition, very narrow angle astrometry requires a field distortion correction only over a
small field range.
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Another important factor needs to be considered is that the spacecraft have large proper motion during
observation. According to our experiences on asteroid astrometry, it is crucial to use short exposure frames to
avoid centroiding based on streaked images, so called synthetic tracking method.>? Because detecting streaked
images not only degrades the signal-to-noise ratio, but also renders the atmospheric effect non-common between
the target and reference stars. This will invalidate the approach of using narrow angle astrometry to mitigate
the atmospheric turbulence effects.

In this paper, we will first present our error budget and then the calibration methods for achieving nanoradian
level astrometry including using very narrow angle astrometry, synthetic tracking, field distortion correction,
differential chromatic refraction correction. We then present results from using data taken on the Pomona
College’s 1 m telescope at the Table Mountain Facility. Finally, we briefly discuss the potential application of
using spacecraft as the artificial reference stars for adaptive optics, high precision ground-based astrometry to
detect exoplanets, and for tying the reference frames between radio and optical.

2. APPROACH TO NANORADIAN GROUND-BASED OPTICAL ASTROMETRY

In this section, we describe our approach to achieving nanoradian ground-based optical astrometry. We will start
with our error budget and go through main items to discuss methods for making errors within the allocations.

2.1 Nanoradian ground-based astrometry error budget

Table 1 shows the error budget for achieving nanoradian accuracy astrometry. In the first column, we listed here
three observational cases to show our incremental steps toward the final goal of 1 nrad accuracy. We will first
achieve a precision of 1 mas (5 nrad) accuracy using Gaia’s initial catalog and Pomona College’s 1 m telescope
at the Table Mountain Facility for its availability for our technology development. We will use bright asteroids
as proxies for spacecraft. We then will use the Palomar’s 5m telescope and intermediate Gaia catalog to achieve
1 nrad astrometry. The last scenario is for a future deep space optical communication terminal equipped with a
12 m size telescope.

Table 1. Current error budget for nanoradian ground-based optical astrometry

Observation | Integration | catalog | streaked optical detector | differential air Total
case time (nrad) | images | distortion | response | chromatic | turbulence | (nrad)
(sec) (nrad) | (nrad) (nrad) (nrad) (nrad) (nrad)
Pomona 1 m 3600 2.5 0.1 0.5 2 0.5 3.5 )
Palomar 5 m 3600 0.5 0.1 0.5 0.5 0.5 0.5 1.1
Future 12 m 1000 0.1 0.1 0.5 0.5 0.5 0.5 1.0

2.2 Using narrow angle astrometry

Fig. 1 displays the precision of stellar narrow angle astrometry as function of the separation of stars from
observing the M37 globular cluster using 1Hz frame. The precision is estimated as the standard deviation of the
differential centroid at 1Hz over 60 seconds. As a comparison, we also display the empirical results obtained by
Han? in the red line. Our results are slightly better than the Han’s results with the same dependency on the
separation of the angle ~ 6'/3. Gaia catalog allows us to perform narrow angle astrometry in range within 1
arcmin. The error due to air turbulence decreases with the angular separation between the target and reference
objects. With 1s integration, we expect to have air turbulence effect to be about tens of mas. Han also found
that atmospheric effect integrates down as 1/v/T, with T being the total integration time,* which is consistent
with theoretical calculations.” With an integration time of 3600 seconds, we expect the air turbulence effect to
be less than 1 mas.

With larger telescopes, the air turbulence effect are more common for the same narrow angle targets. It is
expected that the differential atmospheric effect becomes proportional to the separation angle of two objects.% 7
For this case, we have® the air turbulence effect

Eturbulence ~ 300arcsec (D/1m)~3(0/1rad)/\/T/1sec, (1)
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Figure 1. The standard deviations of the differential astrometry as function of the angular separation of the stars in the
globular cluster M37.

where D is the diameter of the telescope. Because the spacecraft moves, using this formula, if we have < 10
arcsecond narrow angle encounter with Gaia stars, integrating over 3600 seconds enables to average down the
turbulence effect to < 0.5nrad.

2.3 Using synthetic tracking to avoid streaked images of spacecraft

As discussed in the previous subsection, it is very important to keep the effect of atmospheric turbulences common
between the target and reference objects. Estimating centroids using streaked images has poor performance along
the streak because only signals near both ends of the streak contribute significantly to the estimated location.
Not only the signal is degraded, but also the atmospheric effects becomes not common between the non-streaked
centroid and the streaked centroid. Because the spacecraft moves with respect to back ground stars, we need to
use synthetic tracking technique to take multiple short exposure images.?® With short exposure images, within
each frame, neither the spacecraft nor the background stars are streaked, which will ensure the cancellation of
common atmospheric effects. The sCMOS camera with capability of taking up to 100 Hz frames with 1-2e read
noise makes synthetic tracking practical.

2.4 Correct field distortion

Field distortions are deviations from an ideal imaging system that linearly transform coordinate in object plane
to image plane. It is mainly caused by optics and can be effectively modeled by low order polynomials. Let
(z,y) represents the coordinate of a point for an idea imaging system and (X,Y") represents the actual location
of this point in the image plane. A low polynomial field distortion may be expressed as

X(x7 y) = Z Cf)finxmyn I’ Y(';U7 y) = Z On}’/b’”xmyn ’ (2)

where the coefficients of polynomials Cx, and CY =~ are model parameters. We observe crowded fields e.g.
globular clusters to estimate field distortion. From observing a dense field, we can determine (X,Y") for each of
the stars by centroding the location in field and the corresponding (x,y) can be found by looking up the star
in a star catalog. With many stars in the field, we have many pairs of (X,Y) and (x,y), a least-squares fitting
enables us to determine model parameters Cix, and CY . With the model, we can correct the field distortion
effect.



2.5 Correct differential chromatic refraction

When we observe stars away from the zenith, the atmosphere refracts light. Because the index of refraction
depends on the frequency of light, spectral difference between target and reference objects leads to a systematic
error that grows with the zenith angle. This systematic error is called differential chromatic refraction effect.
Roughly speaking the refraction effect is approximately 1 arcsec per zenith angle in degree, which is a really large
effect. Fortunately this effect can be well modeled and thus corrected. Sophisticated models of the air refraction
index can be accurate to le-8 as function of atmospheric state and wavelength of light.® With Gaia’s spectral
information, we expect the differential chromatic refraction effect can be corrected to sub-nanoradian given that
research work has shown that it could be corrected to 10 micro-arcsecond.'”

2.6 Correct non-uniform pixel response

Detector response is non-uniform for sSCMOS camera at about 1 percent level. With a pixel scale about 0.36
arcsec, for nanoradian level precision, we need to be able to calibrate to 1 milli-pixel precision in centroiding. A
flat field calibration is typically sufficient for going ~ 1 mas level of astrometry. Going down to 1 nrad, we will
need to measure the effective pixel location, which can be done using laser fringes.?> !

3. STATUS AND RESULTS

This project is a three year project with current year being the first year. This year, we have been focusing on
an upgrade of optics for our instrument to work with the Pomona College’s 1 m telescope. The new optics will
remove vignetting of the field and to include a filter wheel for differential chromatic refraction calibration study.
In parallel, we have also worked on setting up our analysis software and conducting some preliminary study
using the existing instrument. In this section, we present our preliminary results from the Pomona College’s 1m
telescope at the Table Mountain Facility of the Jet Propulsion Laboratory.

3.1 Integration over time

To achieve high precision astrometry, we need to integrate signal to average down the noise. Left plot in Fig. 2
shows the Allan deviations of the time series of narrow angle astrometry along RA for about 30 pairs of stars in
the field with angular separation less than 20 arcsec. The dashed black line shows 1/v/T behavior. As we can see,
the 1/+/T relation holds in general. The right plot in Fig. 2 displays the narrow angle astrometry uncertainties
(measured as the standard deviations) as function of angular separation after integration of 10 seconds similar
to the Fig. 1.
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Figure 2. Left: Allan deviations of differential astrometry as function of integration time for stars in M37 globular cluster
with separation less than 20 arcsec. There are totally 31 pairs of stars displayed here with the dashed black line showing
the 1/+/T relation. Right: Differential astrometry uncertainty as function of angular separation between stars.



3.2 Field distortion estimation

We estimated the field distortion of our system by observing globular cluster M37. We looked up UCAC4 catalog
(http://ad.usno.navy.mil /ucac/readme_udv5) to determine the location of stars in the sky. By centroiding the
star locations in the image, we obtain the actual locations of these stars as imaged by our system. Fig. 3 shows
results from estimating the field distortion using a 3rd order polynomial model. The upper left image is an
image of M37 observed using our system and the upper right plot shows the field distortion as estimated by a
least-squares fitting using 3rd order polynomials respectively for RA and DEC. The arrows show the distortion
at a set of regular grid points. The lower left plot displays fitting residuals. The RMS of the fitting residuals
is about 50 mas (250nrad), which is approximately the error of the UCAC4 catalog. We expect a significant
improvement in field distortion calibration when the Gaia catalog is used.
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Figure 3. Upper Left: image of M37; Upper right: estimated field distortion shown as a quiver plot with arrows
representing the distortion. Lower left plot: residuals of fitting using a 3rd order polynomial field distortion model.

3.3 Current astrometry accuracy of asteroid

Currently, there is no spacecraft with optical communication laser available for us to perform test, so we use
asteroids as proxies of spacecraft to estimate astrometry. Fig. 4 displays our current accuracy in determining
asteroid astrometry using data from observing asteroid 2010LJ14. Left plot shows our observation data (red
circle) together with ephemeris (blue dashed line) obtained from JPL Horizon web server. Right plot displays
the difference respectively for RA (blue) and DEC (red). We note that the spread of observational data, which
is about 50 mas, represents the precision of our astrometry, roughly the same as the precision of UCAC4.

4. FUTURE POTENTIAL

Spacecraft carrying laser communication device are useful artificial reference stars. In addition to the optical
navigation, these artificial stars offer new opportunities for future astronomical observations. For example, it
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Figure 4. Left plot shows the (RA, DEC) of 2010LJ14 observed by our system (squares) and ephemeris from JPL Horizon
(line). The blue and red curves in the right plot show the difference between observed (RA (blue),DEC (red) ) and JPL
Horizon ephemeris.

can be used as reference stars for adaptive optics (AO). They are better than the traditional laser guide stars
generated by laser beams from ground because it does not require extra tip/tilt corrections to the up-going beam.

Future ground-based large telescopes like TMT and ELT can make use of these artificial stars to run AO and
perform diffraction limited astrometry. Because the spacecraft has large proper motion that is known to high
accuracy, the spacecraft can server as very good reference stars for relative astrometry, especially in a sparse
star field. Because future spacecraft can also perform optical ranging between them, their relative positions are
known very accurately. A constellation of deep spacecraft may server as high precision rulers in the sky for
very narrow angle astrometry. It is feasible that, with very narrow angle astrometry, future ground-based large
telescopes may be able to achieve micro-arcsecond level precision, sufficient for exoplanet detections.

When we have astrometric measurements of the spacecraft in both optical and radio frequencies, we can study
the consistency between them and use this information to provide feedback on the relation between radio-based
International Celestial Reference System (ICRS) and the Gaia’s optical reference frame as is studied currently
by Dr. C. Jacobs (one of the co-authors of this paper).

5. SUMMARY

Optical communications will not only significantly increase the bandwidth for data flow, it also turns every
spacecraft into an artificial star, which enabled its own navigation using optical terminals and help ground based
telescopes to use as guide stars or reference stars for precise astrometry.
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