
On-axis, off-axis fringe-tracking, 
and narrow-angle astrometry with KI/ASTRA 

Julien Woillez 
(WMKO -> ESO) 

1 

“Improving the performances of current optical interferometers & future designs” 
International colloquium at Haute-Provence Observatory, France 

23-27 September 2013 



2 

Credits: 
•  W. M. Keck Observatory 
•  National Science Foundation 
•  National Aeronautics and Space Administration Jet Propulsion Laboratory 
•  NASA Exoplanet Science Institute 
•  University of Michigan 
•  University of Arizona 
 
 
Timeline: 
•  July 2006: Project started with NSF grant 
•  April 2008: First light for on-axis fringe tracking 
•  December 2009: First light for off-axis fringe tracking 
•  July 2012: First light for LGS AO + IF 
•  August 2012: Sweet dreams! 

Exoplanets 
Reflex Motion of 
Multiple Planet Systems 

Galactic Center 
Stellar Population 
BH mass 
and GR effects 

Young Stellar Objects 
Chemical Composition at R~2000 

Self 
Phase Referencing 

K<8 limit 
R~2000 

1 

Dual Field 
Phase Referencing 

K<8.5 reference 
K<15 science 

2 

Astrometry 

30µ˝ for 
30˝ separation 

3 

Active Galactic Nuclei 
Chemical Composition 
Increased Sample 



On-axis fringe tracking (1/3) 

3 

K1 K2 K1 K2 
K-band N-band 

Primary 

FT 
TTM 

Beam 
Compressors 

Fast 
Delay 
Lines 

NULLER 
TTM 

N-folds 

K/N 

NL 
M20 

K-band 
FT Sec. 

FATCAT 
Pri 

FT 
Dichroics 

FATCAT 
Pri 

K-band 
FT Ter. 

High Dispersion Grism 
(R~1000) 

T=20% T=55% 

Toward angle trackers 



On-axis fringe tracking (1/3) 

4 

σλ½〈ΦnðλÞ〉n $ P 7ðλÞ%: (3)

Choosing 7 as the order of the polynomial is a somewhat arbi-
trary12 compromise between discarding the unwanted broad-
band signatures and preserving the narrowband features. For
observations performed on UT 2009 July 17, the individual
average differential phase with polynomial removed are shown
in the top of Figure 7, and the associated standard deviations are
shown in Figure 8. For the brightest stars, we achieved a differ-
ential-phase precision of &1:7 mrad.

The accuracy of the differential-phase measurement was not
verified on a calibrator, mainly due to the difficulty of finding
targets with known signatures that are measurable by the instru-
ment. We cannot use known binary stars, our standard accuracy
references for broadband V 2: the field of view at λ ¼ 2:2 μm of
theD ¼ 10 mKeck telescopes is not large enough, with respect
to the B ¼ 85 m baseline length, for a binary to produce a dif-
ferential-phase modulation shorter than the Δλ ¼ 0:35 μm
wavelength coverage (B=D ×Δλ=λ ∼ 1:3). The accuracy can
be inferred from the different aspects of the phase measurement,
however: the amplitude and linearity of the dither, the absolute
knowledge of the wavelength for each spectral channel, the lin-
earity of the detector, the knowledge of the refractive index, and
potential contamination of the spectral measurements by light
coming from the undispersed channel. All these terms have
been estimated to have a contribution below the demonstrated
limit of 1.7 mrad. However, in order to highlight any potential
bias in the differential-phase measurement versus wavelength,
we also studied the best self-calibration of the data—the average
difference of two consecutive measurements:

σλ½〈Φnþ1ðλÞ $ ΦnðλÞ〉n $ P 7ðλÞ%: (4)

As for the average sum, we also subtract a best-fit polynomial.
When running the spectrometer at 1 Hz (the slowest we have run
it at for science observations), the difference of two consecutive
measurements eliminates any effect that evolves on timescales
shorter than 1 s. This self-calibration is our best estimate of the
impact of photon noise on the differential-phase measurement

FIG. 7.—Top: Direct average differential phase for all the targets observed on
UT 2009 July 17. For clarity, each measurement is shifted by 0.02 rad from the
previous one. Bottom: Self-calibrated average differential phase, for the same
data set, shifted as well. The differential-phase standard deviations of Fig. 8
are estimated from the plots here. The direct average is intended to show
potential differential-phase biases, in comparison with the self-calibrated aver-
age intended to only show photon-noise effects. See the electronic edition of the
PASP for a color version of this figure.

FIG. 8.—Average differential-phase standard deviation vs. total photon count.
The self-calibrated average differential phase follows the overlaid photon-noise
model, whereas the raw average differential phase shows a slightly higher level
of noise, but without any noise floor, implying that longer data collection inter-
vals should yield precisions better than the demonstrated &1:7 mrad or
&1:45 μas differential astrometry. See the electronic edition of the PASP for
a color version of this figure.

12 Removing a polynomial of order 7 is about equivalent to removing any
feature with a spectral width larger than 400 nm=6 ¼ 66 nm. This should re-
move most traces of dispersion without impacting photon-noise estimations
and narrowband spectral features. The order was chosen to have the standard
deviation of the self-calibrated average phases close to the photon-noise model.
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Spectro-astrometric precision 
•  Shown to follow photon noise 

model for bright objects 
•  Achieved 1.7 mrad ~ 1.45 uas 
 
 
 
Demonstrated limiting magnitude 
•  K = 7.8 
•  Upgrading the Fringe Tracker vs 

Spectrometer to 90/10: K=9.4 
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Calibrated SPR data: 48 Lib
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Figure 1. Top: mean calibrated flux ratio between 48 Lib and the continuum
divided calibrator. The red solid line marks a linear continuum fit. The different
line profiles of Br γ - and Pf -emission lines are clearly visible. Center: mean
calibrated V 2 of 48 Lib showing that both the NIR continuum and the
recombination line emission are spatially resolved by the interferometer. A
linear continuum (red line) was fitted to the line-free regions. Bottom: calibrated
differential phase data. The red line marks the zero phase. All plots show the rest
wavelength of the target. The vertical dotted lines indicate the rest wavelength
of the recombination lines. It is apparent that all lines show the same slope at
the line center, as expected for disk emission.
(A color version of this figure is available in the online journal.)

The target data were calibrated with a subsequently measured
unresolved star, observed only 8 minutes later under equal atmo-
spheric conditions. We applied simple calibration strategies: the
raw target flux was divided by the calibrator and multiplied by a
measured spectral template from the Infrared Telescope Facility
spectral library (A3V; W. D. Vacca 2010, private communica-
tion) containing the H i absorption features of the calibrator of
the similar spectral type. The spectral template provides a rel-
ative flux precision of 1%, was folded to R = 1000, and was
divided by a blackbody continuum fit to the line-free regions
before application to our data. The resultant spectrum (upper
panel of Figure 1) thus shows in each spectral bin the flux with
respect to the calibrator. The V 2 was corrected for the system
visibility, estimated by observing an unresolved calibrator. We
did not apply any flux bias correction in our data calibration.
Although the primary fringe tracker at the KI has a flux bias of
a few percent per magnitude,12 internal tests have demonstrated
that the detector used for these science observations does not
display such a bias. The differential phase is calibrated by sub-
traction of the calibrator dφ. To show the impressive differential
stability of the data over the used band, we overplotted red lin-
ear continua, fitted to the line-free regions (λ ! 2.15 µm and
2.18 µm ! λ ! 2.315 µm), over the flux ratio and V 2. The
slightly red slope of the linear flux ratio continuum probably
originates in the shell-induced NIR excess of 48 Lib, whose
photosphere is hotter than the calibrator of spectral-type A4V.
The continuum trend in the visibility is due to resolving the
innermost circumstellar gas and is discussed in Section 3.1. The
red line in the dφ panel marks the zero phase and is not a
fit. The resulting pixel-to-pixel errors are ∆fluxratio = 0.003,
∆ V 2 = 0.007, and ∆ dφ = 3 mrad. The higher relative preci-
sion of the dφ signal with respect to the precision of the visibil-
ity is expected for such spectro-interferometric measurements
(Millour et al. 2006).

12 http://nexsci.caltech.edu/software/KISupport/dataMemos/fluxbias.pdf

Table 2
Measured and Derived Properties of the Circumstellar Shell of 48 Liba

K ′
cont (Gauss-disk only) θFWHM

cont 0.94 ± 0.03 mas

K ′
cont (Gauss-disk + star) θFWHM

cont,disk 1.65 ± 0.05 mas

Br γ V(−250 , −100 km s−1) R(100 , 250 km s−1) V/R

Fline (norm.) 0.29 ± 0.01 0.16 ± 0.01 1.80 ± 0.2
F corr

line (norm.) 0.23 ± 0.01 0.14 ± 0.01 1.66 ± 0.2

θFWHM
line (mas) 1.7 ± 0.2 1.4 ± 0.2 1.2 ± 0.2

PC shift
line (mas) 2.2 ± 0.2 1.9 ± 0.2 1.2 ± 0.2

Pfavg (5: 24...28) V(−325 , −175 km s−1) R(175 , 325 km s−1) V/R

Fline (norm.) 0.029 ± 0.01 0.028 ± 0.01 1.0 ± 0.1
F corr

line (norm.) 0.024 ± 0.01 0.024 ± 0.01 1.0 ± 0.1

θFWHM
line (mas) 1.9 ± 0.3 1.5 ± 0.2 1.2 ± 0.3

PC shift
line (mas) 0.9 ± 0.3 0.9 ± 0.3 1.1 ± 0.3

Notes.
a All uncertainties given in the table are derived from the standard deviations
of the mean total flux and correlated flux spectra shown in the figures. These
uncertainties reflect the differential, relative precision of the values, and are
adequately used throughout this article for intercomparison of the different
components. However, the absolute accuracy of the individual estimates is 10%
for continuum and Br γ values and 25% for the Pfavg values.

This differential stability at the level of a few 10−3 is
unprecedented for spectrally dispersed OLBI data at the spectral
resolution and sensitivity offered by KI-SPR. It is the key to
deriving the scientific results presented in the next section.
A more comprehensive description of the SPR mode and its
sensitivity, performance, and technology will be given elsewhere
(Woillez et al. 2010).

3. RESULTS

Figure 1 shows that different components have been detected
in the spectra of 48 Lib: a clearly resolved continuum emission,
and H i recombination line emission of Br γ and various Pfund
lines. The visibility data suggest that the continuum and the
line emission stem from spatially separated, distinct regions in
the circumstellar disk. Also, they derive from different emission
processes. Therefore, in the following sections we discuss the
two components separately.

3.1. Continuum Emission

The disk continuum emission, emitted by bound-free and
free–free thermal emission in the disk, is clearly resolved. To
facilitate the comparison of our results with other published disk
diameters, we give the size of a disk-only fit to the continuum
visibilities (θFWHM

cont = 0.95 ± 0.03 mas) in Table 2. We model
the disk continuum by a maximally inclined Gaussian profile,
with a position angle of 50◦ which is orthogonal to the axis of po-
larization (McDavid 1999). However, the measured continuum
emission consists of both stellar and disk contributions. Taking
into account that the disk continuum of 48 Lib contributes one
third of the K-band emission (Dougherty et al. 1994), the result-
ing disk size scale (θFWHM

cont,disk = 1.65 ± 0.05 mas) is seven times
larger than the stellar photospheric diameter. Source variability
may compromise this estimation of θFWHM

cont,disk, but a flux calibra-
tion of the KI photometry of 48 Lib, based on HD 145607, is
consistent with the Two Micron All Sky Survey point source flux
of our target (Skrutskie et al. 2006) to better than 10%, which is
the precision level of our absolute flux calibration. Lefèvre et al.
(2009) report an irregular variability in the Hipparcos band at
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Figure 4. Visualization of the measured disk properties (not to scale). The shown one-armed overdensity pattern would explain the measured V/R and correlated flux
profiles of Br γ and Pfavg, as predicted by Papaloizou et al. (1992), but the pattern shown here is not based on a model calculation. The exact shape of the pattern is
not constrained by a single KI-SPR data set. The relative location of the optical Hα line is added for completeness, matching previous, single telescope velocity and
V/R measurements (Wisniewski et al. 2007).
(A color version of this figure is available in the online journal.)

the Pfavg profile appears to be symmetric in all properties within
the errors. Again, θFWHM

line and PCshift
line of Pfavg are comparable for

both sides, but the smaller PCshift
line points to significantly smaller

stellocentric radii of the bulk of the Pfavg emission, if compared
to Br γ . Both measured V/R (Br γ ) and V/R (Pfavg) can be
reconciled with a one-armed density perturbation, if a radial
dependence of the perturbation is allowed, as in the case of a
spiral density wave, precessing through the disk.

There are several indications that the Pfund emission
emerges from inside the bulk of the Br γ emission. The
mean PCshift

line (Br γ ) is with 2.1 mas about twice as large as
PCshift

line (Pfavg). Furthermore, the bins are centered at different
stellocentric radii and velocities. The peak velocities appear
offset (Br γ : 150 ± 50 km s−1 versus Pfavg: 230 ± 30 km s−1).
These velocity and PCshift

line numbers are consistent with Keplerian
gas motion, a typical assumption for a Be-star disk. The
Keplerian rotation assumption is further supported by the mea-
sured double-peaked line profiles (in contrast to highly disor-
dered or asymmetric profiles).

Since Be-star disks are (at least partially) optically thick
in the hydrogen emission lines (see the central absorption in
Figure 3 and the Be-star disk study of Lenorzer et al. 2002),
it is expected that the stellocentric radius of the respective
line anti-correlates with the specific line absorption properties.
Comparing the respective Einstein absorption coefficients, we
find B5,24 < B4,7 < B2,3, which suggests that the Pfavg is
emitted inside the Br γ as described by our data. Br γ should
be emitted at smaller stellocentric radii than Hα , as indirectly
confirmed by the data of Wisniewski et al. (2007) (similarly for
ζ Tau; Carciofi et al. 2009). Also the smaller Hα peak velocities
(the spectrum in Figure 1 of Wisniewski et al. 2007, suggests
about 110 km s−1) are consistent with larger stellocentric radii
compared to Br γ and Pfavg.

Other indications for a different location of the Pfund line
emission are the total and correlated flux profiles. Both show
a clear absorption below the continuum emission level. This
together with the symmetric line profile might indicate that
the gas dominating the Pfund emission is located in front of

the inner disk and the star (responsible for the continuum; see
the extensive line profile modeling of Hummel & Hanuschik
1994; Telting et al. 1994). As discussed, we cannot estimate
what fraction of this continuum absorption is due to intrinsic
photospheric absorption, but a domination of the measured
continuum absorption by photospheric absorption is unlikely
for a Be star. Having the majority of the Br γ emission at larger
stellocentric radii on the violet side but the Pfund emission at
smaller radii in front of the star suggests that the overdensity
pattern follows a radial, one-armed spiral pattern (Wisniewski
et al. 2007; Carciofi et al. 2009). We depict the radial structure
of the disk emission as measured by the KI in a schematic
way in Figure 4. However, our single data set obviously
cannot distinguish a spiral wave from other radius-dependent
perturbation patterns.

Our data provide a further quantitative test of Papaloizou’s
density wave model. Papaloizou et al. (1992) discuss that the
temporal prediction of V/R cycles of about 10 year periods
fits the available spectroscopic observations. Interferometric
observations directly resolve the expected linear scale of the
predicted density waves, as opposed to indirect methods such
as polarimetry (as discussed for instance in Wisniewski et al.
2010). The mean photocenter shifts result in stellocentric radii
of about 18 (8) R∗ for Br γ (Pfavg), which is consistent with both
hydrogen emission line modeling of Be stars (e.g., Hummel &
Vrancken 2000; Hony et al. 2000) and density wave models
predicting that the local density perturbation, induced by the
rotational flattening of the Be stars disappears outside a few
stellar radii (Papaloizou et al. 1992).

4. CONCLUSIONS

We presented the first interferometric detection of several
Pfund lines at the red end of the K ′-band. Thanks to the simul-
taneous detection of Br γ in the spectrum of a single KI-SPR
observation, we can derive stellocentric radius-dependent prop-
erties of the gas disk of the classical Be-star 48 Lib at high
precision. The geometry and kinematics of the emission zones

Observation of Be star 48 Lib 
•  Brγ detection, with δV2 and δΦ effects 

=> Rotating disk 
•  Pfund serie 

=> One-armed over-density 
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Non detection at 0.05 rad, 17.5 nm, 42 uas, in 45 minutes on NGC 4151 
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We needed one more active system! 
 
•  It would have been too simple without it… 
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January 22, 2011: K=11.5 

K = 11.5 

K = 7.0 

(K-band 2MASS image) 

Sep = 10” 
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To get rid of as many unwanted instrumental disturbances as possible… 
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To get rid of as many unwanted instrumental disturbances as possible… 
to make the bright fringe tracker close the loop...  
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To get rid of as many unwanted instrumental disturbances as possible… 
to make the bright fringe tracker close the loop...  
and provide a meaningful correction for the secondary target. 

Primary vs Secondary 
correlations on bright pairs, 
compared to faint observations. 
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A little bit of PR (AO style) at 0.5 s integration period! 

This was around the end of 2011, at T-6 months… 
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Two laser guide stars on galactic center 
Recovered ideal Strehl ratio on GCIRS 7  

R=13.8 tip tilt star 15.7” away 
(USNO-A2.0 0600-28577051) 

July 28, 2012 (T-4 days) 
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Figure 9. Illustrative unification of WAB, NAB, and IMB.

points are the common endpoints of the internal metrologies
in primary space. For the imaging baseline, the limit points are
the barycentric mean of the effective pupils in primary space.
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APPENDIX

IMAGING BASELINE DEFINITION IN
SINGLE-MODE INTERFEROMETRY

The phase ΦFT measured by a single-mode fringe tracker,
between telescopes with perfectly corrected pupils P1 and P2,
is the phase of the interferometric coupling coefficient ρ12(V")
at the spatial frequency of the pupil separation f 12. Following
Mege et al. (2003),

ΦFT = arg[ρ12(V")] = arg[V"∗T 12] = arg[F[O"·L12]], (A1)

where V" is the complex visibility of the observed object O",
T12 is the high-frequency modal transfer function defined as the
normalized cross-correlation of the effective entrance pupils P1

and P2, and L12 is the interferometric lobe defined as the inverse
Fourier transform of the transfer function T12.

For a point source at an off-axis position ∆s, represented by
O" = δ∆s, the phase measured by the single-mode fringe tracker
becomes

ΦFT = arg[L12(∆s) e−i2π∆s· f 12
]

= arg[L12(∆s)] + arg[e−i2π∆s· f 12
]. (A2)

In order to interpret the separation vector B = λ f 12 as
the imaging baseline, the first term arg[L12(∆s)] must be
constant for any small separation ∆s. With the definition of
the interferometric lobe, we obtain the following difference:

arg[L12](s) = arg[F[P 1] · F[P 2]](−s)

= [arg[F[P 2]] − arg[F[P 1]]](−s). (A3)

It can be shown that the first derivative of the Fourier
transform of a real pupil, considered at separation s = 0, is
related to the pupil barycenter of the pupil as follows:

d
ds

[F[P ]] (0) = −i2π

∫
P ( f ) f df. (A4)

Therefore, if the pupils P1 and P2 are barycentric, then the
phase of the interferometric lobe of Equation (A3) is constant at
the center of the field of view, and therefore the phase measured
by the single-mode fringe tracker can be related to the imaging
baseline B = λ f 12, where f 12 is the separation vector joining
the pupil barycenters.
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ABSTRACT. The Keck Interferometer (KI) combined the two 10 m W. M. Keck Observatory telescopes on
Mauna Kea, Hawaii, as a long-baseline near- and mid-infrared interferometer. Funded by NASA, it operated from
2001 until 2012. KI used adaptive optics on the two Keck telescopes to correct the individual wavefronts, as well as
active fringe tracking in all modes for path-length control, including the implementation of cophasing to provide long
coherent integration times. KI implemented high sensitivity fringe-visibility measurements at H (1:6 μm),
K (2:2 μm), and L (3:8 μm) bands, and nulling measurements at N band (10 μm), which were used to address
a broad range of science topics. Supporting these capabilities was an extensive interferometer infrastructure and
unique instrumentation, including some additional functionality added as part of the NSF-funded ASTRA program.
This paper provides an overview of the instrument architecture and some of the key design and implementation de-
cisions, aswell as a description of all of the key elements and their configuration at the end of the project. The objective
is to provide a view of KI as an integrated system, and to provide adequate technical detail to assess the implementa-
tion. Included is a discussion of the operational aspects of the system, as well as of the achieved system performance.
Finally, details on V 2 calibration in the presence of detector nonlinearities as applied in the data pipeline are provided.

Online material: color figures

1. INTRODUCTION

The Keck Interferometer (KI; Colavita et al. 2003) combined
the two 10 m Keck telescopes onMauna Kea as a near- and mid-
infrared interferometer. The first of the large-telescope optical
interferometers to make on-sky measurements, it obtained first
fringes with the 10 m telescopes on 2001March 12, and ran until
2012 July 29, operating typically 25 nights per year as a facility
instrument at theW.M. Keck Observatory (WMKO). In addition
to providing high sensitivity V 2 (squared fringe visibility) obser-
vations at H (1:6 μm), K (2:2 μm), and L (3:8 μm) bands,

it included anN-band (10 μm) nulling capability (Serabyn et al.
2012). The funding for KI was provided by NASA, and the proj-
ect was implemented as a joint development among the Jet Pro-
pulsion Laboratory, California Institute of Technology; WMKO,
California Association for Research in Astronomy; and the
NASA Exoplanet Science Institute, California Institute of Tech-
nology, in support of NASA’s Origins, and subsequently, Exo-
planet Exploration Program. Major funding for KI began in
1997 October, although preliminary studies were conducted in
the early 1990s through the NASAToward Other Planetary Sys-
tems (TOPS) Program. The TOPS program also funded what be-
came the Palomar Testbed Interferometer (PTI; Colavita et al.
1999), which helped develop some of the technology used at
KI. An extension of KI’s capabilities was implemented through
the NSF-funded ASTRA project (Woillez et al. 2012a), which
included the addition of a high spectral resolution mode at K
band and implementation of dual-star capability.

1 Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak
Grove Dr., Pasadena, CA 91109.

2W. M. Keck Observatory, California Association for Research in Astronomy,
65-1120 Mamalahoa Hwy, Kamuela, HI 96743.

3NASA Exoplanet Science Center, California Institute of Technology, 100-22,
Pasadena, CA 91125.
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Sweet dreams! 


