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Interferometry is the combination of amplitude 
and phase from different telescopes

Lots of small telescopes are cheaper than one big telescope!
Done for radio telescopes but difficult for optical telescopes - why?

Telescope positions must be known << �



An Antenna converts EM radiation in space 
into electrical currents in conductors

They can be used for transmitting and receiving

A simple dipole antenna

A dipole antenna converts EM to 
accelerating charges appearing as an 

alternating electric current

Phase of alternating current is correlated 
with phase of incoming EM wave



The Antenna Theorem
The radiation pattern of an antenna is time-reversible

The power received and transmitted by the antenna must be the same, 
otherwise the cavity wall in directions where the transmitted power was 

greater than the received power would rise in temperature and the 
cavity wall in directions of lower transmitted/received power ratio would 

cool, leading to a violation of the second law of thermodynamics.

The transmission pattern is the same as the reception pattern!

Thermodynamic cavity temperature T
Antenna transmits power generated

 by the resistor R

Antenna receives power 
absorbed from cavity walls

Power in equals power out 
otherwise resistor temperature 

changes from T.

Resistor R also at temperature T



Interferometers developed at radio 
wavelengths

Wavelength of radio means that galaxies 
are barely resolved with single dish telescopes

Radio telescopes can record AMPLITUDE and PHASE of incoming radiation



Interference
Two point interferometer fringes from a monochromatic point source
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Coordinate perpendicular to fringes
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The radiation pattern for an antenna is exactly 
equivalent to the PSF for a telescope

http://electriciantraining.tpub.com/14182/css/14182_186.htm

Dipole has transmission over 1 steradian Radio telescope parabolic dishes
give FWHM beam widths of few degrees

http://en.wikipedia.org/wiki/Radiation_pattern#mediaviewer/File:Sidelobes_en.svg

http://electriciantraining.tpub.com/14182/css/14182_186.htm
http://en.wikipedia.org/wiki/Radiation_pattern#mediaviewer/File:Sidelobes_en.svg


Reminder: single dish angular resolution

Single filled dish telescopes have angular resolutions of ⇠ �

D

Imaging at optical on 10m telescopes ⇠ 10mas

Pupil PSF



Higher angular resolution with multiple 
telescopes

Airy core

A sparsely filled aperture of diameter D has the same angular resolution
but total flux is lower and PSF has power removed from the Airy core

Pupil

Individual apertures of diameter       lead to first minimum of �/d

d

d



VLA point spread function

The PSF of the VLA radio telescope. 



Image of M51 with LOFAR

LOFAR array consists of thousands of radio antennae over large baselines

LOFAR Superterp, Exloo, Netherlands

� = 2m



D. D. Mulcahy et al.: The nature of the low-frequency emission of M 51

Fig. 2. Region around M 51 at a central frequency of 151 MHz with a bandwidth of 47.7 MHz. The resolution is 20′′ and a robust weighting
of −0.5 was used. The colour scale is in Jy/beam using a cubehelix colour scheme (Green 2011).

Fig. 3. M 51 at a central frequency of 151 MHz with a bandwidth of 47.7 MHz overlayed onto an optical DSS image using a cubehelix colour
scheme (Green 2011). The resolution is 20′′ and a robust weighting of −0.5 was used. Here the extended disk is seen clearly. The contours start
at 1 mJy/beam and increase by a factor 1.5.

A74, page 5 of 18

Image of M51 with LOFAR

LOFAR array coherently combines
antennae scattered over

many kilometres 

Mulcahy 2014 A&A

� = 2m

✓diff = 2000

D ⇠ 20 km



One pair of telescopes makes a set of fringes 
projected on the sky

D. D. Mulcahy et al.: The nature of the low-frequency emission of M 51

Fig. 2. Region around M 51 at a central frequency of 151 MHz with a bandwidth of 47.7 MHz. The resolution is 20′′ and a robust weighting
of −0.5 was used. The colour scale is in Jy/beam using a cubehelix colour scheme (Green 2011).

Fig. 3. M 51 at a central frequency of 151 MHz with a bandwidth of 47.7 MHz overlayed onto an optical DSS image using a cubehelix colour
scheme (Green 2011). The resolution is 20′′ and a robust weighting of −0.5 was used. Here the extended disk is seen clearly. The contours start
at 1 mJy/beam and increase by a factor 1.5.
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One pair of telescopes samples one point in 
the              spatial frequency plane
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Adding one more telescope adds many more 
points in the              plane
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…but if you duplicate a baseline, you are 
wasting your resources
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N(N � 1)/2N telescopes make interferometer pairs



You put your telescopes in a non-redundant 
pattern so that you sample the uv plane equally

u-v distributionTelescopes on ground



PSF and OTF (Optical Transfer Function)

We know that the image of a point source gives the Point Source Function (PSF):

PSF = |FT (A)|2

where  A is the aperture function (==pupil shape) and FT is the Fourier transform.

The image of any general object    is then 
the convolution of the object      with the PSF:

i = o ⇤ s

i
o

The Optical Transfer Function (OTF) is the FT of the PSF:

I = O ⇥ S

OTF is then the auto-correlation of the aperture function A



Optical Transfer Function of 2 aperture interferometerInterferometer with Finite Apertures
optical transfer function (OTF) of 2-point interferometer

OTF = 2
✓
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pair of pinholes transmits three spatial frequencies
DC-component �(~0)
two high frequencies related to length of baseline vector ~s at ±~s/�

3 spatial frequencies represent three-point sampling of the
uv-plane in 2-d spatial frequency space
complete sampling of uv-plane provides sufficient information to
completely reconstruct original brightness distribution
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Point Spread Function of 2 aperture interferometer
Point-Spread Function (PSF)

PSF is Fourier Transform of OTF
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~✓: 2-d angular coordinate vector
attenuation factor (�/R)2 from spherical expansion
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Two element interferometer

A single dish PSF on the sky Two dishes on the sky diameter d = 25m 
separated by s=144m



Ten element interferometer

10 elements makes the fringes narrower



Equally spaced array of telescopes
Point-Spread Function of Equally-Spaced Array

scalar function due to circular symmetry

PSFERAS =

✓
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R

◆2 
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⇡ (d/�)2

�2 
2J1(u)

u

�2 sin2 N(u4L/D)

sin2(u4L/D)

with u = ⇡✓D/� and ✓, the radially symmetric, diffraction angle
central peak: similar to Airy function with spatial resolution

4✓ =
�

2Lmax
radians

with 2Lmax the maximum diameter of the array in the YZ-plane
concentric grating lobes: angular distances of annuli from central
peak follow from the location of principal maxima given by
modulation term sin2 N(u4L/D)/ sin2(u4L/D)
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Rotating this array of telescopes on the sky 
causes symmetric PSF

Increasing number of telescopes in the array

✓grating =
�

�L
, 2

�

�L
, ..., (N � 1)

�

�L

For an N element array with separation         , 
these angular positions are:



Reconstruction of a pair of point sources seen 
by an array of telescopesImaging

brightness distribution I(~⌦) by inverse Fourier transform
reconstructed Î(~⌦) needs to be corrected for single dish
response function H(~⌦)
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Fit the PSF of the array and remove it, but it is 
a tricky inverse problem….CLEAN

undersampling of uv-plane, grating lobes within field of view
decrease distance between antennas 9 and A during second half
of rotation for 36 meter increment coverage
four half rotations in 48 hours can increase coverage to 18 meter
increments) complete uv coverage
incomplete coverage of uv-plane) coherence function �̃(~r) are
zero in some places) erroneous results
apply CLEAN method for improving dirty radio maps
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CLEAN

undersampling of uv-plane, grating lobes within field of view
decrease distance between antennas 9 and A during second half
of rotation for 36 meter increment coverage
four half rotations in 48 hours can increase coverage to 18 meter
increments) complete uv coverage
incomplete coverage of uv-plane) coherence function �̃(~r) are
zero in some places) erroneous results
apply CLEAN method for improving dirty radio maps
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Earth Rotation fills in uv plane
Pair of telescopes in East-West line appear to rotate about each other

once every 24 hours when see by a celestial object

The v axis of the ellipse is smaller by cosine (declination)



Earth Rotation fills in uv plane
2 configurations of 8 SMA telescopes

An Example of (u,v) plane Sampling

• 2 configurations of 8 SMA antennas, 345 GHz, Dec. -24 dec

23Wilner NRAO presentation



Rotation of Earth during observations ‘fills in’ 
the uv plane



Westerbork Synthesis Radio Telescope (WSRT)
Westerbork Synthesis Radio Telescope (WSRT)

14 parabolic antennae, diameters D = 25 m
lined up along East-West direction over ⇡ 2750 m
10 antennae have fixed mutual distance of 144 m
4 antennae can be moved collectively with respect to fixed array
14 antennae comprise 40 simultaneously operating
interferometers
array is rotated in plane containing Westerbork perpendicular to
Earth’s rotation axis
limited to sources near the North polar axis
standard distance a between 9 and A equals 72 meters
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Westerbork Synthesis Radio Telescope (WSRT)

WSRT (continued)

after 12 hours, 38 concentric semi-circles with radii ranging from
Lmin = 72 meters to Lmax = 2736 meters in increments of
4L = 72 meters
correlators integrate over 10 s, sampling of semi-circles every
1/24 degrees
other half can be found by mirroring the first half since I(~⌦) is a
real function
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Michelson’s Interferometer
1908 on the 200 inch telescope at Palomar



Fringes disappear when diameter of star is equal to 
the fringe separation in the interferometer

Original experiment by Michelson determined diameter of Betelgeuse



Stellar diameters

Alpha Cen (A) is 1.23 Rsun at D=1.34 pc

Angular size = 4.3 milliarcseconds

Sirius (A) is 1.71 Rsun at D=2.64 pc

Angular size = 3.0 milliarcseconds



The CHARA Array
Images from Ming Zhao (JPL)



First image of an MS star

Monnier 2007 Nature 317 342

magnitude better than that achievable with the
Hubble Space Telescope or ground-based 8-m
telescopes equipped with adaptive optics.

Stellar imaging can be used to investigate
the rapid rotation of hot, massive stars. A
large fraction of hot stars are rapid rotators
with surface rotational velocities of more than
100 km/s (6, 7). These rapid rotators are ex-
pected to traverse evolutionary paths very
different from those of their slowly rotating
kin (1), and rotation-induced mixing alters
stellar abundances (8). Although hot stars are
relatively rare by number in the Milky Way
Galaxy, they have a disproportionate effect on
galactic evolution due to their high luminos-
ities, their strong winds, and their final end as
supernovae (for the most massive stars). Re-
cently, rapid rotation in single stars has been
invoked to explain at least one major type of
gamma-ray bursts (9) and binary coalescence
of massive stars or remnants (10).

The distinctive observational signatures of
rapid rotation were first described by von
Zeipel (11), beginning with the expectation
that centrifugal forces would distort the photo-
spheric shape and that the resulting oblateness
would induce lower effective temperatures at
the equator. This latter effect, known as gravity
darkening, will cause distortions in the observed
line profiles as well as the overall spectral en-
ergy distribution. Precise predictions can be
made, but these rely on uncertain assumptions,
in particular the distribution of angular momen-
tum in the star; uniform rotation is often as-
sumed for simplicity.

The most basic predictions of von Zeipel
theory—centrifugal distortion and gravity
darkening—have been confirmed to some ex-
tent. The Palomar Testbed Interferometer (PTI),
the first instrument to measure photospheric
elongation in a rapid rotator, found the diameter
of the nearby A-type star Altair to be ~14% larger
in one dimension than the other (12). The Navy
Prototype Optical Interferometer (NPOI) and the
Center for High Angular Resolution Astronomy
(CHARA) interferometric array both measured
strong limb-darkening profiles for the photomet-
ric standard Vega (13, 14), consistent with a rapid
rotator viewed nearly pole-on. A brightness
asymmetry for Altair was also reported by NPOI

(15, 16), suggestive of the expected pole-to-
equator temperature difference from gravity
darkening. In recent years, a total of five rapid
rotators have been measured to be elongated by
interferometers (17–19).

Although von Zeipel theory appears to
work at a basic level, serious discrepancies be-
tween theory and observations have emerged.
Most notably, the diameter of the B3V-type
star Achernar (17) was measured to be ~56%
longer in one dimension than the other, a dis-
crepancy too large to be explained by von
Zeipel theory. Explanations for this include
strong differential rotation of the star (20) or
the presence of a polar wind (3), either of which
have far-reaching consequences for our under-
standing of stellar evolution. To address these
issues, we must move beyond the simplest
models for rapidly rotating stars, and this will
require a corresponding jump in the quality
and quantity of interferometry data. Indeed,
all previous results were based on limited in-
terferometer baselines that lacked the capa-

bility to form model-independent images,
and relied entirely on model fitting for inter-
pretation. Thus, previous confirmations of
von Zeipel theory, although suggestive, were
incomplete.

Here we report a development in imaging
capabilities that enables a test of von Zeipel
theory, both through basic imaging and pre-
cise model-fitting. By combining near-infrared
light from four telescopes of the CHARA inter-
ferometric array, we have synthesized an el-
liptical aperture with dimensions 265 m by
195 m (Fig. 1), allowing us to reconstruct im-
ages of the prototypical rapid rotator Altair
(spectral type A7V) with an angular resolution
of ~0.64 mas, the diffraction limit defined by
l/2D, the observing wavelength divided by
twice the longest interferometer baseline. The
recently commissioned Michigan Infrared Com-
biner (MIRC) (21) was essential for this work,
allowing the light from the CHARA telescopes
to be combined simultaneously into eight spec-
tral channels spanning the astronomical H band

1Department of Astronomy, University of Michigan, Ann
Arbor, MI 48109, USA. 2School of Physics and Astronomy,
University of St. Andrews, Fife KY16 9AJ, Scotland, UK.
3Astrophysics Group, Covendish Laboratory, Cambridge
University, Cambridge CB3 0HA, UK. 4Division of Geo-
logical and Planetary Sciences, California Institute of
Technology, Pasadena, CA 91125, USA. 5Astronomy
Department, Cornell University, Ithaca, NY 14850, USA.
6Laboratoire d’Astrophysique de Grenoble, Observatoire de
Grenoble, F-38041 Grenoble Cédex 9, France. 7Michelson
Science Center, California Institute of Technology, Pasade-
na, CA 91125, USA. 8Center for High Angular Resolution
Astronomy, Georgia State University, Atlanta, GA 30302,
USA. 9National Optical Astronomy Observatory, Tucson, AZ
85719, USA.

*To whom correspondence should be addressed. E-mail:
monnier@umich.edu

Fig. 1. Fourier (u, v) coverage for the Altair
observations, where each point represents
the projected separation between one pair
of the four CHARA telescopes S2, E2, W1,
and W2 (31). The dashed ellipse shows the
equivalent coverage for an elliptical aper-
ture of 265 m by 195 m oriented along a
position angle of 135° east of north.
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Fig. 2. (A) Intensity image of the surface of Altair (l = 1.65 mm) created with the MACIM/MEM
imaging method using a uniform brightness elliptical prior (cn2= 0.98). Typical photometric errors
in the image correspond to ±4% in intensity. (B) Reconstructed image convolved with a Gaussian
beam of 0.64 mas, corresponding to the diffraction limit of CHARA for these observations. For both
panels, the specific intensities at 1.65 mm were converted into the corresponding blackbody
temperatures; contours for 7000, 7500, and 8000 K are shown. North is up and east is left.
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magnitude better than that achievable with the
Hubble Space Telescope or ground-based 8-m
telescopes equipped with adaptive optics.

Stellar imaging can be used to investigate
the rapid rotation of hot, massive stars. A
large fraction of hot stars are rapid rotators
with surface rotational velocities of more than
100 km/s (6, 7). These rapid rotators are ex-
pected to traverse evolutionary paths very
different from those of their slowly rotating
kin (1), and rotation-induced mixing alters
stellar abundances (8). Although hot stars are
relatively rare by number in the Milky Way
Galaxy, they have a disproportionate effect on
galactic evolution due to their high luminos-
ities, their strong winds, and their final end as
supernovae (for the most massive stars). Re-
cently, rapid rotation in single stars has been
invoked to explain at least one major type of
gamma-ray bursts (9) and binary coalescence
of massive stars or remnants (10).

The distinctive observational signatures of
rapid rotation were first described by von
Zeipel (11), beginning with the expectation
that centrifugal forces would distort the photo-
spheric shape and that the resulting oblateness
would induce lower effective temperatures at
the equator. This latter effect, known as gravity
darkening, will cause distortions in the observed
line profiles as well as the overall spectral en-
ergy distribution. Precise predictions can be
made, but these rely on uncertain assumptions,
in particular the distribution of angular momen-
tum in the star; uniform rotation is often as-
sumed for simplicity.

The most basic predictions of von Zeipel
theory—centrifugal distortion and gravity
darkening—have been confirmed to some ex-
tent. The Palomar Testbed Interferometer (PTI),
the first instrument to measure photospheric
elongation in a rapid rotator, found the diameter
of the nearby A-type star Altair to be ~14% larger
in one dimension than the other (12). The Navy
Prototype Optical Interferometer (NPOI) and the
Center for High Angular Resolution Astronomy
(CHARA) interferometric array both measured
strong limb-darkening profiles for the photomet-
ric standard Vega (13, 14), consistent with a rapid
rotator viewed nearly pole-on. A brightness
asymmetry for Altair was also reported by NPOI

(15, 16), suggestive of the expected pole-to-
equator temperature difference from gravity
darkening. In recent years, a total of five rapid
rotators have been measured to be elongated by
interferometers (17–19).

Although von Zeipel theory appears to
work at a basic level, serious discrepancies be-
tween theory and observations have emerged.
Most notably, the diameter of the B3V-type
star Achernar (17) was measured to be ~56%
longer in one dimension than the other, a dis-
crepancy too large to be explained by von
Zeipel theory. Explanations for this include
strong differential rotation of the star (20) or
the presence of a polar wind (3), either of which
have far-reaching consequences for our under-
standing of stellar evolution. To address these
issues, we must move beyond the simplest
models for rapidly rotating stars, and this will
require a corresponding jump in the quality
and quantity of interferometry data. Indeed,
all previous results were based on limited in-
terferometer baselines that lacked the capa-

bility to form model-independent images,
and relied entirely on model fitting for inter-
pretation. Thus, previous confirmations of
von Zeipel theory, although suggestive, were
incomplete.

Here we report a development in imaging
capabilities that enables a test of von Zeipel
theory, both through basic imaging and pre-
cise model-fitting. By combining near-infrared
light from four telescopes of the CHARA inter-
ferometric array, we have synthesized an el-
liptical aperture with dimensions 265 m by
195 m (Fig. 1), allowing us to reconstruct im-
ages of the prototypical rapid rotator Altair
(spectral type A7V) with an angular resolution
of ~0.64 mas, the diffraction limit defined by
l/2D, the observing wavelength divided by
twice the longest interferometer baseline. The
recently commissioned Michigan Infrared Com-
biner (MIRC) (21) was essential for this work,
allowing the light from the CHARA telescopes
to be combined simultaneously into eight spec-
tral channels spanning the astronomical H band
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Fig. 1. Fourier (u, v) coverage for the Altair
observations, where each point represents
the projected separation between one pair
of the four CHARA telescopes S2, E2, W1,
and W2 (31). The dashed ellipse shows the
equivalent coverage for an elliptical aper-
ture of 265 m by 195 m oriented along a
position angle of 135° east of north.
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Fig. 2. (A) Intensity image of the surface of Altair (l = 1.65 mm) created with the MACIM/MEM
imaging method using a uniform brightness elliptical prior (cn2= 0.98). Typical photometric errors
in the image correspond to ±4% in intensity. (B) Reconstructed image convolved with a Gaussian
beam of 0.64 mas, corresponding to the diffraction limit of CHARA for these observations. For both
panels, the specific intensities at 1.65 mm were converted into the corresponding blackbody
temperatures; contours for 7000, 7500, and 8000 K are shown. North is up and east is left.
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Altair seen by CHARA array at 1.65 microns

Seeing limb darkening, rotating at 90% breakup speed



Alderamin

Zhao 2009

Imaging Stars and Planets with the CHARA Array 

Sagan Symposium 2009 Nov 12 -13 

More Results:  Alderamin (α Cep) 

Zhao et al. 2009 

•  A7 IV-V,   D = 15pc 

•  ~93% of break-up, 12.46 hrs/cyc 

•  R_eq/R_pol = 1.26  

•  T_pol - T_eq = 2000K 

Zhao et al. 2009 



Eclipse of Epsilon Aurigae in 2009
Star is 2.9 milliarcsec in diameter

Secondary companion with a disk eclipses primary star

Kloppenborg et al. 2010 Nature 464 870



..and reconstructing the disk

Kloppenborg 2015 ApJS 220 14

Stencel (2013), who have shown the precise repetition of disk-
related spectral features have not changed appreciably over the
last century. Therefore, it is unlikely that the disk is
significantly twisted or warped (Kumar 1987). We do,
however, find evidence that the disk may be slightly tilted
out of the orbital plane. If this is true, the difference between

our model and the Kemp et al. (1986) polarization result could
be attributed to precession.
The thickness and inclination of the disk exclude the

possibility that a the purported mid-eclipse brightening is
caused by light penetrating a central clearing in the disk (cf.
Wilson 1971) or the notion that a series of semi-transparent
rings are responsible for the photometric variations seen during
totality (cf. Ferluga 1990, 1989). We suggest that these light
curve features, if true, have other physical causes. For example,
a mid-eclipse brightening could be due to scattering above and
below the plane of the disk (e.g., Budaj 2011; Muthumariappan
& Parthasarathy 2012), perhaps in the same region responsible
for the increase in He 10830 Å absorption (Stencel et al. 2011).
Likewise, the manifestation of V 0.1D ~ mag variations during
totality are probably orbitally excited non-radial pulsation of
the F-star (Kloppenborg et al. 2012), rather than substructure in
the disk.
Finally we predict that the secondary eclipse will occur

between ∼JD 2,461,030−2,461,860 (2025 December 20–2028
March 29). We encourage a comprehensive photometric
campaign during this time focusing on NIR, mid-IR, and far-
IR observations to confirm this prediction.

The CHARA Array, operated by Georgia State University,
was built with funding provided by the National Science
Foundation grant AST-0606958, Georgia State University,
the W. M. Keck Foundation, and the David and Lucile
Packard Foundation. This research is supported by the
National Science Foundation as well as by funding from
the office of the Dean of the College of Arts and Science at
Georgia State University. MIRC was supported by the
National Science Foundation. The Navy Precision Optical
Interferometer is a joint project of the Naval Research
Laboratory and the US Naval Observatory, in cooperation
with Lowell Observatory, and is funded by the Office of
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APPENDIX A
IMAGE RECONSTRUCTION AND ARTIFACT

DISCUSSION

In the following section, we elaborate on the image
reconstruction and artifact detection process for all epochs.
We present the best-fit SIMTOI model and reconstructed with
SQUEEZE and BSMEM. All images are rendered with North
up and east to the left. The 0.5 mas H-band or 0.7 mas K-band
resolution limit of the data is indicated by the circle in the lower
left-hand corner of the model image.
The SQUEEZE reconstructions were conducted using the

Laplacian (abbreviated LA), Total Variation (abbreviated
TV), and L0-norm (abbreviated L0) regularizers. Images
were reconstructed in a grid with regularizer weights ranging
from 0.1–100,000 in semi-logarithmic steps. The images with
the lowest reduced chi-squared were selected for presenta-
tion. Most of the epochs were reconstructed from a Dirac

Figure 2. (Top) The eight best-fit symmetric disk models resulting from a
simultaneous minimization to both the photometric and interferometric data.
The models are as described in Section 3.3. All models have been rotated in
position angle, but otherwise appear as they would when occulting the F-starʼs
photosphere. Model #8 has the greatest evidence value and was adopted for
the remainder of this work. (Bottom) The disk’s silhouette created by aligning
the individual SQUEEZE reconstructions with our orbital solution. See
Appendix B for further details.

Figure 3. Observed and simulated H-band photometry from the eight best-fit
symmetric disk models as a function of time. The four rows of tick marks at the
bottom of the plot indicate the time of observation by the corresponding beam
combiner. Tick marks appear thicker when successive nights of observations
occurred. None of the symmetric disk models entirely reproduce all features of
the light curve, implying that the disk is not symmetric. The F-starʼs

H 0.05D ~ mag out-of-eclipse variations are clearly seen at all phases of the
eclipse.
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The VLT Interferometer
One of the fundamental reasons why four large telescopes 

were built on the same mountaintop!

Credit: ESO



http://www.eso.org/public/images/eso0020b/

http://www.eso.org/public/images/eso0020b/


Delay lines under the mountain
Compensate for optical path difference between telescopes

 with a beam compensation room



Continuous beam path compensation
Movable carts need to position retroreflectors with an accuracy of 10 nanometers

over a length of 60 metres



Stellar diameter measurements due to fringe visibility

Two different stars with 
different angular sizes Single dish telescope Fringe pattern

seen by interferometer



Herbig Ae star HD 163296

Renard et al. 2010

Field of view of 25 mas

H and K band data

Combination of VLTI, 
IOTA, Keck I and CHARA 

interferometers

VLTI results in resolved images of giant stars



Keck Interferometer
https://www2.keck.hawaii.edu/1stLight/1stLight.html
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Figure 1. Fringes for a one-baseline nuller configuration. A schematic star+disk system is shown to illustrate the effect
of the various fringe phases. The star is smaller than the spacing of the long-baseline fringes, while the size of the disk
is large enough to extend well beyond the central null. Schematically, the measurement is the ratio of the flux detected
when the star is nulled (1b) to the flux when the star lies on a fringe peak (1a).

7. NULLING EXPERIMENT RESULTS
Full Level 2 calibration of KIN data was tested in April 2006. The experiment consisted of observing two stars
of similar brightness, effective temperature, and angular diameter (Chi UMa: N-band flux = 15 Jy, θdia = 3.35
mas, Teff = 4380 K; 3 CVn: N-band flux = 15 Jy, θdia = 3.34 mas, Teff = 3690 K) three times each, and
arbitrarily choosing 3 CVn to play the role of the science target with Chi UMa as its calibration target. The
measurements of the two stars were interleaved in time, and the time between successive measurements averaged
around 15 minutes. Neither of these stars is expected to show significant extended flux above its photosphere,
so the final Level 2 reduced null leakage should correspond to a uniform disk of the photospheric diameter of the
science target.

The final null leakage is plotted as a function of wavelength in Figure 3. The data are consistent with the
model. The broadband average over the 6 channels with center wavelengths between 8.5 and 10.5 µm, weighted
according to their errorbars, is 0.013 ± 0.002. This is very close to the theoretical value of 0.0120. This 1-σ
Level 2 calibration precision corresponds to an error in the squared visibility V 2 of 0.7%.

Proc9 of SPIA Bol9 CDCE  CDCEFC-E

Two elements destructively interfere to look 
for exozodiacial light
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when the star is nulled (1b) to the flux when the star lies on a fringe peak (1a).
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arbitrarily choosing 3 CVn to play the role of the science target with Chi UMa as its calibration target. The
measurements of the two stars were interleaved in time, and the time between successive measurements averaged
around 15 minutes. Neither of these stars is expected to show significant extended flux above its photosphere,
so the final Level 2 reduced null leakage should correspond to a uniform disk of the photospheric diameter of the
science target.

The final null leakage is plotted as a function of wavelength in Figure 3. The data are consistent with the
model. The broadband average over the 6 channels with center wavelengths between 8.5 and 10.5 µm, weighted
according to their errorbars, is 0.013 ± 0.002. This is very close to the theoretical value of 0.0120. This 1-σ
Level 2 calibration precision corresponds to an error in the squared visibility V 2 of 0.7%.
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KIN non-detection

 

 
 

 

role for the design of future space missions aiming at the characterization of Earth-like exoplanets, whether using visible 

coronagraphy or mid-infrared interferometry. This issue was recognized early on (e.g. Beichman & Velusamy 1997
9
, 

Mennesson & Mariotti 1997
10

).  The morphology and adverse effects of exozodical structures have also been studied in 

greater detail in recent papers (e.g. Defrere et al. 2010
11

, Stark and Cahoy 2011
12

). 

 
A total of 48 nearby main sequence stars have been surveyed by the KIN between 2008 and 2011: 23 stars with no 

previously known dust (most of them in the 2008-2009 key science survey led by E. Serabyn), 19 with cold dust 

previously detected in the mid or far IR (2008-2009 key science surveys led by P. Hinz and M. Kuchner), and 6 stars 

with hot dust emission suspected from previous near-infrared interferometric observations (2010-2011 survey led by B. 

Mennesson).  

 

4.1 Analysis of KIN observations of stars with a priori no dust 

The results of the detailed analysis of this sub-sample have been published recently (Millan-Gabet et al. 2011
13

). We 

basically found that only one star in this sample showed dust resolved by the KIN at a marginal level (Altair). Using a 

model of our own Solar System's zodiacal cloud, scaled to the luminosity of each target star, we estimated the equivalent 

number of target zodis needed to match our observations. The 22 non-detection have an ensemble weighted average 

consistent with zero, with an average individual uncertainty of 160 zodis. These measurements represent the best limits 

to date on exozodi levels for a sample of nearby main sequence stars. They are typically a factor of 2 better than the 

SPITZER limits, with the additional advantage that the KIN measurements resolve the dust emitting region, do not make 

any assumption on the stellar spectrum (e.g. its strictly photometric nature up to a certain wavelength). A statistical 

analysis of this population of 23 stars not previously known to contain circumstellar dust suggests that, if they are 

representative of a single class with respect to the level of exozodi brightness, the mean exozodi level for 

the class is < 150 zodis (3σ upper limit, corresponding to 99% confidence under the additional assumption that the 

measurement errors are Gaussian). Some stars in this sample show particularly “clean” non-detections (as illustrated in 

figure 5). They will feed into the LBTI nuller exo-zodi key science survey, in the category of “a priori non-dusty” nearby 

main sequence stars. 

 

                 
Figure 5: Example of a KIN non-detection. Solid curve: excess leak as a function of wavelength, measured for β Vir 

(average and error bars are based on 7 null sequences, recorded on Feb. 17 & 18, 2008). Shaded grey area: bracketing +/- 

1σ confidence interval.  
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KIN detection of hot dust around 
Fomalhaut

Mennesson et al. SPIE 2012 8445

 

 
 

 

4.2 Analysis of KIN observations of stars with suspected dust (work in progress) 

A total of 25 stars with excesses previously detected at various infrared wavelengths (K-band: CHARA/FLUOR or 

VLTI/VINCI, far/mid IR: IRAS or SPITZER) were observed. Four of them were spectroscopic binaries and were 

ignored in the initial analysis summarized here (assessing tiny excesses is in this case quite problematic unless the orbital 

parameters and flux ratios are perfectly known). Of the remaining 21 stars, 5 show a mid IR excess detected by KIN at 

above 3σ significance level. 6 more stars show a marginal excess detection at the > 2σ level. In particular, only 3 of the 

stars with excesses detected at 2 microns show an excess with the KIN, and all 3 at small levels (<2%). This indicates 

that in all cases, the phenomenon responsible for the near infrared excess is not contributing much flux at 10 microns. 

This either points to some unexpected chromospheric effects, or more likely to very “non-solar” dust populations, with 

very small hot grains piling up close to sublimation radius. Since such small grains should be blown out and expelled 

rapidly from the inner system, high replenishment rates or mechanisms are needed to trap small dust over long periods. 

At this stage, this mature stars “hot disk” phenomenon is still unexplained and its origin remains unclear.  

Of particular interest among the stars showing a KIN excess is the case of Fomalhaut, which previously showed evidence 

for warm dust inside of 20 AU with Spitzer IRS (17.5 µm to 34 µm data), and possibly even hotter dust grains located 

inside of 5 AU inferred from near infrared VLTI data (Absil et al. 2009). The mean KIN observed excess between 8 and 

11 microns is ~0.35%, while that measured by the VLTI at K-band is close to 1%. Assuming that these two 

measurements, taken at different epochs, characterize the same circumstellar environment, and conducting a detailed 

radiative transfer simulation, (Mennesson et al. in prep.), these observations point to a population of hot dust grains 

piling up close to the sublimation radius. Additionally, these grains must be small enough (< 1µm) to strongly emit in the 

near infrared without causing a large excess at 10 microns. An other interesting feature of the KIN detected excess is that 

it increases quite sharply with wavelength between 8 and 13 microns (Fig. 6), suggesting a second population of larger 

(~5 microns) grains located at 0.5-1AU and further.  

 

 

                  

Figure 6: Example of a KIN detection. Solid curve: excess leak as a function of wavelength, measured for Fomalhaut 

(average and error bars are based on 7 null sequences, recorded on July 16 & 17, 2008). Shaded grey area: bracketing +/- 

1σ confidence interval (Mennesson et al. in prep).  
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Large Binocular Telescope Interferometer



Inside the beam combiner

Defrère 2014 SPIE



2 microns constructively interferes, and 
10 micron destructively interferes

2. PHASECAM

2.1 Overview

PHASECam uses a fast-readout PICNIC detector to measure tip/tilt and phase variations between the two
AO-corrected LBT apertures. The optical system is designed so that PHASECam receives the near-infrared
light from both interferometric outputs when the long wavelength channel is in either the nulling or the Fizeau
imaging mode. In nulling mode, one output of the interferometer is reflected to the NOMIC science detector
with a short pass dichroic (see Figure 2) while, in Fizeau imaging mode, both beams are intercepted before
beam combination. The optics provides a field of view of 10 arcsecs with pixels of 0.078 arcsecs wide and can
be adapted to create different setups for pathlength sensing. Three options are currently built into the LBTI to
allow a flexible approach to phase sensing: 1) use the relative intensity between the two interferometric outputs,
2) use dispersed fringes via a low-dispersion prism, or 3) use an image of the combined pupils via a reimaging
lens. Various neutral density filters are also available together with standard H and K filters.

The LBTI has also two artificial point sources that can be used for phase sensing tests. The first one is a
small NiChrome wire within the NIC to test the nulling interferometer and phase sensor, as shown in Figure 2.
The second is a superluminescent diode source at 1.55µm located at the entrance to the beam combiner and
can be used to do an end-to-end test of the PHASECam phase sensor. Tip/tilt and pathlength corrections are
sent to the Fast Pathlength Corrector (FPC) located in the left part of the beam combiner (Figure 1). The FPC
provides a Piezo-electric transducer (PZT) fast pathlength correction with a 80µm of physical stroke, capable
of introducing 160µm of optical path difference (OPD) correction. The right mirror provides a larger stroke (40
mm of motion) for slow pathlength correction (SPC). In practice, the SPC is used to acquire the fringes while
the FPC is used to correct atmospheric variations. For internal tests with the NiChrome wire, precise pathlength
adjustments can made with two PZT devices (see Figure 2).

Figure 2. Sketch of the nulling portion of NIC. Both outputs of the interferometer are directed to the near-infrared phase
sensor (PHASECam) while one output is reflected to the NOMIC science detector with a short pass dichroic. To provide
a flexible approach to phase sensing, the lenses in front of PHASECam can be selected to image either the image plane or
the pupil plane. The default approach as shown in Figure 3 uses the pupil plane. This particular configuration represents
a testing with the internal artificial source located in the image plane on the left side of the figure.
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Fig. 1.— Left, sampling of the Fourier (u,v) plane obtained for ηCrv on 2014 February 12.

Each blue point and its centrosymmetric counterpart represent the orientation of the LBTI
baseline for a given OB. The orientation of the outer disk midplane (i.e., 116.◦3, Duchêne et al.

2014) is represented by the black dashed line. The right figure shows the corresponding raw
null measurements per OB as a function of UT time (top panel). The blue squares show
the calibrator measurements while the red diamonds represent the ηCrv measurements. The

estimated instrumental null floor is represented by the solid black line and the corresponding
1-σ uncertainty by the dotted lines. The bottom panel shows the corresponding background

error estimate measured in a nearby empty region of the detector.

photometric aperture and the nearby regions used for simultaneous background measurement
and subtraction. The amplitude of this bias depends on the the photometric stability (i.e.,

precipitable water vapor, temperature, clouds) and the nodding frequency. It was estimated
using various empty regions of the detector located around the photometric aperture. The
result is shown for one representative empty region in the bottom panel of Figure 1 and

accounts for 0.18% of the systematic uncertainty. Another main contributor to the systematic
uncertainty comes from the mean phase setpoint used to track the fringes. Using a more

advanced data reduction technique (i.e., Hanot et al. 2011) on similar data sets, we estimate
that this error can produce a null uncertainty as large as 0.2% between different OBs. Finally,

a variable intensity mismatch between the two beams can also impair the null floor stability.
In the present case, it was measured in each observation using the photometric OBs and found
to be stable at the 1.5% level, corresponding to a null error of ∼0.1%. Adding quadratically

these 3 terms gives a systematic uncertainty of 0.29%, similar to the value found after data
reduction (i.e., 0.34%).

Defrère 2015 ApJ

Null depth is over 140 mas in radius

Eta corvi shows flux

Calibration star



Intensity Interferometry



Correlation with intensity as seen by two 
telescopes

Hanbury-Brown and Twiss Effect

Nairobi Interferometer 1956

Light buckets - do not need to be high optical quality
“A test of a new type of stellar interferometer on Sirius” (1956) 

Intensity correlation can be explained classically and with quantum mechanics



Measuring the diameter of hot nearby starsClassical Derivation

looking at plane waves with two detectors and phase difference �

I1 = E2
1 sin2 !t I2 = E2

1 sin2(!t + �)

intensity correlation

< I1I2 >= E4/4
⇣

1 + cos2 2�
⌘

Christoph U. Keller, Utrecht University, C.U.Keller@uu.nl ATI 2010 Lecture 11: Interferometers 43

Classical Derivation

looking at plane waves with two detectors and phase difference �

I1 = E2
1 sin2 !t I2 = E2

1 sin2(!t + �)

intensity correlation

< I1I2 >= E4/4
⇣

1 + cos2 2�
⌘

Christoph U. Keller, Utrecht University, C.U.Keller@uu.nl ATI 2010 Lecture 11: Interferometers 43


