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Stars are far away 

•  Galaxies crowd the universe 
Dgalaxies =    ~40 Rgalaxy  

•  Stars take up hardly any space 
Dstars =  ~40 million Rstar 

 
Comparison:  Atomic Nucleii 

Datom =       ~100000 Rnucleus 
•  University of Michigan 

 Angle on the sky 
à 1 degree 
 
 
à 0.000001 deg 
5 milliarcseconds 
 
à Few 

arcseconds 
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Diffraction-limited 

€ 

Δθ ≈
λ
D

Wavelength of light 

Diameter of telescope 

Observatory Wavelength  Diameter Angular Resolution 
Hubble Space Telescope 500 nm 2.4m 43 milliarcsecond (mas) 
Keck Observatory 1.65 µm 10m 34 mas 
E-ELT 1.65 µm 39m 9 mas 

Conclusion: No single optical/IR telescope can 
 image the surfaces of main sequence stars (<5 mas) 
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Light curve inversion 
•  Hot and cool spots rotate 

on surface of star, causing 
photometric variability 

•  Strengths: 
–  Widely Applicable 
–  Spot Longitudes constrained 
–  KEPLER 

•  Weaknesses: 
–  Generally requires very high 

precision photometry 
–  Spot latitude constraints weak 
–  Stellar inclination weakly 

constrained 
–  Only sees longitude variation, 

ie. Cannot “see” polar spots, 
gravity darkening 
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Fig. 2.— Typical light curve chosen to illustrate the variations in the results obtained for

different assumed inclinations. The first column compares the observational (diamonds) and
reconstructed (line) light curves. Residuals are plotted below the light curves. The next
three columns are views of the star at the appropriate inclination at phases 0.00, 0.33, and

0.66. The rows show the results for i = 30◦, 45◦, 60◦, and 75◦.
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Fig. 2.— Typical light curve chosen to illustrate the variations in the results obtained for

different assumed inclinations. The first column compares the observational (diamonds) and
reconstructed (line) light curves. Residuals are plotted below the light curves. The next
three columns are views of the star at the appropriate inclination at phases 0.00, 0.33, and

0.66. The rows show the results for i = 30◦, 45◦, 60◦, and 75◦.

Reottenbacher et al. 2013 
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6400-6450 Å and around 7500 Å are typically used in Doppler imaging. Sometimes, if the obtained
signal-to-noise ratio is low, e.g., due to avoiding phase smearing, the signal can be boosted by, for
example, using Least Squares Deconvolution (LSD, see, Semel 1989; Donati & Collier Cameron
1997). In LSD thousands of spectral lines are used to create one de-noised line-profile, which is
then used as the input for Doppler imaging. This approach leads to a loss of physical information,
though, and therefore the preferred option is to use several temperature sensitive lines directly
in the inversion. In practice the observed spectral lines are compared to a grid of synthetic local
line-profiles calculated using stellar atmosphere models. The model grid consists of calculations
with different temperature and limb angle. The main sources of uncertainty and artifacts in the
resulting map are the noise in the data, incomplete phase coverage of the observations and incorrect
line-profile modelling. Figure C.1 shows example spectral line data and a reconstructed image of
one of our key targets (ζ And) in this proposed research.

Several facts about starspots have been learned from studies using Doppler imaging. The spots
(or spot groups) on active stars are much larger than the ones observed on the Sun (see, e.g.,
Strassmeier 1999a, 2009), and their lifetimes can also be much longer than that of the sunspots
(e.g., Rice & Strassmeier 1996). The latitudes at which starspots often occur are also very different
from those for the sunspots, i.e., they can appear at very high latitudes (e.g., Korhonen et al.
2007). The current models cannot explain the formation of spots that are located at the rotational
poles of the star, except in very young stars (Granzer et al. 2000). These so-called polar caps are
still often seen in the Doppler images of older late type stars (e.g., Weber & Strassmeier 2001).
Combining starspot studies using optical interferometry and Doppler imaging will enable us for the
first time to confirm the existence of polar spots using methods other than Doppler imaging. This
confirmation would be of utmost importance, as the current theoretical calculations cannot explain
polar spots on evolved stars.

This technique can be extended to mapping stellar surface magnetic field geometries by using
circularly and linearly polarised spectra. The signal caused by starspots is very small in linearly
polarised spectra (Stokes Q and U) and requires extremely high signal-to-noise ratio observations,
therefore usually only circularly polarised spectra (Stokes V) are used in the analysis. Using only
Stokes V slightly limits the field geometries that can be detected, but still detailed maps of stellar
magnetic fields can be obtained. This has been quite powerful and eye-opening, especially for young
stars (e.g., Gregory et al. 2008)

zeta And / UVES 2008 

Figure C.1: Doppler imaging results of the K giant primary of the RS CVn binary ζ And obtained with
the TEMPMAPϵ code using the FeI 6430 Å line. (left) Spectra obtained at different longitudinal positions
and shown together with the corresponding fit to VLT-UVES data. (right) The resulting temperature map.
Different colours denote temperatures between 3700 K and 5000 K (Korhonen et al. 2010)

C-3

Doppler imaging 
•  Hot and cool spots rotate on 

surface of star, causing 
distortion in the line profiles 

•  Strengths: 
–  Widely Applicable 
–  Spot Longitudes and latitudes 

constrained 

•  Weaknesses: 
–  Requires high cadence, high SNR, 

high spectra R 
–  Requires “rapid” rotation, 

vsini>15km/s  
–  Serious modelling uncertainties for 

the non-time-changing component, 
e.g., polar spots, gravity darkening 

Korhonen et al. 2010 
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Interferometric imaging 
•  Hot and cool spots can be 

imaged directly and seen to 
rotate 

•  Strengths: 
–  Can determine inclination and 

orientation of sky 
–  No bias against measuring 

polar spots or gravity 
darkening 

–  No fundamental limit to 
technique, with future facilities 

•  Weaknesses: 
–  Requires “large” enough stars 
–  Lower # of pixels across star 
–  Difficult to get uv coverage 

Kloppenborg et al. 2010 
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Angular Resolution  
of Interferometer 

Δθ ≈
λ
B

Wavelength of light 

Baseline of Interferometer 

Observatory Wavelength  Baseline Angular Resolution 
ALMA 0.3 mm 12km 5 mas 
NPOI 700 nm >60 m <2.4 mas 
VLTI 1.65 mm 140m 2.4 mas 
CHARA 700nm 

1.65 mm 
330m 0.4 mas 

1.0 mas 

Conclusion: We have the resolution to image nearby stars! 
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How does an interferometer  
work again? 

< ~E
1

· ~E
2

> / cos 2⇡
B

proj

�
�

Response for 
source 
at position δ 

Van Cittert – Zernike Theorem 

Response for 
arbitrary 

brightness 
distribution Iλ 
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Z
I�(�) cos(2⇡

B
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�
�)d�

Complex Visibility One Fourier Component of the Image 
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Lipman Thesis 1998 

An Optical Fourier Transformer 

Basics 
• The amplitude of fringe 
corresponds to Fourier amplitude of 
a single Fourier component of 
brightness distribution 

• The phase corresponds to the 
Fourier phase 

• You need amplitudes & phases for 
imaging 

Collect them all to win! 

 
Normalized Visibility V 
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Which visibilities do you need? 

Uniform Disk: 

From the Michelson Summer School Notes 2000 

Small star 

Big star 

Baseline/wavelength 
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Star + Dust Shell 

Size of ring 

Fraction of 
Flux from Star 

Baseline/wavelength LESSON: you must sample the 
appropriate baselines, large and small, 
Depending on your science goals. 
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Problem:  
Atmosphere Corrupts the Phase 

??	
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Problem:  
Atmosphere Corrupts the Phase 
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Phase Referencing 
(Radio “Fast Switching” or IR dual-star module) 

•  Alternate between a calibrator and target WITHIN isoplanatic 
patch and  WITHIN t0 
–  Easy for VLA, ALMA; Possible for VLBA; Difficult < 1 mm-wave 
–  Not normally possible for optical/infrared, except with Keck-ASTRA 

(RIP) or VLTI-PRIMA (RIP) 
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The “Closure Phase” 
is Not Corrupted 
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Closure Phase is a Good Observable 
Pair-wise Combination at IOTA 
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Closure Phase is a Good Observable 
Pair-wise Combination at IOTA 

GREAT! 
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Basics of Interferometric 
Imaging  

•  How much data do you need? 
–  The number of filled pixels ~> number of                

independent visibility measurements                               
(degrees of freedom argument) 

•  Dynamic Range expected to be 1000:1 to 100:1 
–  From calibration errors mainly  

•  What range of baselines? 
–  Longest baselines set your highest resolution  
–  Diffraction-limit of individual telescope usually sets the maximum 

field-of-view of the interferometer 
–  Sometimes the shortest baseline ‘over-resolves’ your target, 

meaning you are out of luck! 

•  How can you get enough data with only a few 
telescopes?   
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Very Large Array (VLA) 
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Very Large Array (VLA) 
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IOTA-3T: Moving Telescopes +  
Waiting for Earth to turn 
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UV coverage: 
VLA vs CHARA 
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Deconvolution &  
Aperture Synthesis 

•  To reconstruct an image from sparsely 
sampled (u,v) data, one must interpolate into 
regions where data does not exist. 

•  This is Identical to multiplying the true 
Complex Visibility by an Aperture Function. 

•  Since Multiplication in the (u,v) space is the 
same as Convolution in image space (see 
Convolution Theorem), the problem can be 
re-cast as a Deconvolution problem. 

•  Popular methods of Deconvolution include 
CLEAN and the Maximum Entropy Method. 
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Imaging Methods 

•  Poor UV coverage leads to artifacts in your 
image 

Inverse 
Fourier 
Transform 
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Deconvolution with CLEAN 

Deconvolution 

“Point Spread Function” 
From known UV coverage 
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Deconvolution with CLEAN 

Deconvolution 

“Point Spread Function” 
From known UV coverage 

CLEANed map 
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CLEAN example: Cygnus A 

dirty 

From Thompson, Moran, Swenson 

RADIO IMAGE 
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CLEAN example: Cygnus A 

CLEANed 

From Thompson, Moran, Swenson 

RADIO IMAGE 
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CLEAN example: Cygnus A 

CLEANed  
+ Self-calibration (using closure phases in an iterative way) 

From Thompson, Moran, Swenson 

RADIO IMAGE 
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Regularization: 
Maximum Entropy Method (MEM) 

Skilling & Bryan (1984) 

With finite (u,v) coverage and with noisy data, there are an 
infinite number of images which will fit the data.  
So how do we choose?  (use a forward transform method) 

Entropy 

Fraction of flux in pixel i 

Sum over all pixels 

Image prior 

Find “smoothest” image consistent with data (χ2~1) 

MEM uses the “entropy” S to parameterize the “smoothness.”  
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WR 104 Data 



Imaging stars with CHARA 
 

The Cartography of the Sun and the Stars, Besancon, 2014 May 13 

WR 104 MEM Reconstruction 

WR 104 (2.2 microns) 

Iterations 1 to 30 
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What kind of beam combination 
do you want for Imaging? 

Monnier & Allen 2012 

– 49 –

Fig. 3.— Here are more realistic examples of long-baseline interferometers, both optical and radio, including the

light collectors and delay line. Left panel: Optical interferometer, adapted from Monnier (2003). Right panel: Radio

interferometer, adapted from Figure 2.3 in Thompson et al. (2001). See text for further discussion.

Array 3

Array 4

equally

spaced

Array 2

Array 1

Arrays

Autocorrelations

Fig. 4.— Here we illstrate the “snapshot” coverage of a few simple interferometer layouts for an object located

at zenith. The top portion shows the physical layout of 4 examples arrays while the bottom portion shows the

corresponding autocorrelation function, which is the same as the (u,v) coverage.

Beam Combination 
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Beam Combination 

Mozurkewich 2000 

Miniaturized by Berger et al. IONIC 

in pairs… 
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Image-Plane Combination 
like aperture masking 
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Spatial Filtering 

From Haniff 2002 

or single-mode 
fiber (better) 
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Calibration Improvement 

Zoom 

NO Fibers 

With Fibers 

Foresto, Perrin, et al. (olden days) 
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CHARA Interferometer 

•  Built and operated by Georgia State University 
(PI: Hal McAlister) 
–  Funded by State of Georgia, National Science 

Foundation, Keck Foundation 
–  Other collaborators: Observatoire de Paris-Meudon, 

U. Michigan, U. Sydney, Observatoire de Nice 
•  At visible/IR wavelengths, highest resolution in 

the world (0.3 to 1 milliarcseconds) 
•  MIRC instrument only infrared instrument 

combining 6 telescopes simultaneously 
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Michigan Infrared Combiner 
(MIRC) 

•  Infrared Sensitivity (H/K, 1.45-2.4 microns) 
•  Image Plane All-in-One Combination for 4 à 6 

telescopes 
•  Spectral Dispersion: R~42, 150, 450 
•  Spatial Filtering with SM Fibers (w/ photometric taps) 

Guiding Principles: 
 1) Maximum Calibration Precision for Closure Phases 
 2) Imaging 
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CHARA 
Georgia State University 
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Optical Layout 

Monnier 2004, 2006 
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Actual Schedule 
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Prism pair 

Cylindrical  
lens 

Pickoff mirror 

Off-axis parabola 
Single-mode fiber 

Spherical mirror 

Camera	
  

Lenslets 

Photometric 
Channels 
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Prism pair 

Cylindrical  
lens 

Pickoff mirror 

Off-axis parabola 
Single-mode fiber 

Beamsplitter 

Multi-mode fiber 

Lenslets 

Spherical mirror 

Camera	
  

Photometric 
Channels 
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Fringes and Photometric Channels on detector  
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Xiao Che’s PhD project radically  
improved data quality and quantity! 

(MIRC4 -> MIRC6+photometric channels) 

Congratulations,  
Dr. Che ! 
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49 

White et al. 2013  
CHARA: MIRC+PAVO 

Precision Stellar Parameters 
Interferometry, Stellar Evolution, 

asteroseismology 
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Imaging Stellar Surfaces: 
Resolving Rapid Rotation 

•  Rapid rotation of hot stars is expected to 
–  Distort stellar photosphere 
–  Cause “gravity darkening” along the stellar equator 

(von Zeipel 1924) 
–  Modify interior angular momentum and differential 

rotation 
•  Importance in many areas 

–  Rotation-induced mixing (Pinsonneault 1997) 

–  Interpretation of H-R diagram (Maeder & Maynet 2000) 

–  Affects circum-stellar environments  
–  Truth test for interior models of massive stars 
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rotating at ~91% of breakup 
–  Peterson et al (2005) using NPOI  
–  Aufdenberg et al (2006) using CHARA 
–  Modified by Monnier et al. (2012) 

Peterson et al. 2005 Van Belle et al. 2001 

Altair w/PTI 

rotating at ~92% of breakup 
–  observed to 14% elongated 
–  van Belle et al (2001) using PTI 

Models of rotating stars: 
first look with interferometers 

Vega w/NPOI 
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L48 A. Domiciano de Souza et al.: The spinning-top Be star Achernar from VLTI-VINCI

Fig. 1. VLTI ground baselines for Achernar observations and their
corresponding projections onto the sky at di↵erent observing times.
Left: Aerial view of VLTI ground baselines for the two pairs of 40 cm
siderostats used for Achernar observations. Color magenta represents
the 66 m (E0-G1; azimuth 147�, counted from North to East) and
green the 140 m (B3-M0; 58�). Right: Corresponding baseline pro-
jections onto the sky (Bproj) as seen from the star. Note the very e�-
cient Earth-rotation synthesis resulting in a nearly complete coverage
in azimuth angles.

detection of stellar asymmetries. Moreover, Earth-rotation has
produced an e�cient baseline synthesis e↵ect (Fig. 1, right).
A total of more than 20 000 interferograms were recorded on
Achernar, and approximately as many on its calibrators, cor-
responding to more than 20 hours of integration. From these
data, we obtained 60 individual V2 estimates, at an e↵ective
wavelength of �e↵ = 2.175 ± 0.003 µm.

3. Results
The determination of the shape of Achernar from our set of V2
is not a straightforward task so that some prior assumptions
need to be made in order to construct an initial solution for
our observations. A convenient first approximation is to de-
rive from each V2 an equivalent uniform disc (UD) angu-
lar diameter ↵UD from the relation V2 = |2J1(z)/z|2. Here,
z = ⇡ ↵UD (↵) Bproj (↵) ��1e↵ , J1 is the Bessel function of the
first kind and of first order, and ↵ is the azimuth angle of Bproj
at di↵erent observing times due to Earth-rotation. The appli-
cation of this simple procedure reveals the extremely oblate
shape of Achernar from the distribution of ↵UD(↵) on an el-
lipse (Fig. 2). Since ↵, Bproj(↵), and �e↵ are known much bet-
ter than 1%, the measured errors in V2 are associated only to
the uncertainties in ↵UD. We performed a non-linear regres-
sion fit using the equation of an ellipse in polar coordinates.
Although this equation can be linearized in Cartesian coor-
dinates, such a procedure was preferred to preserve the orig-
inal, and supposedly Gaussian, residuals distribution as well
as to correctly determine the parameters and their expected
errors. We find a major axis 2a = 2.53 ± 0.06 milliarcsec
(mas), a minor axis 2b = 1.62 ± 0.01 mas, and a minor-
axis orientation ↵0 = 39� ± 1�. Note that the correspond-
ing ratio 2a/2b = 1.56 ± 0.05 determines the equivalent star

Fig. 2. Fit of an ellipse over the observed squared visibilities V2 trans-
lated to equivalent uniform disc angular diameters. Each V2 is plotted
together with its symmetrical value in azimuth. Magenta points are
for the 66 m baseline and green points are for the 140 m baseline.
The fitted ellipse results in major axis 2a = 2.53 ± 0.06 milliarcsec,
minor axis 2b = 1.62 ± 0.01 milliarcsec, and minor axis orientation
↵0 = 39�±1� (from North to East). The points distribution reveals an
extremely oblate shape with a ratio 2a/2b = 1.56 ± 0.05.

oblateness only in a first-order UD approximation. To interpret
our data in terms of physical parameters of Achernar, a consis-
tent scenario must be tailored from its basic known properties,
so that we can safely establish the conditions where a coherent
model can be built and discussed.

4. Discussion
Achernar’s pronounced apparent asymmetry obtained in this
first approximation, together with the fact that it is a Be star,
raises the question of whether we observe the stellar photo-
sphere with or without an additional contribution from a CSE.

For example, a flattened envelope in the equatorial plane
would increase the apparent oblateness of the star if it were
to introduce a significant infrared (IR) excess with respect
to the photospheric continuum. Theoretical models (Poeckert
& Marlborough 1978) predict a rather low CSE contribution
in the K band especially for a star tilted at higher inclina-
tions, which should be our case as discussed below. Indeed,
Yudin (2001) reported a near IR excess (di↵erence between
observed and standard color indices in visible and L band
centered at 3.6 µm) to be E(V � L) = 0.m2, with the same
level of uncertainty. Moreover, this author reports a zero in-
trinsic polarization (p⇤). These values are significantly smaller
than mean values for Be stars earlier than B3 (E(V � L) >
0.m5 and p⇤ > 0.6%), meaning that the Achernar’s CSE is
weaker than in other known Be stars. Further, an intermediate

! for both the entire set of measurements (solid line) and the
long-baseline measurements only (Bproj > 270 m; dotted line).
Both sets yield a consistent minimum, and the long-baseline
data are particularly sensitive to the position angle orientation.

The visibility constraints on the inclination and gravity dark-
ening exponent are less pronounced but still of great interest.
We show in Figure 12 the reduced "2 as a function of the gravity
darkening exponent # for a series of i ¼ 90" model fits. The best
fit occurs at # ¼ 0:25 for the full set of observations, and this is

also the value derived from gravity darkening studies of B stars
in eclipsing binary stars (Claret 2003). The formal 1 $ error limit
yields an acceptable range from # ¼ 0:12 to 0.34, but # ¼ 0 (no
gravity darkening) can only be included if we extend the range
to the 99% confidence level. However, recall from Figure 8
that most of the sensitivity to gravity darkening is only found at
longer baselines and especially at those along the polar axis.
Thus, we also show in Figure 12 the value of reduced "2 for the
i ¼ 90" solutions in two subsets: measurements with baselines
greater than 270 m (31 points) and those with a position angle

Fig. 10.—Normalized visibility residuals as a function of baseline. Each
panel shows the residuals for the model star with i ¼ 90", # ¼ 0:25, and a
position angle ! as indicated (and illustrated at right). The residuals are clearly
minimized at the best-fit value of ! ¼ 85N5 (third panel from top). Plus signs in-
dicate measurements in the (u, v)-plane within 30" of the rotation axis (6 points),
diamonds indicate those within 30" of the equator (40 points), and asterisks
indicate the others at intermediate angles (23 points).

Fig. 11.—Plot of "2
% of the visibility fits as a function of position angle !

(for i ¼ 90" and # ¼ 0:25). The solid line shows the reduced "2 for the whole
sample, while the dotted line shows the same for the long-baseline data only.

Fig. 9.—K-band image of the star in the sky (left) and its associated Fourier transform visibility pattern in the (u, v)-plane (right). In both cases north is at the top and
east is to the left. The dotted black line indicates the direction of the rotational axis for this i ¼ 90", # ¼ 0:25, and ! ¼ 85N5model. The upper part of the visibility figure
(right) shows a gray-scale representation of the visibility and the positions of the CHARAmeasurements (black squares). The lower part shows the normalized residuals
from the fit as a gray-scale intensity square against a gray background in a point symmetric representation of the (u, v)-plane. The legend at lower left shows the
intensities corresponding to normalized residuals from #5 (black) to +5 (white). Note that the best-fit points appear gray and merge with the background.

McALISTER ET AL.448 Vol. 628Regulus w/CHARA 

rotating at ~98% of breakup 
–  Gravity darkening β~0.25±0.11 

McAlister et al. 2005 Domenciano de Souza et al. 2003 

Achernar w/VLTI 

Major / Minor = 1.56 
–  Impossibly elongated based on 

classic Roche potential 
–  Be Disk emission? 

More models of rapid rotation 
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Motivation for imaging 

•  Modeling results are “model 
dependent” 
–  Von Zeipel (1924): solid body 

rotation, point gravity, simplistic 
radiative transfer model for outer 
layers 

•  Hydrodynamic modeling 
suggests complications.. 
–  Meridional circulation 
–  Radial & latitudinal differential rotation 
–  E.g., Jackson et al. 2004; MacGregor 

2007; Espinosa Lara & Rieutord 2007; and 
many since 

•  “Model-Independent” imaging 
can test wider class of 
models 

MacGregor 2007 

rotation increases with !, in the sense that the configurations
corresponding to larger values of ! have a greater difference
between the axial and surface equatorial rates of rotation (see
x 2.1).

As Figure 2b makes evident, the radiative luminosities of
these models are diminished relative to the luminosity L0 of a
nonrotating 1 M! star. This is a well-known consequence of in-
cluding rotation in the determination of the equilibrium stellar
structure (see, e.g., Clement 1979; Bodenheimer 1971). In the re-
sults shown in Figure 2, the reduction in L is larger for differ-
entially rotating models than it is for models that are uniformly
or nearly uniformly rotating. A model with ! ¼ 0 rotating at the
break-up rate (" ¼ 1) has L/L0 ¼ 0:78, while an ! ¼ 2 model
with " ¼ 2:42 has L/L0 ¼ 0:15, a reduction of more than a factor
of 6 from the nonrotating value. Much of the reason for this be-
havior lies in the effect of rotation on the thermodynamic condi-
tions in the deep, energy-producing regions of the stellar interior.
For these 1M! models, the contribution of the centrifugal force
to supporting material against gravity enables the star to emulate
an object of lower mass with correspondingly reduced values
of Pc, Tc, and #c (e.g., Sackmann 1970). The results presented
in Figure 2c illustrate the dependence of Tc on model rotational
properties; similar variations are found for both Pc and #c. For

rigidly rotating configurations, this centrifugal support is largest
in the outermost layers of the interior, which contain only a small
fraction of the stellar mass; in this case, Pc, Tc, and #c are lit-
tle changed from the values appropriate to a nonrotating star of
the same mass. For the ! ¼ 0, " ¼ 1 model noted previously,
Pc /Pc0 ¼ 0:94, Tc /Tc0 ¼ 0:96, and #c /#c0 ¼ 0:98, where the sub-
script 0 indicates the nonrotating value. Alternatively, in models
for higher values of !, the effects of rotation are increasingly
concentrated toward the central regions of the star, with the result
that the perturbations to the central thermodynamic quantities
can be more substantial; for ! ¼ 2, " ¼ 2:42, Pc /Pc0 ¼ 0:56,
Tc /Tc0 ¼ 0:68, and #c /#c0 ¼ 0:81. Figures 2b and 2c also in-
dicate that the magnitudes of the changes in L, Tc, and other
quantities depend on the assumed profile of internal differential
rotation. The model for ! ¼ 5, " ¼ 4 has L/L0 ¼ 0:54, with
Pc /Pc0 ¼ 0:72, Tc /Tc0 ¼ 0:84, and #c /#c0 ¼ 0:85, smaller re-
ductions relative to the nonrotating model than those for ! ¼ 2,
" ¼ 2:42. This behavior is an outgrowth of the structural mod-
ifications arising from the centrifugal force distributions asso-
ciated with the different rotation profiles. In the! ¼ 5model, the
ratio of the centrifugal to gravitational force in the equatorial
plane,!2r /g (r is the radial coordinate in the equatorial plane), is
sharply peaked in the innermost portion of the stellar core, with

Fig. 3.—Contours of level surfaces in the meridional plane for some of the nonspherical models listed in Table 1. The six rotating models shown are defined by
the total mass and the two rotational parameters (M , !, ") as follows: (a) 1M!, 1.5, 1.55; (b) 1M!, 3.75, 3.58; (c) 1M!, 5, 4.15; (d ) 1.2M!, 4, 3.74; (e) 2M!, 3, 5.64;
and, ( f ) 2M!, 4.75, 5.9. From the surface inward, the level surfaces depicted in each panel enclose a fraction of the total mass equal to 1.000, 0.995, 0.950, and 0.500,
respectively. The fractional radii in the equatorial plane of these level surfaces for the various models are (a) 1.00, 0.88, 0.71, 0.31; (b) 1.00, 0.90, 0.75, 0.40; (c) 1.00,
0.89, 0.72, 0.37; (d ) 1.00, 0.87, 0.68, 0.34; (e) 1.00, 0.71, 0.37, 0.12; and ( f ) 1.00, 0.66, 0.47, 0.24. Radiative portions of the interior are indicated in white, and
convective regions are shaded gray. The fractional equatorial radii and enclosedmasses for the interfaces between radiative and convective zones in the models are listed
in Table 1. The numbers at the tops of the panels denote the total mass M and equatorial radius Re of each model.
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Fig. 10. Relative differential rotation on the last isobar.

Fig. 11. Meridional circulation. Solid lines represent counterclockwise
circulation and dotted lines clockwise circulation. ps = 10−5, E = 10−8,
Ω = 0.07, α = 15.2, σT = 1.5.

compute the angular momentum distribution along an isentropic
surface; more precisely, we verify that, along such a surface, a
fluid parcel has an increasing angular momentum when its posi-
tion gets farther from the rotation axis. This is a necessary con-
dition for axisymmetric stability, and Fig. 12 shows that this is
indeed the case.

5.3. About the effects of the container

Finally, one may wonder what the role of the box containing
our “star” is. Obviously, as far as the hydrostatics is concerned,
the main effect of this box is to reduce the radius (the container
cuts out the envelope). One may also wonder about the conse-
quences of the conflicting spherical geometry of the box and
the spheroidal shape of the mass distribution, on the latitudinal
flux variations. We find that our model gives a milder ratio of
the polar to equatorial flux than the von Zeipel model; actually,
this difference may be reduced when the container is eliminated
because its spherical geometry may soften the latitudinal varia-
tions.

We also conjecture that the effects of the container on dy-
namics are fairly weak. Indeed, we note that, while changing Ω
and thus the shape of isobars and isotherms, the form of the dif-
ferential rotation remains very similar. As the flow comes essen-
tially from the mismatch of isobars and isotherms, which both

0.02

0.04

0.06

0.08

0.1

0.12

0.14

Fig. 12. Directional derivative of Lz along equal entropy lines, i.e. (n ·
∇)Lz where n is a unit vector tangential to the isentropy surface and
directed towards the equator.

change with respect to the sphere as Ω varies, its invariance at
low Ω pleads for a robust result, independent of the walls of the
container.

6. Conclusions

In this paper we presented a physically self-consistent model of
a rotating self-gravitating perfect gas heated by nuclear reactions
and enclosed in a container with a constant absorption coefficient
radiating like a black body; heat transport in the gas is purely
radiative, insured by a power law opacity.

This is a simplified model for a completely radiative star that
rotates at a significant fraction of the breakup angular velocity.
We thus generalized the approach of Rieutord (2006) by taking
more realistic properties of a stellar plasma into account. Such
a fluid is never in hydrostatic equilibrium and a baroclinic flow
develops. Taking viscosity into account, we computed such a
flow in its steady state, namely the differential rotation and the
meridional circulation. Interestingly enough, the results show
that equatorial regions are rotating faster than polar ones and,
provided that rotation is less than ∼36% of the breakup velocity,
the surface profile δΩ/Ω is independent of both viscosity and
rotation rate.

Although our model is still preliminary, we had a look at the
anisotropy of the emitted flux to find that the pole/equator ratio is
less contrasted than what is predicted by the von Zeipel model.
We also showed that, when rotation is fast enough, equatorial
regions become convectively unstable.

In parallel to constructing this model, we tested – for the first
time to our knowledge – the use of spectral methods in the stellar
structure computations. Our first results are promising in terms
of precision and robustness, since we recover the precision of a
finite difference type model with ten times less grid points. Such
a gain in efficiency is necessary for all future computations of
the evolution of a rotating star with a two-dimensional model.

The next step is of course to confirm these results using a
model with coordinates adapted to the spheroidal shape of the
isobars. In this case boundary conditions can be cleanly ap-
plied, and the surface pressure can be decreased to very low
values adapted to matching an atmosphere model. Of course, in-
cluding modeled convection zones is also a necessary step for
the completeness of models to be used in the interpretation of
observations.
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First image of a main-sequence star  
(besides the Sun…) 

•  Altair (α Aql, V=0.7) 
–  Nearby hot star (d=5.1pc,  SType A7V, T=7850 K) 
–  Rapidly rotating (v sin i = 240 km/s, ~90% breakup) 

Monnier et al. 2007 
Rsun 

Van Belle et al. 2001 

14% elongated 

Van Belle et al. 2001 
(corrected) 



Modeling and Animation by Ming Zhao 
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Scrutinizing von Zeipel Theory 

•  Our model-independent image bears striking 
resemblance to model prediction 
–  Distortion and gravity darkening robustly confirmed 

•  Temperature profiles more consistent with β=0.19, 
compared to β=0.25 from theory 
–  Equator is convective? Equator is <7000K  
–  Differential Rotation? 
–  Meridional flows? € 

T ∝ gβ     β = 0.08 convective
β = 0.25 radiative

Surface 
temperature Effective gravity 

HOT stars 
(von Zeipel 1924) 

Cool stars 
(Lucy 1967) 
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Extending the Sample 

Star Spectral Type Appox. Teff 
Regulus (α Leo) B8IV 11900K 
Vega (α Lyr) A0V 9520K 
Denebola (β Leo) A3V 8720K 
Rasalhague (α Oph) A5IV 8200K 
Altair (α Aql) A7V 7850K 
Alderamin (α Cep) A7IV-V 7850K 
Caph (β Cas) F2 IV 6890K 
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MIRC  

2 Rsun 

  B8V                  A5IV            A7V         A7V-IV             F2IV 

MIRC Observations of Rapid Rotators 

from recent review by Ming Zhao 

Regulus 
Che et al. 2011 

Alderamin 
Zhao et al. 2009 

Bet Cas  
Che et al. 2011 

Altair 
Monnier et al. 2007 

Rasalhague 
Zhao et al. 2009 
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Scrutinizing von Zeipel Theory 
Distribution of the gravity darkening coefficients  

Che et al. 2011 
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We recommend 
β=0.19 
for modeling  
rapid rotators 

Curve by Claret 2003 

Michel Rieutord will 
show a new 

interpretation 
later today! 
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New Method to Measure Mass 
of Single Star 

 
•  Oblateness depends only 

on dimensionless ratio 
between surface gravity 
and centrifugal force 

•  Spectroscopy (v sin i ) + 
interferometry (inclination, 
oblateness) => Mass 

H-R diagram: 
1.89+/-0.03 Msun 
(+/- systematics) 

Oblateness Method: 
1.82 +0.10 Msun 
(limited by model) 

Example β Cas  
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What about other stars? 

Betelgeuse (COAST Interferometer) 

Young et al. 2000 
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MIRC Red Supergiants 

The Astrophysical Journal, 785:46 (13pp), 2014 April 10 Baron et al.
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Figure 5. Simple modeling of T Per: likelihood maps for one- and two-spot models (top); corresponding best fitting images for a dark spot, bright spot, and two spots
(bottom).
(A color version of this figure is available in the online journal.)
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Figure 6. Simple modeling of RS Per: likelihood map of the spot location (left) and best fitting image with a dark spot (right).
(A color version of this figure is available in the online journal.)

technique. For T Per, our results imply the presence of a spot
on along the diagonal NW–SE. Based solely on the χ2 metrics,
a dark spot in the SE quadrant (χ2 = 2.24), or a bright spot
on the NW quadrant seem equally probable (χ2 = 2.35). There
is also a slight decrease of χ2 (χ2 = 1.9) when attempting to
fit an additional spot to the dark spot model. For RS Per, the
results are clearer, with evidence of a single dark spot in the
SW. In particular, no solution involving any bright spot could
be found.

3.3. Bayesian Spot Model Selection

In general, the reduced-χ2 metric is ill-adapted to truly assess
the relative probabilities of models (Marshall et al. 2006). The
χ2 decrease that results from the addition of a new set of spot
parameters can be due to modeling a real spot or simply to
over-fitting, with emergence of artifacts due to imperfect (u,v)
coverage. Here, we present a general framework to treat the
problem of fitting spots, based on Bayesian model selection.
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Figure 5. Simple modeling of T Per: likelihood maps for one- and two-spot models (top); corresponding best fitting images for a dark spot, bright spot, and two spots
(bottom).
(A color version of this figure is available in the online journal.)
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Figure 6. Simple modeling of RS Per: likelihood map of the spot location (left) and best fitting image with a dark spot (right).
(A color version of this figure is available in the online journal.)

technique. For T Per, our results imply the presence of a spot
on along the diagonal NW–SE. Based solely on the χ2 metrics,
a dark spot in the SE quadrant (χ2 = 2.24), or a bright spot
on the NW quadrant seem equally probable (χ2 = 2.35). There
is also a slight decrease of χ2 (χ2 = 1.9) when attempting to
fit an additional spot to the dark spot model. For RS Per, the
results are clearer, with evidence of a single dark spot in the
SW. In particular, no solution involving any bright spot could
be found.

3.3. Bayesian Spot Model Selection

In general, the reduced-χ2 metric is ill-adapted to truly assess
the relative probabilities of models (Marshall et al. 2006). The
χ2 decrease that results from the addition of a new set of spot
parameters can be due to modeling a real spot or simply to
over-fitting, with emergence of artifacts due to imperfect (u,v)
coverage. Here, we present a general framework to treat the
problem of fitting spots, based on Bayesian model selection.
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Figure 9. Reconstructions of a synthetic spotted star with the same uv coverage and signal-to-noise as the T Per data. Top left: the original image convolved to the
expected effective resolution (using a super-resolution factor of three); top right: reconstruction regularized by maximum entropy and a prior constraining the flux to
stay within the stellar diameter; bottom left: reconstruction regularized by total variation; bottom right: reconstruction regularized by the spot regularizer presented in
Section 4.3.
(A color version of this figure is available in the online journal.)

Figure 10. Reconstructed images of T Per (left) and RS Per (right) with the SQUEEZE-MCMC engine and the “spot regularizer” presented in Section 4.3. The angular
diameters estimated by model-fitting are indicated by white circles.
(A color version of this figure is available in the online journal.)

to be the case for AGB stars (Ragland et al. 2006). Considering
the typical continuum opacity curves in such cool atmospheres
(Woodruff et al. 2009), the continuum opacity should be close
to the minimum in the H band, where our MIRC observations
took place. These spots must be generated very close to the

photosphere, and therefore, it seems currently doubtful that
their enhanced contrast may be explained by opacity effects.
As the correct approach to model these objects is not really to
model spots but to interpret the surface in terms of convective
cells using 3D models (Chiavassa et al. 2010a), inhomogeneous
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Figure 3. Power spectrum and closure phase fits for RS Per.
(A color version of this figure is available in the online journal.)

indicating the presence of strong resolved asymmetries on the
stellar surfaces. Based on the previous interferometric results on
M supergiants in the literature, we expect these to be due to the
presence of spots.

3.1. Spotless Models: Limb-darkening

Before attempting a spot search, we first sought to roughly
characterize the size and brightness distribution of the stellar
disks. Our model-fitting code FITNESS (F. Baron et al. 2014,
in preparation) was used to fit several limb-darkening mod-
els (square root, quadratic, power law) to the power spectra and
triple amplitudes. FITNESS allows the use of various minimiza-
tion engines, and here it was set to employ a straightforward
combination of grid search to identify the global χ2 minima
and of Levenberg–Marquardt on each grid point to refine the
parameters. The best fits were obtained for the linear law and
the Hestroffer power law (Hestroffer 1997), but they both show
the existence of a strong covariance between the limb-darkened
angular diameter and the limb-darkening coefficient. The issue
is illustrated on Figure 4 (top), where the reduced χ2 surface is
plotted as a function of both parameters. For both targets, the
problem is mainly due to the lack of high signal-to-noise data
on the first visibility lobes. To increase the precision of the fit
on the angular diameter, the limb-darkening coefficients have to
be constrained.

Haubois et al. (2009) reported successfully fitting the visi-
bility curve of α Ori (M2 type, Teff ≃ 3600 K) with a linear
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Figure 4. Constraints on the limb-darkening. Top panel: χ2 surface for the
linearly limb-darkened disks of T Per (left) and RS Per (right) based on
interferometric data. Bottom panel: SATLAS limb-darkening models for a range
of temperature, gravity, and mass values compatible with previous observations
of RS Per and T Per.
(A color version of this figure is available in the online journal.)

coefficient α = 0.43 ± 0.03 (roughly corresponding to a Hes-
troffer law with coefficient 0.3–0.4). Beyond this empirical re-
sult, it seems non-obvious whether conventional plane-parallel
one-dimensional radiative codes such as ATLAS (Kurucz 1992;
Castelli & Kurucz 2003) or MARCS (Gustafsson et al. 1975)
may reliably predict the intensity profiles of RSGs. RSGs are
notoriously difficult to model: their atmospheres are very ex-
tended, which invalidates the assumption of plane-parallel ge-
ometry, and their very cool temperatures require an advanced
treatment of molecular opacities. However, more recent codes
that assume spherical geometry such as MARCS-spherical
(Gustafsson et al. 2008), SATLAS (Lester & Neilson 2008),
and PHOENIX (Hauschildt & Baron 1999) have demonstrated
successful results on comparably cool M giants or supergiants
(Wittkowski et al. 2004, 2006, 2012).

In order to constrain the limb-darkening in H band for
both RSGs, we used the latest SATLAS code (available
at http://www.astro.utoronto.ca/∼lester/programs.html), which
includes improved ODF treatment and fixed H2O lines. Model
parameters were based around the values found in Gonzalez &
Wallerstein (2000) and Slesnick et al. (2002): temperatures rang-
ing from 3100 K to 4000 K (steps of 100 K), log g = −0.5 to 0.5
and a fixed metallicity [Fe/Z] = −0.5 (Gonzalez & Wallerstein
2000). We also used MARCS models as cross-checks but found
negligible difference with SATLAS ones. Figure 4 (bottom)
presents the results of these simulations as a band of possible
brightness distributions. The intensity profiles are weakly de-
pendent on the temperature and are mostly determined by the
mass and surface gravity. They are characteristics of spherical

4
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•  Be binary: B0.5Ve + B2V 
•  High eccentricity: ~ 0.94 
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A well-known “β Lyrae” system: 

386 LINNELL, HUBENY, & HARMANEC

FIG. 4.ÈComparison of theoretical and observed light curves on the alternative (hot rim) model. This model avoids the defect of and �ts theFig. 1
observed light curves well. The comparison with the OAO 2 data shows the beginning of a discrepancy in the UV wavelength region.

This paper makes no attempt to represent the 283 day
light variation Hamme, Wilson, &(Guinan 1989 ; Van
Guinan or to propose an explanation for it.1996 ; HMB96)

A projection view of the system at midprimary minimum

is in As with the rim has been represent-Figure 6. Figure 2,
ed with nine division circles on the toroidal boundary. The
topmost division circle is below the observerÏs horizon.
Note that the line of sight tangent to the top rim just grazes

•  β Lyrae: interacting and eclipsing binary (period 12.9 days) 
•  B6-8 II donor + B gainer hidden by thick disk 
•  V = 3.52, H = 3.35; distance ~300pc         

Linnell et al. 1998; Harmanec 2002 

96 Astron. Nachr./AN 323 (2002) 2

Table 1. Macroscopic properties of the binary components of Lyr

Element star 1 star 2

Mass (M ) 13.1 2.96
Radius (R ) 6:: 14.68

(K) 28000:: 13000
(km s ) ? 55 10

Observers on the Earth see the binary orbit nearly edge-on.
Probably the best current estimate of the orbital inclination,
based on the light-curve modelling, is (Linnell et al.
1998, Linnell 2000). This agrees well with an earlier determi-
nation of 85 by Wilson and Lapasset (1981). This inclination
implies the current separation of the centres of both stars

(4)

(note that in 1784 it was due to at that time shorter
orbital period) and the most probable basic physical proper-
ties of both stars, listed in Table 1. The radius of star 2 is
given by the dimensions of the corresponding critical Roche
lobe. Note that the reasonable assumption of spin-orbit syn-
chronization for star 2 implies = 57.4 km s , well
within the range of directly derived values. The equatorial ra-
dius of the Roche lobe around star 1 (perpendicular to the
line joining the two components) is 30.3 R .

Complicated observed spectrum of Lyr is caused by the
presence of two dominant structures of circumstellar matter:
accretion disk around star 1 and jet-like structures perpen-
dicular to the orbital plane and emanating from an area of
gas-stream interactions in the disk.

The disk has probably negligible mass but is optically
thick in the continuum, simulating a kind of a pseudopho-
tosphere. Its edge, which is directly observable, is relatively
cool and appears to us as something like an A5III spectrum.
The radiative energy of the disk comes partly from the mass
accretion but a significant part of it must also come from re-
processed radiation of the central star. The disk is also redis-
tributing the radiation of star 1 away from the orbital plane,
making star 1 to appear underluminous for its mass. The fact
that star 1 is not directly observable implies that the thick-
ness of the disk perpendicularly to the orbital plane must be
at least 6 R . The disk is the main component responsible for
the unusual character of the observed light curve.

The jet-like structures certainly emanate from an area
which is offset with respect to the line joining the two stars
but there must also be a strong hot wind from the polar re-
gions of star 1 and it is probable that what we observe is a
combination of these two structures. They are responsible for
the bulk of the observed line emission and also for the blue-
shifted absorption lines typical for temperatures of 20 000 K
or more. In the UV and IR/radio parts of the electromagnetic
spectrum, the gaseous material away from the orbital plane
manifests itself to large distances from the binary and may
contribute also to continuum radiation at these wavelengths
and be responsible for the interchange of the relative depths
of the eclipses and their gradual disappearance in the far-UV
regions.

Fig. 1. An artist’s view of the probable appearance of Lyr system
with various components of its circumstellar matter: gas stream,
accretion disk, jet-like structures and scattering halo/stellar wind
above the polar regions of the mass-accreting star. A view at elonga-
tion and at a phase shortly after the primary mid-eclipse are shown.
All relative dimensions are drawn in scale. The position of the mass-
accreting star is indicated, although the star is in fact hidden from
view inside the disk

Although the gas stream between the components plays
a crucial role in the evolution and current appearance of the
system, it remains practically unobserved since its own di-
mensions and radiation are negligible in comparison to the
Roche-lobe filling star 2, disk and jet-like structures. Besides,
the stream is obscured by these structures and stellar bodies
during a large part of the orbital cycle.

The present Lyr has evolved via large-scale mass ex-
change from a binary with much shorter orbital period than
the current one. The Roche-lobe filling star 2 was initially the
more massive of the two. The difference between Lyr and
the classical Algol-type semi-detached binaries is that while
the latter are in the very slow final stages of mass exchange
(typical of about 10 M yr ), Lyr is only ending
the initial rapid stage of the mass transfer, still having a high
mass transfer rate of M yr . This explains why
the circumstellar structures around Lyr are so spectacular
in comparison to Algols. Since there is a statistically much
larger chance to observe a binary in the longest final slow
stage of the mass exchange than during the short rapid stage,
this also explains why systems similar to Lyr are so rare.

388 LINNELL, HUBENY, & HARMANEC Vol. 509

FIG. 6.ÈView of the alternative (hot rim) model projected on the plane
of the sky at orbital phase 0.0. Note the visibility of the extreme upper
polar region of the primary component. See text for a discussion of the rim
visibility.

the polar region of the primary component.
In addition to the large rim discussed below, thisTeff,model has the undesirable feature of extending slightly

beyond the boundary of the Roche lobe, at least for the
equatorial part of the accretion disk rim, but by an amount
less than the model.WL

6. SPECTRUM SYNTHESIS ON THE ALTERNATIVE MODEL

Since our software self-consistently calculates both syn-
thetic light curves and synthetic spectra, it is of interest to
see how well the alternative model represents the IUE
spectra. presents that comparison. The absence ofFigure 7
a necessary component is apparent. In the alterna-high-Tefftive model there are three sources of radiation : the primary

FIG. 7.ÈComparison of the observed IUE spectrum during primary
minimum at the orbital phase of and a synthetic spectrum on theFig. 2
alternative (hot rim) model. The continuous line marks the IUE spectrum.
The dotted line represents the synthetic spectrum. The extreme discrep-
ancy with the observed continuum is apparent. As with the light curves of

the continuum discrepancy arises from too little radiationFig. 5, high-Teffin the model. The greater prominence of the emission lines, as compared
with arises from a di†erent scaling factor for the observed spectrum.Fig. 3,
See text for discussion.

component, the accretion disk face, and the accretion disk
rim. The face contribution is small. Its projected area is
much less than that of the rim, the visible area is strongly
limb-darkened because of the large angle between the
surface normal and the line of sight, and only the lower
temperature outer rings of the accretion disk face are
visible. The theoretical continuum gradient in isFigure 7
consistent with the values for the primary component,Teffand the rim,Table 2, Table 3.

Extensive sampling of parameter space convinces us that
no alternative combination of adjustable system param-
eters, within the context of standard accretion disk theory,
can produce synthetic light curves and synthetic spectra
that satisfactorily �t the observed data. We emphasize that
the BINSYN calculation of both the synthetic light curves
and the synthetic spectra are on a self-consistent basis from
a single physical model and that both the synthetic spectra
and the synthetic light curves are essential parts of the
analysis. The calculations presented here represent the �rst
time that a standard model accretion disk has been applied
in an analysis of b Lyrae.

7. WHERE IS THE RIM BRIGHT SPOT?

The value from period change data is muchM0 (HS)
larger than is common for cataclysmic variable systems, and
so might be expected to produce a rim bright spot. Inspec-
tion of the light curves of and reveals noFigure 4 Figure 5
obvious photometric bright spot signature.

We have incorporated a solution of the equations for the
transfer stream trajectory & Shu in the(Lubow 1975)
BINSYN suite. displays an orbital plane view ofFigure 8
the system, including the accretion disk for the model.HP
The mass transfer stream trajectory is visible, including the
location of its impact on the accretion disk rim, at an
azimuth of 6¡ as seen from the center of the gainer. Analogy
with CV systems leads to the expectation that a bright spot,
extending downstream from the impact site, should bright-
en the egress branch of primary minimum or the ingress of

FIG. 8.ÈOrbital plane view of the model. The plot shows the trajec-HP
tory of the mass transfer stream, on the Lubow-Shu theory. The radius of
the accretion disk in its equatorial plane is 30.0 Note that it nearly �llsR

_
.

the Roche lobe. The accretion disk rim has the shape of a half-toroid, with
a cross-sectional radius of 6.0 Thus, the inner edge of the half-toroidR

_
.

has a radius of 24.0 The separation of centers of the components isR
_

.
58.35 A diamond marks the position calculated by Harmanec for theR

_
.

localized region of strong Ha absorption. The arrow indicates the direction
of orbital motion.
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Figure 11. Evolution of the SQUEEZE reconstructions of the inner stellar system A–B with the phase of the primary eclipse. The phase is given as
Φ = [(T0 − MJD)/PAB mod 1] with the orbital elements from Table 6; Φ = 0 corresponds to the primary eclipse and the time of the light minima and
Φ = 0.5 corresponds to the secondary eclipse.

(An animation and a color version of this figure are available in the online journal.)

1992). Similarly, we are unable to confirm the existence of a
stream of matter between the stars or of an active corona around
Algol B such as detected in radio (while the 2009 August 18
image at phase 0.463 would seem to show some interesting
interaction between the stellar pair, it is the least reliable of all
images due to data availability on three telescopes only).

Using our reconstructed images, we can now quantify the
impact of our assumption of uniformly bright stars adopted in
Section 3. As a function of the inner orbit phase, Figure 12
presents the amount of correction to the principal axis of
A–B introduced by using the brightness distributions given by
the imaging. No significant trend is detected. The maximum
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Figure 2. Here we show images of the interacting binary systems � Lyrae by Zhao et al.11 and Algol by Baron et al.12

MIRC was able to resolve and image the elongated photospheres of Roche-lobe filling stars for the first time.
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•  F-type post AGB star is obscured by a large disk of 
opaque material 
–  Eclipse lasts for ~2 years  

•  Single-line RV Orbit, period ~27 years, e~0.28 
–  Secondary is (nearly) invisible but mass should be similar to 

primary 

Imaging the unique Eps Aur 
system 

Image from 
Hoard et al. 2010 
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Model of the Eclipse 

Kemp 1980 
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What’s next? 
•  Active stars with magnetic spots 

– Test doppler and light curve inversion methods 
– Probe “static” effects, active latitudes, polar spots 

(i.e., Strassmeier et al. 
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Imaging on Sphere 
(same method as Doppler Imaging) 
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Future imaging work 
•  Imaging in the visible 

–  Higher resolution, more targets, more temperature/line sensitive 
–  CHARA/PAVO, CHARA/VEGA, NPOI/VISION, VLTI/new BC(?) 

•  Spectro interferometry on resolved spectral lines 
–  VLTI/AMBER and CHARA/Vega have potential to do very interesting 

work here to constrain differential rotation, image mass loss, etc. 

•  Imaging red giants & magnetically-active stars 
require better uv coverage than typically obtained 
–  Special targets can be done at CHARA/MIRC, NPOI/VISION, VLTI/

PIONIER, VLTI/GRAVITY 
•  With greater sensitivity using new detectors, great potential 

for imaging dust shells in young stars and mass-losing stars 
–  Near-IR: CHARA/MIRC, VLTI/GRAVITY+PIONIER 
–  Mid-IR: VLTI/MATISSE 
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Figure 11. Evolution of the SQUEEZE reconstructions of the inner stellar system A–B with the phase of the primary eclipse. The phase is given as
Φ = [(T0 − MJD)/PAB mod 1] with the orbital elements from Table 6; Φ = 0 corresponds to the primary eclipse and the time of the light minima and
Φ = 0.5 corresponds to the secondary eclipse.

(An animation and a color version of this figure are available in the online journal.)

1992). Similarly, we are unable to confirm the existence of a
stream of matter between the stars or of an active corona around
Algol B such as detected in radio (while the 2009 August 18
image at phase 0.463 would seem to show some interesting
interaction between the stellar pair, it is the least reliable of all
images due to data availability on three telescopes only).

Using our reconstructed images, we can now quantify the
impact of our assumption of uniformly bright stars adopted in
Section 3. As a function of the inner orbit phase, Figure 12
presents the amount of correction to the principal axis of
A–B introduced by using the brightness distributions given by
the imaging. No significant trend is detected. The maximum
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Figure 2. Here we show images of the interacting binary systems � Lyrae by Zhao et al.11 and Algol by Baron et al.12

MIRC was able to resolve and image the elongated photospheres of Roche-lobe filling stars for the first time.

Thanks to everyone at CHARA and UM 
that has made this possible 

 

First five years of infrared imaging with 
the Michigan Infrared Combiner (MIRC)    
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