Supplemental Online Materials

The Michigan Infrared Combiner (MIRC) is a new instrumenttbe Georgia State Univer-
sity CHARA interferometric array; MIRC and the CHARA Arrayave both been described
in detail S1, S2 and MIRC commissioning results have already been pred¢8®. Here in
the supplemental online materials, we present validatiadias of our data pipeline and image
reconstruction methods.

MIRC is an image plane combiner which currently combinelstligom four CHARA tele-
scopes simultaneously. The four CHARA beams are filteredifgyiesmode fibers and the
beams are rearranged into a 1-dimensional non-redundietrpand brought to a focus. These
overlapping beams create six interference fringes, eatth avunique spatial frequency. The
pattern is then focused by a cylindrical lens into a “line’friges which are subsequently dis-
persed by a simple spectrograph with spectral resolulan~ 0.035m. Fast readout of the
Rockwell PICNIC camera (frame time 5.5 ms) effectively freg the atmosphere under most
seeing conditions in the infrared. In this way, MIRC can nuea$ visibilities, 4 closure phases,
and 4 triple amplitudes simultaneously over 8 spectral shEnspanning the astronomical H-
band ¢ = 1.50 — 1.74um).

Here we briefly outline the MIRC data analysis method. Aftackground subtraction,
the fringe patterns are analyzed by taking the Fourier toams From this intermediate data,
the fringe phases and amplitudes can be combined to formipiheproduct, often expressed as
complex number that can be coherently averaged (the argglenant is the closure phas&4.
The power spectra are also accumulated for visibility-sggi@stimation. Bias in the power
spectrum is subtracted using a combination of “foregrowtx$ervations (data taken with halted
delay lines) and measurements using high spatial fregegimimune to contamination by true

fringe power.



The above procedures result in tabulations of uncalibratpeired-visibilities and (com-
plex) triple amplitudes. In order to calibrate the ampléadf these quantities, we must esti-
mate how much light is injected into the fibers during fringeasurements. We use spinning
choppers to partially obscure each input pupil during feiegquisition, chopping each beam at
a unique frequency (25 Hz, 30 Hz, 35 Hz, 40 Hz). Since fringespatially-modulated, we can
use the temporally-chopped intensities to obtain an esdimithe fiber coupling efficiencies
simultaneous with fringe measurements.

At this stage in the analysis, individual data files have be#ibrated but no estimates of
the system visibilities have been made. Since we have aesingte fiber system, the sys-
tem visibilities are highly stable, however the image-glanmbiner is susceptible to temporal
decoherence since the 5.5 ms exposure time is not short lkeriougpmpletely freeze turbu-
lence. We track these and any other changes in system itisitoyl observing calibrator ob-
jects with known sizes, in this caseLyr andv Peg with estimated uniform disk diameters of
0.74 + 0.10 mas 89 and1.05 + 0.05 mas (MIRC/CHARA) respectively. While uncertainties
in calibrator diameters are often the dominant error foglbaseline interferometers like the
CHARA Array, such errors are generally not important foratwhich is unusually highly-
resolved — our dominant errors are from imprecise calibratif mean fiber coupling and fast
changes in atmospheric coherence time.

In order to validate our pipeline and imaging procedurescareied out observations of the
binary. Peg. This binary is well-suited for calibration, having bedserved by IOTA, NPOI,
PTI, and MIRC/CHARA. Using Peg we have calibrated our “closure phase sign” which re-
moves the 180ambiguity in imaging. Furthermore, we have confirmed ourelength cal-
ibration at the 0.3% level through comparison with previgysiblished and new PTI mea-
surements$6. The top panels of Figure S1 show the snapshot Fourier ageesf our. Peg

observations from UT2006Sep02 as well as our calibratediNig-squared data compared to



the binary model fit.

. Peg represented a suitable target for validation of the MA@haging algorithm §7) as
well. The bottom panels of Figure S1 show the MACIM image restauction of the. Peg
binary along with the best-fit binary model; these results @nsistent with the prediction
from the orbit §§. The MACIM image is in excellent agreement with the modetliding
the size determinations of the two stars. We also show thgiimgaesults using the CLEAN
algorithm §8 with self-calibration. A detailed analysis ofPeg will follow in a subsequent
paper.

Since imaging with optical interferometry is still novelewpresent here the calculated in-
terferometric observables from our MACIM/MEM image pretsehin Figure 2 of the mainn
report. Figures S2-4 contain all the individual data poused in this Report and they are
compared with the imaging results. As found in other stufi& S9, the closure phase quan-
tities are particularly robust and precise, showing nonthefcalibration difficulties typically
encountered for measurements of visibility amplitudese €hlibrated data for Altair, stored
in the Optical Interferometry data exchange format (OI$ITS10Q, are available from the
authors.

The final topic to discuss is the special imaging proceduréfair. Firstly, we emphasize
that use of MEM for interferometric imaging is standard pice (S11, S1Pand the specific
program MACIM 7 has been validated on other test d&43. Hence, we will not explain
the fundamentals of interferometric imaging here or whycgdized software is required for
optical interferometersS10, but rather refer the reader to the extensive literat8gg$14-S17

For imaging, we treated each wavelength channel as prayalitistinct set of (u,v) plane
coverage, ignoring any wavelength-dependence of the irmsgk — this procedure is some-
times referred to as wavelength-super-synthesis. Thisw@gsison is well-justified for infrared

intensities of hot stars since the relative intensitiess&the photosphere for the Altair model



are nearly identical at 1;6n, 1.65um, and 1.&m, showing relative distortions 6f0.5%. This
level of inaccuraciy is much less than our observed temperaeconstruction errors of 4%.
Note that our von Zeipel modeling code did treat this wavgilerdependence better by split-
ting the H band into 4-different sub-bands for fitting to thewelength-dependent visibility and
closure phases data.

The main difficulty in imaging the surface of a star is that gietospheric emission is
expected to show a sharp fall-off at the limb. In terms of k&rumodes, this sharp cutoff
is encoded in very long baseline visibilities which can netdbserved. This in combination
with the MEM procedure causes extensive “spreading outrgcanstructed image, with more
spreading happening where we lack the longest baselineldata this perspective, we identify
contradictory goals for the imaging procedure — smooth batimage as much as possible
except right at the edge where we expect the sharp cutoff isséon. This problem is similar to
that encountered by othelS1§ attempting to image diffuse circumstellar material surmding
an unresolved point source. In the latter case, the imagimcepure was stabilized by using a
point-source model as an “image prior” to the MEM procedbesed on a priori knowledge of
the target under scrutiny.

For the imaging reported here, we used a uniform ellipse atatp the MACIM/MEM
imaging. For the given elliptical prior, we ran the MACIM/ME algorithm and found the
image with maximum entropy fitting the data withy& ~ 1. This procedure was robust — the
MEM prior naturally limited the flux inside the elliptical bmdary while the Maximum Entropy
maximization tended to spread out the flux as much as poshbkistent with the data itself.

The main complication in applying the above procedure i$ Weado not knowa priori
which ellipse to choose for our MEM prior. One could use thdarm ellipse derived from
short baseline data, e.g., from the PTI data of Van Belle.€64l9; however, one realizes that

this is not optimum since the best-fit uniform ellipse undé@neates the actually photospheric



boundary of an oblate star with gravity darkening (in theecaBAltair by ~5%). In order to
keep our imaging procedure general and avoid a bias througbhmice of one specific ellip-
tical prior, we carried out MACIM/MEM imaging on a grid of 5Qfifferent uniform ellipses
spanning a range of possible sizes, elongations, and @osaitigles. As expected, the “entropy”
of the final image varied depending on the prior we adoptedtands a simple matter to find
the global Maximum Entropy image from the ensemble.

As afinal check on our calibration consistency, we carriddlmeiabove imaging procedures
on the MIRC/CHARA data split by observing night. Figure S®wh the final MACIM/MEM
images for the two nights separately. Based on the varidigiween the two independent
images, we estimate the photometric uncertainty in the fieabnstruction to correspond to
+4% in intensity across the photosphere (with a worst eel@% — near the limb of the star).
The high degree of similarity gives us confidence that thd fimage reconstruction is not
corrupted by night-to-night calibration errors.

Lastly, we comment on some confusion in the literature. Wnofoately the first published
results on Altair §19 inadvertently had the (u,v) coordinates switched. Thistake was
compounded in the next paper on Altair, Ohishi et 82@ from NPOI, which also made a
coordinate mistake. These errors were noticed by DomiaiEn8ouza$2]) who attempted a
correction in order to combine all the data together in acetfsistent way (although this was
not mentioned in the paper itself). Most recently, Petersoal. §29 re-analyzed the origi-
nal NPOI data, correcting the UV coordinate mistakes andtpa out the original PTI errors.
However, this paper appears to have gotten the closure ghfibeation incorrect — causing a
180 rotation in their published synthetic model images. In nuastes, these errors affected
only the inferred viewing orientation of Altair, thus theiddot impact the astrophysical inter-

pretation of the Altair data.
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Figure S1:These four panels validate the MIRC/CHARA pipeline and th&@M image reconstruction soft-
ware. The top left panel shows the snapshot 4-telescopadfaaverage for an observation of the calibration
binary. Peg on UT 2006 Sep 02. The top right panel shows the calibeafedred-visibility data along with the
best-fit binary model (representative errors are shown farljong-wavelength channel for clarity). The bottom
panels show a comparison of the image reconstructions tieng ACIM and CLEAN algorithms with the best-fit
binary model (circles offset 2 mas to the east).
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Figure S2:This figure shows the squared-visibilities (with errorsyetved for Altair along with the calculated
values from the MACIM/MEM image (line with crosses) preshtn left panel of Figure 2. Each column is a
different observing time while each row represents a dffiéibaseline. Inside each panel, the x-axis shows the
wavelength of the spectrometer channels. Note that thbikiginulls shown above for baselines S2-W1 and
S2-E2 aresecond nullsvhile the visibilities in E2-W2 and E2-W1 baselines arelsiig before the first null.
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Figure S3: All closure phase measurements are shown for the Altairrehtiens along with results from
MACIM/MEM image (line with crosses). Note that the closuteage has a 36(phase ambiguity, thus a phase of
+18(C and -180 are identical in the panels above. The columns are diff¢irets and the rows represent different

closure triangles.



07:17:08 UT 07:45:33 UT 07:57:51 UT 08:20:07 UT 08:38:45 UT 08:58:37 UT

0.005

0.004

0.003
0.002
[J
0.001
%

Sttt
2.0x107%
1.5x107%
1.0x10°% w}r
5.0x10-5

| | | | | | | | | ; | | | |

OAOOZS T T T T T T T T T

0.0015

0.0010

0.0005 “j
! |
T T

T3Amp:
S2-W1-w2

T3Amp:
S2—-E2-W1

T3Amp:
S2-E2-W2

R e

BW2

0.010
0.008
0.006

"j
f f
0.004
0.002
0.000 1 1 I

L L L 1 L L L L L L L L L L L
1,470 1.545 1.620 1.695 1.470 1.545 1.620 1.695 1.470 1.545 1.620 1.695 1.470 1.545 1.620 1.695 1.470 1.545 1.620 1.695 1.470 1.545 1.620 1.695
Wavelength (mu)

T3Amp:
E2-W1

Figure S4: Al triple amplitude measurements are shown for the Altdiservations along with results from
MACIM/MEM image (line with crosses). The columns are di#fat times and the rows represent different closure
triangles.
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Figure S5:Similar to Figure 2 of main Report, except here we compareingaresults from two independent
data sets. These image reconstructions agree at the 4%neyelith maximum deviations of 10% near the limb.
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