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ABSTRACT

In this contribution we report on our work to increase the spectral range of the Michigan Infrared Combiner-
eXeter (MIRC-X) instrument at the CHARA array to allow for dual H and J band interferometric observations.
We comment on the key science drivers behind this project and the methods of characterisation and correction of
instrumental birefringence and dispersion. In addition, we report on the first results from on-sky commissioning
in November 2019.
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1. INTRODUCTION

The Michigan Infrared Combiner (MIRC) was a six-telescope infrared beam combiner at the CHARA telescope
array,1 the world’s largest baseline interferometer in the optical/infrared, located at the Mount Wilson Obser-
vatory in California. In the summers of 2017 and 2018 MIRC underwent significant upgrades, with the newly
commissioned instrument being named MIRC-X. The upgrade of MIRC-X occurred in two phases, the first of
these phases involved the implementation of an ultra-fast, ultra low read noise near-infrared camera2 and an
overhaul of the MIRC control software. The second phase involved the replacement of the optical fibres and
beam combination element in addition to the commissioning of polarisation controllers. A detailed description
of the upgraded MIRC-X instrument can be found elsewhere.3,4

Over the past 15 years MIRC/MIRC-X has produced many outstanding results in a variety of areas of
astrophysics including the imaging of stellar surfaces of rapid rotators, eclipsing binary systems and star spots
on the surfaces of highly magnetically active stars.5–8 In more recent years, the upgrades have allowed for
observations of young stellar objects (YSO) with all six telescopes for the first time9,10 and for high precision
single-field astrometry for the detection of Hot Jupiter objects in binary systems.11

Historically MIRC-X has only operated on the H band, however, one of the ultimate aims of the upgrades
was to conduct dual H and J band observations. The J band (1.1 − 1.4µm) is a relatively untapped resource
in long-baseline interferometry, but one with huge potential for scientific discoveries. It allows access to the
photosphere in giant and super-giant stars relatively free from opacities of molecular bands. In addition, the
J band traces the warmest and smallest scales of protoplanetary disks, where accretion and viscosity processes
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take place. Finally, the J band allows for higher resolution observations than near and mid-IR allowing us to
probe the smallest scales of astrophysical objects.

In this paper we present a summary of the work done to commission the J band for observations at the
MIRC-X instrument. In section 2 we discuss the J band specific hardware improvements required, while in
section 3 we summarise the corresponding software developments undertaken in this endeavour. In section 4
we discuss the first science results obtained in this new mode. Finally in section 5 we provide our concluding
remarks and provide a roadmap for bringing the simultaneous H and J band observing mode into standard use
at the CHARA array.

2. HARDWARE REQUIREMENTS

Beyond the major instrument upgrades in 2017 and 2018 mentioned in the introduction, various other hardware
requirements were needed in order to conduct J band observations. In this section we discuss this work and the
design decisions involved.

2.1 Filters

Operating in standard observing mode MIRC-X employs an H band filter with central wavelength λ = 1.61µm
and bandwidth ∆λ = 0.27µm. However, in order to observe in the J band a new filter which extends to a lower
wavelength regime must be employed. However, this is hampered owing to the presence of a metrology laser at
CHARA. This laser operates at 1.319µm and is responsible for providing accurate metrology of the delay line
cart position, a vital role at any optical interferometer. This laser wavelength lies directly between the H and J
bands and will thus contaminate any stellar flux on the detector.

This was overcome with addition of a notch or band-stop filter. These filters reject/attenuate signals in a
specific wavelength band and pass the signals above and below this band. In this way we can reject light from
the CHARA metrology laser and accept stellar contributions from the H band J bands above and below this
respectively. The theoretical and measured characteristics of the notch filter we employed is shown in Figure 1.

Figure 1. Theoretical and measured transmission of the notch filter across the H and J bands. The dashed black curve
represents the theoretical transmission curve of the filter. The solid green area is the atmospheric transmission. The blue
line with points is the normalised flux measured using the MIRC-X detector and the CHARA STS through the notch
filter and the PRISM50. The solid purple line with points is the normalised flux measured using the MIRC-X detector
and the CHARA STS through the H band filter and the GRISM190, the current highest spectral mode of MIRC-X.
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2.2 Longitudinal Dispersion Compensators

Long-baseline optical interferometry poses unique engineering challenges. One of the most demanding aspects
is the requirement for optical path length compensation. The path length of the various light beams are not
identical for each telescope, owing to the position of the scope and position of the astronomical object on the
sky. A such, the path difference much be corrected in order to ensure coherence for interferometric fringes. At
CHARA this is done using two methods, the first is to employ fixed amounts of delay which can be moved in
and out of the light path using retractable mirrors. These are known as Pipes of Pan or PoPs. The second and
universally used method is to employ carts affixed to delay lines which track the geometric phase difference as a
stars moves across the sky. The difficulty with the second method is that it very difficult to achieve in a vacuum,
due to the size and number of moving parts. This introduces a large amount of air into the system, potentially
up to 80m difference in air path between the beams. This air leads to atmospheric, chromatic dispersion.

In standard single band observing, this does not pose a problem due to the small wavelength range. However,
in dual band observations this become a major problem. If delay line carts are tracking H band fringes, the J
band light will be incoherent due to chromatic dispersion and fringes will be severely reduced contrast to the
point of being un-observable. Therefore a method of correcting for atmospheric dispersion must be employed.
At CHARA, this is in the form of Longitudinal Dispersion Compensators (LDCs).

The LDCs consist of wedges of glass that can move in and out of the beam to increase or decrease the
thickness of glass in the beam path. The characteristics of the LDCs are described in great detail in12 when
the LDCs were commissioned in order to enable simultaneous near-infrared (NIR) observations with the CLIMB
instrument and visible observations with PAVO.13 Despite not being designed for use between the H and J bands,
the choice of Schott-10 glass proved ideal for use with MIRC-X. Shown in Figure 2 is the expected dispersion
between the NIR wavebands and the expected linear movement of the glass to successfully correct for this. The
thickness of glass required for a given air path can be calculated using

∆L = ∆x× na(σ1) − na(σ2) + σ1n
′

a(σ1) − σ2n
′

a(σ2)

ng(σ1) − ng(σ2) + σ1n
′
g(σ1) − σ2n

′
g(σ2)

. (1)

Here, ∆L is the thickness of glass, ∆x is the air path in meters, na is the refractive index of air and ng is

Figure 2. LEFT: Theoretical atmospheric dispersion between the NIR bands covered by MIRC-X and the upcoming
MYSTIC instrument. Group delay measurements are used an analogy for chromatic dispersion. The J band is taken as
1.2µm, the H band as 1.55µm and the K band as 2.2µm. The solid line represents the dispersion in the J band with
respect to the H, the dotted line the dispersion in H with respect to k and the dashed the dispersion in J with respect
to K. RIGHT: The linear LDC glass movement required to correct the dispersion between the J, H and K bands. The
wavelengths adopted and line meaning are the same as shown on the left.

the refractive index of the LDC glass. σ1 and σ2 refer to the wavenumbers of the two observing wavelengths.
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In our model the refractive index of air was calculated using a composite of Ciddor14 and Mather15 models in
order to cover the full NIR. Atmospheric conditions, such as temperature and humidity were taken to be average
values for the CHARA laboratory. More information on the dependence of the refractive index of air on these
parameters can be found elsewhere.14,15

Overall the LDCs are capable of correcting for atmospheric longitudinal dispersion between the H and J
bands, making simultaneous observations possible.

3. SOFTWARE CONTROL AND DATA REDUCTION

A variety of software developments were required in order to conduct these observations. In addition to changes
to the real-time operating code of MIRC-X/CHARA, the reduction pipeline had to be modified, as outlined
below. Also, we independently verified the data products by calibrating known calibrator stars and ensuring the
stability of the transfer function.

Figure 3. LEFT: MIRC-X detector window showing laboratory induced fringes along a single baseline. The wavelength
increases towards the bottom, meaning the J band is on top. The notch filter rejection window is clearly visible between
the H and J bands at ∼ 1.3µm. RIGHT: Spectral calibration of the MIRC-X simulated data. The inital guess of the
spectral calibration is shown in pale orange and the fitted calibration is shown in blue. The translucent blue points
represent those that were rejected by the pipeline due to low flux.

3.1 LDC Control Software

The control of the LDCs is based upon that developed by Berger et al.12 for controlling dispersion between
the visible and NIR. This software was adapted and expanded by adopting the dispersion models described in
section 2. The basic function of the software is to receive the delay line cart positions in order to calculate the
total amount of atmosphere in the system. Using equation 1 it calculates the thickness of glass required to correct
for this dispersion, which is then translated into the linear movement for the LDC. This is done at a rate of one
LDC per second, meaning a full movement cycle of the LDCs is 6 seconds. This is sufficient given the slow rate
of change of the total air path length in the system.

3.2 Data Reduction Pipeline

The data reduction pipeline for MIRC-X is already well established and publicly available.4 It has a proven track
record through several publications. However, it was not designed to reduce J band data and so several changes
had to be made to the existing code.
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The first change to the data reduction pipeline consisted of adjusting the fringes and photometry windows
to accurately detect and account for the J band flux. Previously the flux window had been detected by fitting
a simple Gaussian to the detector flux, however, due to the presence of the notch filter the simultaneous data is
double-peaked. Figure 3 shows the detector window of MIRC-X covering both the H and J bands, the spectral
range of the J band is just over half that of the H band.

The second change comes from the spectral calibration, that is the process of determining the wavelength of
each spectral channel. The wavelength is assigned by fitting the frequency of the fringe patterns, based on an
initial guess. The inital guess is based on the known spectral dispersion of the prism used, in this case R = 50.
Figure 3 shows the spectral calibration result obtained from the MIRC-X data reduction pipeline for artificially
produced interference fringes. Both the inital guess and the final fitted spectral calibration are shown.

Figure 4. Calibration transfer function for 2019 November 19. The red-shaded areas are those representing calibrators
and green are those representing science observations of FU Ori.10 these are along a single baseline (S1-S2) for the four
J band spectral channels. The blue and brown points are the raw, uncalibrated squared-visibilities for the calibrators
and science target respectively. The black and red triangles are the calibrated squared-visibilities for the calibrators and
science target respectively. the blue represents the transfer function across the calibrators.

3.3 Data Calibration

In order to ensure the validity of the data products, careful calibration tests were undertaken. The calibration
procedure was unchanged from the standard MIRC-X pipeline as described in great detail elsewhere.4 Figure 4
shows the transfer function on a single baseline across the three hour observing period on the night of 2019
November 19. The 4 wavelength channels are those across the J band only, as the calibration of the H band
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channels has already been verified in previous papers. The linearity of the transfer function shows the stability
of the observing across the 2.5 hour period. Large jumps in the transfer function on short timescales would
indicate instability/inaccuracies in the dispersion control subsystems.

4. FIRST SCIENCE RESULTS

Following the upgrades to the hardware and software described in this paper, we conducted the first science
observations in November 2019. We adopted a 4-telescope combination using the first four fibres (lowest spatial
frequencies) of MIRC-X, this is the only possible observing mode with the J band as the highest spatial fre-
quencies are undersampled (sub-Nyquist). As the first science target, we observed the young outbursting object
FU Orionis. The data was reduced following the reduction and calibration steps described in section 3. Full
details of the data analysis and conclusions can be found in.10

Figure 5. Squared visibilites for the object FU Orionis with the MIRC-X instrument. Colour scale represents the
wavelength of the observations. Dark-blue/purple points are across the J band, while green-yellow ponts are across the
H band.

We obtained two J+H band pointings on FU Ori with MIRC-X in 2019, using a 4-telescope configuration in
CAL-SCI concatenation sequences. Of the available baselines, a maximum physical baseline of 280 m was used
corresponding to a maximum resolution of 0.34 mas. The calibrated squared visibilities are shown in Figure 5.
These observations represent the first J band interferometric observations of a young stellar object and allowed us
to probe the innermost regions of this highly accreting disk. In addition to constraining the 2-D geometry, these
multi-wavelength observations allowed us to probe the temperature gradient profile of the inner disk. Theoretical
works have proposed models for the expected temperature profile of accretion disks since the late 1970’s.16–18

These models follow the simple prescription

TR = T0(R/R0)−Q , (2)

where T0 is the temperature at radius R0 and Q is gradient exponent. The two models proposed in the literature
provide alternate Q parameters. For isothermal flared discs, heated only by reprocessed stellar radiation, a value
of Q = 0.5 is predicted.19,20 Actively accreting, steady-state disks that are viscously heated should exhibit a
value of Q = 0.75.18

For FU Orionis we measured Q = 0.74 ± 0.02, a value that indicates viscously heated material. Our analysis
also revealed that the disk inner radius is equivalent to the stellar radius, meaning the disk extends down to
the stellar surface. This is indicative of boundary layer accretion dominating over magnetospheric accretion
scenarios. A summary of our results is shown in Figure 6. This is among the first direct interferometric evidence
for both boundary layer accretion and viscously heated inner accretion disks.
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Figure 6. Temperature gradient of FU Ori over the inner disk. The temperature and location of the inner radius of the
disk are 5800 K and 0.015 au, respectively. The dashed line represents the inner disk edge. The vertical profile of the
disk schematic is not to scale, nor does it represent the vertical temperature structure of the disk. INSET-left: Linearly
polarized intensity, scattered light image obtained with the Gemini Planet Imager (GPI) in the J-band.21 The image
is centered on FU Ori N within the black circle. FU Ori S is also visible to the South-West. INSET -right: Brightness
distribution of the TGM disk model in the J-band, as derived in this work. In both panels, we plot normalised surface
brightness with a logarithmic colour scale. The white lines in the image indicate the position angle of the disk minor-axis
derived from other observations in literature and in this work.

5. SUMMARY AND FUTURE WORK

5.1 Conclusions

In conclusion, we present a new and unique observing mode for the MIRC-X instrument. The simultaneous
H and J band mode provides an exciting opportunity to conduct very high resolution observations at a little
explored wavelength in interferometry. The J band wavelength regime is highly interesting scientifically across a
range of astrophysical objects from stellar photospheres for circumstellar accretion disks.

We outlined the work to bring the J band to MIRC-X, including the inital hardware and software development
and later the work done to enable data reduction and calibration in a reliable way.

We also present the first science results from the endeavour in the form of a detailed study of the accretion
disk around FU Orionis. We find evidence of boundary layer accretion and viscous heating in this first-of-its-kind
study. In the process we demonstrate the effectiveness and application of this new observing mode as it opens
up a new frontier in interferometry.

For more information regarding MIRC-X observing modes and characterisation see other works in these
proceedings by Setterholm et al.22 and Anugu et al.4

5.2 Future Work

The future of the J band at MIRC-X lies in community access. Follow-up observations in this observing mode
are expected in late 2020 where we expect to perfect the observing routine and confirm dispersion models on
sky. Following this, we aim to release the J band to the wider community and offer it as a standard MIRC-X
mode from semester 2021-B onwards.

Furthermore, the J-band also represents a promising wavelength regime for the VLT Interferometer, where
the J-band visitor instrument BIFROST could enable high-spectral resolution observations in spectral lines and
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open new science applications on star formation, fundamental stellar astrophysics, and the characterisation of
star and planetary systems.23
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Infrared Interferometry ], Schöller, M., Danchi, W. C., and Delplancke, F., eds., Society of Photo-Optical
Instrumentation Engineers (SPIE) Conference Series 7013, 701324 (July 2008).

[14] Ciddor, P. E., “Refractive index of air: new equations for the visible and near infrared,” Appl. Opt. 35,
1566–1573 (Mar 1996).

[15] Mathar, R. J., “Refractive index of humid air in the infrared: model fits,” Journal of Optics A: Pure and
Applied Optics 9, 470–476 (apr 2007).

[16] Shakura, N. I. and Sunyaev, R. A., “Black Holes in Binary Systems: Observational Appearances,” in [X-
and Gamma-Ray Astronomy ], 55, 155 (Jan. 1973).

[17] Pringle, J. E. and Rees, M. J., “Accretion Disc Models for Compact X-Ray Sources,” AAP 21, 1 (Oct.
1972).

[18] Pringle, J. E., “Accretion discs in astrophysics,” ARAA 19, 137–162 (Jan. 1981).

[19] Kenyon, S. J. and Hartmann, L., “Spectral Energy Distributions of T Tauri Stars: Disk Flaring and Limits
on Accretion,” ApJ 323, 714 (Dec 1987).

[20] Dullemond, C. P. and Dominik, C., “Flaring vs. self-shadowed disks: The SEDs of Herbig Ae/Be stars,”
AAP 417, 159–168 (Apr. 2004).

[21] Laws, A. S. E., Harries, T. J., Setterholm, B. R., Monnier, J. D., Rich, E. A., Aarnio, A. N., Adams, F. C.,
Andrews, S., Bae, J., Calvet, N., Espaillat, C., Hartmann, L., Hinkley, S., Isella, A., Kraus, S., Wilner, D.,
and Zhu, Z., “Irregular Dust Features around Intermediate-mass Young Stars with GPI: Signs of Youth or
Misaligned Disks?,” ApJ 888, 7 (Jan. 2020).

[22] Setterhol, B. R., Monnier, J. D., Bouquin, J.-B. L., Anugu, N., Labdon, A., Ennis, J., Johnson, K. J. C.,
Kraus, S., and ten Brummelaar, T., “Mirc-x polarinterferometry at chara,” in [Optical and Infrared Inter-
ferometry and Imaging VII ], Society of Photo-Optical Instrumentation Engineers (SPIE) Conference Series
11446-24 (2020).

[23] Kraus, S., “Star Formation and Fundamental Stellar Astrophysics with VLTI at 1 micrometer,” in [The
Very Large Telescope in 2030 ], 36 (July 2019).

Proc. of SPIE Vol. 11446  114460H-9
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 02 Feb 2021
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


