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1.  Science Goals and Objectives:  Several 2020 Decadal White Papers (see references) make 
the science case for visible/IR interferometers as the only way to interrogate complex 
astrophysical phenomena on spatial scales below those accessible to the current and foreseeable 
generations of ELTs . The Magdalena Ridge Observatory Interferometer (MROI) is a visible/IR 
(RI/JHK) interferometric array designed to capitalize on this discovery space by taking quantum 
leaps over competitor facilities in two key areas: imaging capability and sensitivity. The science 
case presented here concentrates on the science available uniquely to the MROI due to these 
additional capabilities.  A separate APC WP on the state-of-the-profession (Ridgway et al. 2019) 
discusses needs for the entire community. 

 

 
Fig 1: Simulations of MROI imaging performance with increasing numbers of telescopes. The left-most column is 
the truth image and the next three columns show reconstructions obtained using 10, 7 and 4 telescopes respectively. 
The top two rows show images of a clumpy AGN dust torus (Schartmann et al. 2008) on a log color scale, with the 
top row showing results for pole-on geometry (at a distance of 60 Mpc), while the lower panel corresponds to an 
edge-on torus (at 30 Mpc). The bottom row shows images of a red supergiant stellar surface (Chiavassa et al. 2009) 
on a linear color scale. The axes are labelled in milliarcseconds. 
 
The imaging capability of an array is determined by its ability to secure interferometric 
measurements for a diverse set of telescope spacing vectors (“baselines”) within a reasonable 
timeframe. At the CHARA array, for example, the typical range in baselines in imaging 
observations to date has been between 3:1 and 4:1. At the VLTI, baseline ratios up to 6:1 have 
been achieved by combining data taken over several nights during which time the telescopes 
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were relocated. In contrast, MROI has been designed so that complete 2D baseline coverage with 
baseline ratios of 5:1 is available in a single 10-minute “snapshot”, and imaging with baseline 
ratios of up to 45:1 is possible via telescope relocation.  
 
Fig. 1 shows how imaging performance at MROI varies with the number of telescopes, where 
the rightmost column is representative of what can be achieved with 4 telescopes as is typical for 
the VLTI. It can be seen that the ability to operate 10 elements simultaneously gives the MROI 
an overwhelming advantage in terms of faithfully imaging complex scenes. Combining the large 
number of telescopes with highly automated operation will allow MROI to make images of up to 
50 targets/night, which can be compared with imaging rates of no more than a few per night for 
existing arrays. This capability opens up a host of new science opportunities because imaging of 
large samples of complex and/or time-varying objects will be routine — this will be crucial in 
the era of time-domain astronomy ahead in the 2020s. 
 
The sensitivities of current interferometers are low by astronomical standards: today objects with 
K magnitudes fainter than 7–8 (CHARA) or 9–10 (VLTI) cannot be observed under typical 
observing conditions. In the case of VLTI, observing the faintest objects is further constrained 
because such observations must use the four fixed 8-meter telescopes, restricting the range of 
accessible baselines, and hence overall imaging capability. MROI’s design allows observations 
of objects as faint as K=13.5 in any of its imaging configurations. The combination of up to 6 
magnitudes more sensitivity, with the ability to conduct complex imaging rapidly, means MROI 
will have access to a wider range and larger samples of targets than can be undertaken with 
competitor arrays.  The following is a brief discussion of some of the unique science enabled by 
these capabilities and likely represents a tiny fraction of MROI’s true discovery space.  
 
Science Area 1: AGN Astrophysics:  Recent results from the VLTI have shown that 
interferometers can resolve the dust torus and partially resolve the broad-line regions (BLR) of 
AGN. These studies have yielded a host of surprising results which challenge the accepted 
models for the geometry of these regions (Tristam & Hoenig 2018). However, the limiting 
sensitivity of today’s interferometers means that only a few tens of AGN have been studied at 
mid-IR wavelengths and only a handful at near-IR wavelengths. Furthermore, the majority of the 
sources have only been observed using the VLTI 8-m telescopes which allow a maximum 
baseline of just 120m and limited imaging capability. This maximum baseline barely resolves the 
features of interest, especially in the near-IR where the emission is dominated by what is 
believed to be a ring of emission from the inner edge of the dust torus. 
 
The increase in sensitivity offered by MROI will allow ~150 targets to be observed from its 
Northern site. Furthermore MROI will be able to make high-fidelity images of all of these targets 
at 3 times the angular resolution available with the VLTI 8m telescope array. A wide range of 
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new science is possible based on the ability to make resolved images of the emission from a 
large sample of AGN.  Important questions that can be addressed include: a) what is the 
frequency of occurrence of tori of different geometries in different classes of AGN, and can this 
be reconciled with “unified” schemes? b) what are the geometries, kinematics and physical 
properties of the obscuring material: in particular is there evidence to support clumpy models, 
and what can be said about the clump distribution? c) what is the relationship between the inner 
parts of the torus, the outer parts of the BLR and the larger scale stellar distribution? 
 
Science Area 2: YSO Astrophysics:  The inner few AU of YSO disks are not only the 
birthplace of terrestrial planets and super-Earths but they are also the regions which mediate the 
accretion onto the central protostar and the launching of outflows. Results from current 
interferometers have provided significant insight on the inner gas and dust structure of the 
brightest of these (e.g. Akeson et al. 2002, Millan-Gabet et al. 2006, Kraus 2015, Hone et al. 
2017). 
 
The MROI will be crucial to furthering our understanding of these regions, by significantly 
extending the number and range of disks which can be imaged, and dramatically improving the 
ability to image the complex structure expected from the presence of planetary companions. 
Current surveys of such disks are magnitude-limited (e.g. H<8 in Lazareff et al. 2017) which bias 
the samples towards the brightest examples. MROI’s magnitude limit of K=13.5 will access all 
stars down to the H-burning limit in the nearest approximately one dozen star-forming regions 
and allow imaging down to 0.1-AU scales at these distances. 
 
A key goal for the MROI will be providing a census of disk properties for well-defined samples 
of low, intermediate and high-mass stars. It will be possible to critically assess theoretical models 
predicting the structure and evolution of the dust. This evolution is expected to be strongly 
impacted by the presence of any planetary or brown-dwarf companions in the inner disk, which 
should lead to either disk breakup or disk-clearing (Creech-Eakman et al. 2010). The rapid 
imaging capability of MROI will enable routine monitoring of the dust and gas on scales that 
have Keplerian rotational timescales of weeks to years. 
 
Science Area 3: Dynamical Processes and Evolution in Stellar Systems: The unprecedented 
spatial resolution afforded by optical/IR synthesis arrays has been a powerful tool for studies of 
the dynamical interaction of stars with their neighbors and environments. Such studies have 
included direct imaging of convection on giant and supergiant stars (Paladini et al. 2018), 
time-resolved imaging of interacting stars such as β Lyrae-A (Mourard et al. 2018), studies of 
wind collision regions in interacting stellar systems (Lamberts et al. 2017), as well as 
establishing the fundamental parameters of stars in multiple systems as a probe for stellar 
evolution models (Le Bouquin et al. 2016). While this type of work is in principle possible for 
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any interferometer, such studies usually require complementary data, e.g. radial velocity 
measurements, photometric monitoring, or radiative transfer model predictions, to disentangle 
the multiple models consistent with sparse data. 
 
MROI offers a much more effective means to break degeneracies in these multi-dimensional 
spaces of interest. This will come from: a) its much larger number of apertures, and hence 
volume of visibility and closure-phase data with which to constrain multi-parameter physical 
models, and b) its ability to reveal the spatial and geometric configuration of complex sources in 
a model-independent way. The latter capability is particularly important since indirect 
measurements are necessarily integrated over the brightness distribution of the target. The 
synthesis images presented by Stewart et al. (2016) of IRC+10216 represent a good example: 
here high-fidelity imaging over multiple epochs was key to establishing that no previous studies 
of this bright C-rich AGB star had correctly identified its location within its dusty nebula.  
 
Few studies to-date have exploited model-independent imaging, save for those on the brightest 
“archetypes” of different classes of objects, so we anticipate novel insights throughout the 
evolution of low through high-mass stellar systems once studies of statistically large samples of 
objects are realized.  Questions to be addressed include: a) how does the pulsational behaviour in 
late-stage AGBs affect mass-loss and the subsequent shaping of planetary nebulae? b) what are 
the characteristics of mass-loss processes at different stages in stellar evolution, i.e. is it 
continuous, episodic, clumpy, smooth? c) what is the interaction between the stellar surface (i.e. 
magnetic fields, starspots) and the mass-loss processes as traced over a variety of time-scales? d) 
how does mass-transfer in interacting systems trigger subsequent explosive events? e) what is the 
connection between stellar “shape” (i.e. non-spherical, rapidly rotating systems) and their wind 
structures? and f) do optical or infrared counterparts exist that trace known phenomena at 
X-ray/UV wavelengths, for example in the shocks or hot winds?  The MROI's imaging capability 
is exquisitely well matched to address many of these questions.  
 
2.  Technical Overview: As explained above, the MROI has been designed from the ground up 
to deliver large increases in two capabilities which are key to making the next breakthroughs in 
interferometric science: imaging and sensitivity. This focused mission means that other features, 
such as optimization for wide-field astrometry or kilometric-baseline science, have been 
sacrificed; instead the design (see Buscher et al. (2013) for more detail) prioritizes: a) combining 
the light from a large number of telescopes simultaneously (10, compared with 4–6 telescopes in 
existing arrays), b) ensuring that the light collected is delivered with minimum photon loss, 
maximum wavefront quality, and minimum vibration levels from the telescopes to the detector, 
and c) largely autonomous operation with, e.g., active tracking of alignment drifts.  This last 
capability is essential for maximizing the science return from a large number of telescopes. 
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The overall layout of MROI is shown in Fig. 2. The array is located at an altitude of 10,500 ft at 
the Magdalena Ridge, NM. The site and infrastructure allow for 4 scaled 10-telescope array 
configurations, from a “compact” array with baselines from 7.8–40 m to a “high resolution” 
configuration with baselines from 65–347 m, These correspond to an interferometric 
“field-of-view” of up to 60 milliarcsec and an angular resolution down to 0.6 milliarcsec at IR 
wavelengths (0.35 milliarcsec at visible wavelengths). 
 

 
 
 
 
 
 
 
 

Fig 2: Artist’s impression of the completed 10-element MROI facility at the Magdalena Ridge in NM. The 
telescopes are shown in the “high resolution” configuration with baselines from 65–347m.The long white building 
to the right houses the ten single-stroke vacuum delay lines. To the upper right is the visitor center and maintenance 
facility where the unit telescopes and enclosures are assembled and tested. 
 
A critical aspect of MROI’s design is its “boot-strapping” architecture. Every unit telescope (UT) 
has equi-spaced neighbors to left and right, which allows stabilization against atmospheric piston 
fluctuations. This effectively delivers Adaptive Optics correction across the array itself, and 
permits high sensitivity observations of faint targets. The piston corrections are enabled by 
“stitching” together fringe measurements made on baselines where the instantaneous S/N is high, 
and it is this derived requirement that has defined the MROI’s architecture. Crucially, the unit 
telescopes must not only be large enough to allow reliable instantaneous fringe piston 
measurements but also closely-spaced enough that the fringes of interest are not resolved out. 
This places a very high premium on a boot-strapped array layout. This issue is rarely relevant for 
radio/mm arrays, and necessarily implies large numbers of telescopes along each array arm if 
reliable imaging of complex targets is to be undertaken. MROI’s 1.4m diameter UTs sit in a 
“sweet-spot” where the needs of sensitivity, close-packing capability, reconfigurability, and 
overall cost intersect. At the MROI site, where the seeing is below 1 arcsec ~30% of the time, 
adaptive correction beyond tip-tilt is not needed for JHK observations. However, space is 
reserved for the installation of visible AO systems in the future.  
 
In comparison to existing optical/IR arrays, MROI has been designed to deliver a 100-fold 
enhancement in imaging sensitivity in the NIR.  Multiple design choices support this goal, 
ranging from the polarization maintaining alt-alt UT design, to vacuum free-space propagation 
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from the UTs to the beam combining area, to the use of single-pass long-stroke vacuum delay 
lines and the use of separate fringe-tracking and science beam combiners operating in parallel. 
Importantly, all of the key elements of the MROI, including the active systems that support 
fringe stabilization (the fast tip-tilt systems at the telescopes and the fringe tracking beam 
combiner) as well as the beam propagation, delay-line, and beam steering/management 
assemblies have been designed to support the faint-source imaging goal. Their contributions to 
throughput and coherence losses play a major role in the MROI’s  system error budget, and the 
prototyping and testing of these systems (Fig. 3) has been vital in tracking and realizing the 
challenging performance target the project has set for itself. Currently, all the active elements of 
the system are within specifications, with only the active alignment system remaining to be 
tested this year. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig 3:  Some of the MROI’s existing components (ULHS clockwise inward): a)  UT1 on station W007 outside the 
beam combining facility, b) beam paths  in the ICoNN (fringe tracker) dewar, c) layout of UT1 outside the beam 
combining and delay line facility, d) the first 100m of vacuum delay line in the DL facility, e) view of UT1 in its 
enclosure, f) ICoNN dewar and control system in the lab, g) feed optics testing the alignment of ICoNN in the lab, 
h) the FTT system after installation and testing on the Nasmyth table of UT1, i) the ICoNN 10-element beam 
combiner aligned and under test, j) components of the FTT system under test at Cambridge, k) the first DL trolley 
under development at Cambridge, now installed at MROI. 
 
As well as delivering a rapid imaging capability, supporting both astronomical and GEO satellite 
observations, the MROI infrastructure has been designed to facilitate the development of 
interferometric methods and underpinning technologies. Guest spaces for prototype/experimental 
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hardware exist at the UTs and Beam Combining Facility, and the implementation uses a modular 
paradigm, allowing for switchable hardware elements. More broadly, we anticipate the MROI 
becoming a testbed for innovation in coming decades (e.g. PFI and new beam combiners) and a 
training facility for young investigators to develop and support the long-baseline optical/IR 
interferometry community. 
 
3.  Technology Drivers: All the technologies being used at MROI are mature as of today’s date, 
thanks to seed funding from the DoD. This has supported a large fraction of the design and 
allowed all of the most challenging components of the array to be built and tested. It is the 
aggregate use of these components in a complex and distributed system, and the strict adherence 
to our error budgets, that will allow MROI to attain its unprecedented sensitivity.  The 
embedding of automation at the facility from the outset will render MROI more efficient in terms 
of on-sky time and number of targets per night than predecessor facilities.  All these custom 
technical approaches have or are being tested at MROI and hence little risk exists in our facility 
design or cost model. 
 
4.  Organization, Participation and Current Status:  Leadership of MROI is headed by New 
Mexico Tech, with the sole major partner being a small team at the Cavendish Laboratory, Univ. 
of Cambridge, UK.  The total staff is 16 FTE, with an additional 9 students 
(undergraduate/graduate).  We use a management matrix and work breakdown structure (WBS) 
to direct work effort/track changes needed to achieve deliverables for the project. Deliverables 
and capabilities are achieved via Performance and Science Verification Milestones (PVMs and 
SVMs). Additional support offices (Purchasing, Grants and Contracts, etc.) from the two 
universities, as well as 6 major and numerous minor subcontractors, provide vital components, 
e.g,: telescope mounts (AMOS, Belgium), telescope enclosures (EIE, Italy), telescope software 
(OSL, UK), primary mirrors (AOS, USA), consultation on building infrastructure (M3, USA) 
and cryogenic dewars for detectors (Universal Cryogenics, USA).   We contract with smaller 
vendors for machining and sourcing COTS components, small optical assemblies and detectors. 
 
MROI was previously funded from 2001–10 through the Navy (NRL) to deliver a 2.4m 
fast-tracking telescope, as well as MROI, and associated infrastructure including roads, water 
facilities and power. At the conclusion of that support NMT had received ~$62M. Further, grants 
from the State of New Mexico funded a visitor center and maintenance facility on site (Fig. 2). 
In 2015, a $25M 5-year Cooperative Agreement was competitively selected by AFRL to deploy 
the first 3 telescopes of MROI to undertake risk-reduction experiments and acquire fringes on 
geosynchronous satellites. We anticipate first fringes for this program in Q4 2020. 
 
Ongoing funding is being sought from a number of sources including DoD, philanthropic 
foundations and university alumni, with additional partners also being welcome.  By 2021 we 
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anticipate being close to delivering closure phase measurements using 3 UTs in a close-packed 
configuration. While we intend to seek peer-reviewed funding whenever possible, we anticipate 
a business model that includes multiple stakeholders (e.g. universities, our partner 
institution/other UK universities, DoD/others interested in GEO objects, and peer-reviewed 
access).  NMT prefers to operate MROI under a diversified model where ~25–30% of the time is 
open access via peer-review and the rest is supported by other means. 
 
5.  Schedule: While aggressive, the schedule for completing MROI is realistic given adequate 
funding. General assumptions include: telescopes and enclosures can be built two at a time 
taking ~18 months to complete and 6 months to install, and M1 optics for UTs 7–10 can be 
procured fairly early in the schedule (see Appendix A gantt chart for details). The schedule 
begins in 2021 with the procurement of UTs 4-5, finishing the inner array infrastructure, 
procuring additional beamline infrastructure (delay trolleys, fast tip-tilt systems, beam 
condensers and alignment components), building a 2nd fringe tracker, and beginning the design 
and build of the NIR spectral imaging instrument (SIRCUS).  Building array infrastructure, 
concrete pads and beam relay piers along the arms will continue during the warmer seasons 
through 2024.  As the external vacuum array infrastructure (beam relay system and turning 
mirrors) is installed along the arms, internal delay pipes will be extended to match the available 
baselines. Manufacturing of UTs 6–7 will begin in 2023, as will completion of the 3rd & 4th 
fringe trackers, and development of the optical science instrument.  We anticipate operations and 
public time becoming available as UT5 comes online and continuing for the rest of the project. 
In the final 4 years UTs 8–10 will be purchased, and all the delay lines and external beam 
transport infrastructure will be completed to realize the full MROI facility.  
 
6.  Cost Estimates:  The cost estimates for completing UTs 4–10 of MROI are based on current 
costs (2019 funds). The costs include all the components needed to complete the facility, 
specifically: telescopes, enclosures, polishing the existing primary mirrors for UTs 4–6, 
purchasing the optics for UTs 7–10, beam relay pipes, supports and relay mirrors, delay line 
pipes and supports, delay line trolleys, alignment system components, optics and remaining 
optical tables, three more fringe tracking instruments, one near-IR and one visible science 
instrument, the telescope transporter, and ongoing subcontracts.  Labor is included at present 
rates, assuming 58% F&A and 35% OH, with a 3%/yr increase for 2021–2, thereafter declining 
at a rate of 15%/yr, and 50% in 2028.  Operations funding starts in 2023, ramping up to $3M/yr 
by the end of the decade. After the build phase, we have estimated ~$3.5M/yr for ongoing 
operations including personnel and consumables (e.g. fuel, cryogens, equipment maintenance) 
based on a business model developed in 2013. This operational cost is the projected bottom-up 
budget for the complete 10-telescope array facility based on needed engineering/operations 
expertise.  A cost table and funding charts are presented below, where hardware funds are 
projected in the year they are encumbered; a real funding profile tied to milestone payments 
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starts at ~$13M/yr decreasing to $6M/yr by the end of the procurement phases of the project in 
2028. 
 

 
Table 1: Cost table and funding profile for MROI assuming a full build-out to 10 UTs and 28 telescope stations. The 
large capital costs incurred every two years reveal the biennial cycle of telescope, enclosure, and beam relay/delay 
line purchasing and can be spread out via a milestone payment schedule.  
 
7.  Summary:  The Magdalena Ridge Observatory Interferometer (MROI) is an ambitious 
project to become the world’s first long-baseline optical/infrared interferometer focused solely 
on a mission to image faint and complex astronomical targets. Through careful adherence to a 
design that maximizes sensitivity, controls wavefront errors, and implements a 
baseline-bootstrapping approach, it will provide up to 6 magnitudes more sensitivity compared to 
current facilities, and be capable of producing snapshot images of dozens of targets nightly. 
On-sky performance will be validated shortly thanks to DoD funding, and in a few years time 
MROI could be poised to provide routine community access for 6-telescope imaging -- 10 by the 
end of the 2020 decade. 
 
MROI’s capabilities should be considered in the context of other activities in the 2020’s. 
Programs studying exoplanets (e.g. TESS, JWST, etc.) are in desperate need of detailed 
information about nearby exoplanet host stars.  Synoptic programs (e.g. LSST, ZTF) will be 
identifying new candidates and entire classes of unknown objects nightly, also needing follow-up 
investigations.  GAIA’s astrometric survey will shortly have measured all stars brighter than 16th 
at V, rendering the nearby universe “known” in terms of physical distance.  Recent results from 
the Event Horizon Telescope and the GRAVITY experiment on the VLTI demonstrate the 
public’s hunger for images of  “the unseeable black holes” astronomers call AGN.  In the coming 
decade, images from interferometry at sub-milliarcsecond spatial scales will become the 
foundation for a new era of astrophysics -- and MROI is poised to lead the astronomy 
community there. 
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Appendix A: Gantt Chart of proposed activities (read at 200% or see on website). 
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