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ABSTRACT

The Magdalena Ridge Observatory Interferometer id0zelement 1.4 meter aperture optical and neaatied

interferometer being built at 3,200 meters altitodeMagdalena Ridge, west of Socorro, NM. Therfatemeter layout
is an equilateral "Y" configuration to complemenir &ey Science Mission, which is centered aroundgimg faint and
complex astrophysical targets. This paper serges description of the science to be undertakeh thi¢ facility, an

overview and update on the status of the obsenyvatod our progress towards first light and firgtdes in the next few
years.

1. MAGDALENA RIDGE OBSERVATORY

The Magdalena Ridge Observatory is a Federally Edridcility being built and managed by New Mexiostltute of
Mining and Technology (NMT) which also serves astHor the observatory offices on the NMT campusatorro,
NM. The observatory consists of two major fa@liti a fast-tracking 2.4 m telescope and an optitadferometer. The
2.4 m telescope obtained first light on Oct. 310&@nd is currently in operations. It is a sugaesgtrument for the study
of fast-moving objects and targets of opportunidiywing to its very high slew and tracking rates[1T.he optical
interferometer is being designed and built in dmation with our partners at the University of Gaitige, Cavendish
Lab. In this last development phase the interfetemis moving towards a first fringes date in 201Rhase A of the
interferometer build will include 6 telescopes anftared fringe-tracking and scientific imaging edydities. Phase B
will add 4 more telescopes and associated beamstraisible operations, and will have an additioleglation in the
beam combining laboratory for guest instrumeng&ee(Figure 1 for views of the two facilities.) Tdreater observatory
facilities include over 8 miles of maintained road;site water, power, ethernet, housing faciliied a location on the
Ridge for a third scientific facility yet to be @emined.

2. KEY SCIENCE MISSION

The Key Science Mission for the Magdalena Ridgeedlzgory Interferometer (MROI) is centered on thnegn areas:
1) studies of the environs of Active Galactic Nu¢®&GN) at the hearts of nearby external galax®sstellar formation
and the earliest phases of planet formation, anttefundamental physics of mass-loss, mass-tmargiavection and
pulsation in single and multiple stellar systems.



Figure 1. Two telescope facilities atop Magdalena Ridge ti left is the fast-tracking 2.4m telescope Whgnow in
operations. On the right is our architect's conmapbf the MROI facilities. The equilateral Y cagfiration with 28
pads is clearly visible to the right of the intedmetric buildings.

2.1 AGN: While active galactic nuclei have been studied fimany years, the advent of ultra-high-resolution
interferometric imaging offers the prospect of gagnentirely new insight into the role they may yplan galaxy
formation and evolution. There are several intémggbhysical scales associated with these targetsbroad line region
(BLR): characterized by Doppler broadened permitilegls (FWHM> several 1000 kilsand formed in dense regions
on sub 0.1pc scales; the narrow line region (NLhere cooling is dominated by forbidden lines WitWHM <
1000km¢', extends from 1-1000pc; and the “circum-nucleansts purported to shape the observed propertiesGifl
through shadowing on scales between 1 and 50 pedrby bright AGN (z<0.01) these different physt@mains span
angular resolutions from 0.5 mas to a few secoride®@ However, it is those regions closest to AlieN that are of
most interest and relevance to MROI science. Twih@fmain science goals that we will aim to addhess include:

Constraining dust torus models:what is the frequency of dust tori, what are thengetric and physical properties of
the obscuring material, and is it consistent whb tatest clumpy models? Is the geometric distidoubf the dust
compatible with a “unified scheme”? Is the occooe of a torus/disk axis co-aligned with the largeale radio
emission a frequent one, and what does it tellh@utathe validity of magneto-hydrodynamic modelsootflows?
Model-independent imaging will be crucial in intexpng observations of clumpy tori, which are notgeneral well-
described by a small number of parameters.

Jet formation: the angular scales associated with accretion arehabemission in even nearby AGN are far too small
(<0.1mas) to be resolvable with MROI. However, tloe nearest radio loud sources, the possibilitgtexo image the
optical/infrared counterparts of synchrotron jetsscales some 5 times larger. While this type wdsis at the limit of
the MROI's angular resolution, it lies within MRGI'sensitivity limit - which is tied to the near-iRagnitude of the
AGN core, and not its jet — and so offers the peaspf a completely new window on AGN non-thermalqesses.

2.2 Star and Planet Formation:Optical interferometry has already delivered impottbreakthroughs in the study of
disks around young stars. In particular, the sifdderbig Ae, late Herbig Be and T Tauri objectsdnbeen measured to
be 3-7 times larger than predicted by geometriediiy disk models previously used to explain thedSBeasurements
[2]. These interferometric size measurements hadetd the development of a new class of “puffed upier wall
models for the flared disk emission [3] & [4]. this science area a sample of what we can addrelsgles:

Constraining disk models:what is the inner disk geometry, including its ieat structure, and how does this vary with
evolutionary and other physical status (e.g. witbretion rate)? How do disk properties change @nanchical systems
and what does this imply for disk stability andn@aformation? Here the imaging capability of thB®1 will be crucial



to permit model-independent surveys. MROI will alsgrove on the inadequate sample size obtainesl flru(Figure
2), obtaining images of several tens of objectsaich sub-class.

Verifying accretion models: is there evidence for accretion onto proto-stedlanfaces from the inner disk edge and is
this consistent with models for such processes8tiagi interferometric arrays have made little pesgrin these areas,
primarily because (i) much of the emission is expedn optical emission lines and (ii) the ass@daangular scales
(corresponding to << 1 AU) are sub-mas. The contmnaof an optical capability and MROI's largest4(8n)
configuration offers the first prospect for conftiong models with observational data.

Figure 2: In the four adjacent
panels, the top panels on L and R
are “truth” images, and the bottom
images are made with a 5-telescope
MROI. On the left is an AGN with
optical jets of excited material
ejecting from the black hole, on the
right is a young stellar object with a
dust accretion disk, which has a
dark clearing of material due to
planet formation. Each simulation
assumes an 8 hr observation, with
calibrated data being secured at 20
minute intervals. Six spectral
channels from 2.0 to 2.4 microns
have been assumed, together with
rms noise levels of 2% on the
visibility amplitudes and L on the
closure phases.

2.3 Mass-loss and Mass TransferStellar evolution is fundamentally a cosmic-saalgtter reprocessing and recycling
program where the mass of the star and its memipes§keither a single or multiple stellar systentesimines the details
of how the process will proceed. All the interegtastrophysics, however, is tied up in just thaesails. The physics of
mass-loss, while generally poorly understood, iguitbus across the Hertzsprung-Russell diagram aowdunts for
many of the most complex and beautiful images itmophysics: mass-transfer in interacting binarytays like
cataclysmic variables and Wolf-Rayet systems, péagenebulae resulting from bi-polar outflows inirty Asymptotic
Giant Branch stars, and the remnants of superngpkbb&ons. Optical interferometry has made contidns which
advance our understanding of nearly all these phena, and this with just a few simple images [9b& In particular
we will try to address some of the following fundamtal questions:

Querying interacting systems:what are the details of the mechanisms behind 4tnassfer in systems like cataclysmic
variables and Algol binaries? Are Roche lobes detdtsemi-detached and does this change with oritiaée? How
does mass transfer trigger explosive events? Agalanmomentum vectors in hierarchical systemsligmad and how
does this change with mass-transfer or the preseh@ecretion disks? MROI's unique re-scalableawr(7.8-340
meters) allows for imaging at the wide variety e$alutions required to answer these questions falrarcsecond to
sub-milliarcsecond scales.



Assessing dynamics in massive starahat is the connection between stellar shaper(@e-spherical, rapidly rotating
systems) and their wind structures? Do opticalirEd counterparts exist to X-ray and UV phenoméreing the
shocks and hot winds? Are large-scale mass-losd/wihomogeneities due to stellar spots, pulsatiorsome other
mechanism? What is the origin of the dense eqiahidisk in Be type stars and how is it involvednirass and energy
supply to the disk and angular momentum transpdrizhese cases, MROI's ability to produce verykhigsolution
images in excited spectral lines will be key tovsad many of these puzzles.

Derived from this Key Science Mission are the systequirements that drive the design and buildM&Ol. This
design is centered on maintaining a world-classab#ify for producing rapid, high-resolution image$ faint and
complex astrophysical systems. Fundamentallygb# requires a systems approach to the desigtysaand build of
the facility. Flow down from our Key Science Missileads us to conclude MROI must have, at a minimb) many
relocatable telescopes, 2) optical and infraredatfmns on several hundred meter baselines, Jvasdflections as can
be used in order to maintain high throughput andimmal wavefront aberrations, 4) single-pass lomgkst delay lines,
and 5) state-of-the-art beam combiners and detector

3. PROGRESS IN SELECT INDIVIDUAL SUBSYSTEMS

Substantial design progress has been completecantyrall subsystems of MROI. This owes, in ptotone of the
guiding principles in the design of MROI which i3 titilize the best in existing interferometric taclogy, and only
redesign a subsystem when this technology failméet our system-wide requirements. For subsystemdich we
have implemented major redesigns, community invaket from outside experts in the field through edtagion and
service on external review panels has been inviduaivard our development and progress. We areefgtafor and
welcome continued community input in this regaBelow, we discuss the progress in each major stérsysf MROI,
along with expected design implementation and saleed

3.1 Beam combining and delay line facility:The MROI beam combining facility (Figure 3), corefgd in February
2008, includes all the interconnected buildings tha Ridge housing the control facilities, opticalectrical and
mechanical laboratories, delay lines, vacuum sysiach beam combiners and detectors. The requirsnienthese
facilities were derived to maintain a stable enwiment in terms of temperature, vibrations and hitgnitbr the

scientific instrumentation, along with ease of @&scend operations for the scientists and engineéree beam
combining room-within-a-room concept (basically leermally isolated inner facility) has been desigraedi fully

thermally modeled and tested to meet our stringleetmal requirements. Accordingly, it has beerfibed with a

simple airlock entry system, positive pressure, mwdtiple heat ducting conduits over each optiealée to take away all
heat produced by the different electronics in them. The facility architects were M3 Engineeringl & echnology
Corporation in Tucson, AZ. The remainder of théeexal site work and the installation of the ficstmpliment of unit
telescope and telescope enclosure foundationsak#l place over the next year.

Figure 3. The beam combining and delay line facilities fdROIl. Note the 200m long portion of the building
extending off to the left in this picture, whichuses the delay lines. Light beams enter the mgléliom the center of
the array arms on the right side of the photograph.

3.2 Delay Lines:The MROI delay lines were one subsystem that reduan entirely new approach chiefly because no
inexpensive, single pass (to minimize reflectionglguum delay line system existed for our use. MKRdnovative
delay line trolleys have been designed by our bollators at the University of Cambridge[7]. Theandeature of the
design is the use of the vacuum pipe itself ast#i&' for the trolley to travel on. This placdset burden of maintaining
the beam alignment and direction on the trolleglitsather than traditionally utilized precisiongaied rails for this



function. Thus, the cart includes compliant wheaatsl an active secondary mirror in the cat's eyenaly. Other
innovative features include wireless communicatietween off-board computers and the cart itsetfuative power
pick-ups and a carbon fiber assembly to maintadalfdistance [8]. The delay line trolleys passathFDesign Review
in March, 2008 and the first trolley will be deliegl to the MROI facilities in late 2009 (Figure 4).

Figure 4 This is a delay line trolley at Cambridge frohet
Final Design Review in March, 2008. On the frohtte cart
one can clearly see where the stellar beams (tdpbatiom)
and the metrology beams (left and right) enter dhgs eye
assembly. Visible in the bottom of pipe (cut iffliar ease of
viewing) is the inductive pickup wire.

3.3 Telescopes and Enclosure3he telescope design, while non-standard for ticadil astronomical uses, is an old
design (altitude-altitude mount) used at facilitiée the 1.8m ARC Telescope [9]. The principalgeas for using this
design are the low number of reflections (3 vetgpgcally 7 for altitude-azimuth telescopes) befdieecting the light
into the beam train of the interferometer, andahdity to maintain polarization fidelity. This ismportant when trying
to image resolved and potentially polarized souffd€§. The telescopes are capable of operating dmawithin 30

degrees of the horizon allowing us to obtain laagks and excellent UV coverage. They produce begproximately
95 mm in diameter with 62 nm rms wavefronts and 9BBéughput. Our telescope mounts are being dedignd built
by AMOS (Belgium) (See Figure 5). We expect deljvef the first telescope mid 2010.

The telescope enclosures have three main functignta protect the telescopes during observatighsop support and
protect the telescopes during relocation, 3) andndd vignette neighboring scopes while in the clgmsecked
configuration (7.8m on center). In 2009 we hirelE Kltaly) to design and supervise the build of tiedescope

enclosures. The design recently passed PrelimiDasign Review and we expect the first enclosurenid-to-late-
2010.

Figure 5. On the left is a telescope enclosure in the fiteaign stages under the direction of EIE. On igpiet is an alt-
alt telescope mount for the MROI 1.4m movable ueléscopes, being designed and built by AMOS. Zamdur

optics for the first six telescopes are being feglympolished and coated at OST, Albuquerque, NMtufes are courtesy
of EIE and AMOS respectively.



Fringe tracking — the heart of MROI: The fringe tracker and the associated beam camnbiperate under the concept
of nearest neighbors, pairwise, pupil-plane conmtibna We have derived an innovative design whibws us to
multiplex 4 or 5 combined beams into one dewar (fég6), therefore utilizing only one infrared detec so that the
Phase B version of the observatory will only requirdewars to collect all the light. Dewars angrimal mechanisms
are currently being assembled in-house and intedraith electronics procured from Leach Electror(an Diego,
CA). The fringe tracking wavebands are H or Ks,af&fing upon which science waveband is being usak. current
design includes the use of a PICNIC detector, baitane anticipating upgrading to a lower-noise detewhen one
becomes commercially available. The beam combsarmodular design which supports from 2 to 1Gst&lpes in any
configuration on the Ridge. The beam combineraospéire Infrasil 301 and are currently being custmated with
optimized coatings that address issues associatbdniensity mismatch, s/p polarization differescnd group delay
differences between the beams to be combined [Elijal design review for the fringe tracker is sihed for the last
quarter of 2009.

Figure 6. The design drawings for a fringe tracker liquittogen dewar and optical plate. On the left,ithigal dewar
will accept 5 nearest-neighbor combined interfermimdeams (seen in red entering the RHS of theadpand then
performs the functions of spatially filtering, spedly dispersing, and detecting the radiation loa &rray. Due to space
limitations on the table, flipper mechanisms (sieenght-hand picture, bottom and middle) rathearthwheels are one of
the innovative mechanisms used to change filtedspaisms.

Control Software: The MROI software system is composed of a cobbectdf distributed systems managed by a
centralized Supervisory System. These distributgstems correspond to the major functional divisiaf the
interferometer: Unit Telescope, Delay Line Systémfomated Alignment System, etc. Each of thesdesys may
themselves be structured as a collection of systefmis, the architecture supports hierarchicaliycsured systems.
All hard real-time control modules lie at low lesetithin these systems. Each type of system definget of high-level
interface commands that are designed to completalyage that system, including collecting monitat acience data.
These commands are implemented using gigabit Ethesith a TCP/IP protocol. Software implementatiand
optimization for each of the various interferometsubsystems is ongoing, and in particular sigaificprogress has
been made for telescopes, delay lines, detectargalote alignment mirrors and automated buildingte@rsystems.

The Supervisory System itself is a collection dfteyns. It contains the following:

Executive Starts, stops, and monitors the global stat#l afctive systems, including the
Supervisory System;

Operator Interface The mechanism by which the telescope operaterants with the Supervisory
System;

Supervisor Manages one or more unit telescopes and otiseurces to support scientific
observations, calibrations, or diagnostic testing;

Fault Manager Determines the significance of all faults aneltsl and takes appropriate action

to handle them;



Data Collector Collects all software logs, engineering mondata and science data from all
active systems;

Database Manager Manages all access to the permanent databa$ggiimy accessing and updating
configuration data, as well as reformatting datefithe data collectors to be
permanently stored in the database.

There is one Executive, Database Manager, and @pérngerface in the system. While the Data Catledunctions as
a unified system, there are many data collecti@taimces collecting data from different systemssibbg running on
different computers, and interacting with the Das#dManager. There must be at least one Supeinitioe system but
there may be more than one. For example, eightelescopes may be engaged in science observatibiie the other
two are doing calibrations having been moved to sttions. In such a case there would be threer8igprs running
simultaneously. There is a Fault Manager for e8apervisor. It is a Supervisor that executes anse observing
script, prepared with the Observation Preparatiool.T

All systems are extensions of a basic system thamplemented to provide what is common to all eyst. For
example, this basic system has the ability to conicate with its assigned Fault Manager, to gendeailts and alerts,
to communicate with the Database Manager and mpesoperator, if necessary. It also implementsitz snodel that is
used by the Executive for system startup, initalan, operational mode, and shutdown.

The permanent database, which is implemented eltional database, is a crucial portion of theeduigory System
and necessary to its operation. It is called thenir and Configuration Database and contains sgitem
configurations, as well as all data collected dyrihe execution of the system. A configuratioraispecification of
active computers, software and hardware systent®e dhtabase tracks changes in the system confiyumater time
and also tracks when a particular configuratiostasted and stopped. All configurations over tiane permanently
recorded in the database. In this manner one leays tell which telescope configuration genergtadicular system
logs, monitor data, and science data. The speauifiperties of the relational database are weliinidby a high-level
interface implemented by the Database Managers d&iabase provides an integrated view of the sytstem and is
intended to house all data needed to operatoetbscope and store all data that are significaits toperation.

Fast tip-tilt system: The FTT provides a low-order correction of theaming stellar signal. Because the MROI
telescopes are only a few characteristic cell Jjgged parameters) across in the infrared, we ndtl need higher-order
correction for infrared observations (Phase A). &ve still evaluating if there is an SNR advantamadding AO for
very-high spectral resolution modes in the optasapart of Phase B. The specifications on thisesysire that it work at
optical wavelengths (400-1000 nm in Phase A ande@®nm in Phase B if doing optical science operesj at rates up
to 50 Hz for a closed loop 3dB bandwidth (with resaily higher frame rates on the cameras). Segrdistellar light
using the fast tip-tilt system on the Nasmyth tabléhen corrected using the telescope secondaty.anticipate using
an ultra-low noise CCD for sensing the light, sev@f which are available off-the-shelf. Conceptdasign for this
system is complete and we anticipate having anrmedtegroup build, assemble and test the systemsugobefore
integrating into the interferometer system.

Other Major Subsystems: There are many subsystems of the interferometememtioned above including the beam
relay system, the telescope transporter and the lseanpressors (Figure 7). Except for the primaniethe telescopes,
all mirrors along the optical train are coated witlotected silver, and all transmissive optics Widlve custom coatings.
The beam relay system accepts the beams exitintpldscopes into the vacuum transport pipes, mdathe light into
the beam combining facility to add delay and mixdetection. The system is designed to have allsntidence angle
reflections to minimize polarization effects. Relnd mirror cans along the length of the intenfieeter house portions
of the automated alignment system which is usealigm these beams after exiting the telescopeserfral telescope
and three along each arm (in the Phase B configa)dead to a handful of different mirror can dgs along the beam
arms.

Turning mirrors and beam compressors for the MR@I eperate in air in the beam combining laboratoryhe

compressors will reduce the 95 mm telescope beaitingethe delay lines to approximately 13 mm befdine beams
are sent to the beam combiners and detectors fobioation and sensing. The system will be fullgeambled on a
monolithic bread-board in order to maintain focusl alignment at all times. Immediately after thafnecompressors



are the injection ports for the automated alignnmystem. The next optics in the beam train systeamtlze turning
mirrors (mirror 10 in the system), which direct fight into the switchyards where beam directiod gitch are changed
and various wavebands are separated out usingogishr

Figure 7. A view of the close-packed configuration of thkaBe B interferometer. Included is a schematithef
telescope transporter, a modified reach stackeghahill be used to relocate telescopes along tatbarms.

The telescope transporter is a modified commeuntate reach stacker. The system is specifiedttthé telescope plus
enclosure and relocate it onto a kinematic padiwidhhours. This will allow the entire interferoreeto be reconfigured
in a few days. This function is essential to tléersce program as it allows a “zoom” capability natch the
interferometric resolution to the science casdstefest.

A total of 19 reflections exists between the tebggcprimary and the detector for any given beairi tavels through
the interferometer. This fact alone contributebssantially to our ability to maintain high throyght and wavefront
specifications for the system. We currently budgefinal throughput of 13% at H band with a totadHorder

wavefront error of 99 nm. Using detectors capableroducing 3 electrons read-noise, with this igge will be able
to group delay fringe track on a 14th magnitudebéid) unresolved source with MROI, fully 4 magnésdieeper than
can currently be achieved at other interferoméérdities.

4. SCIENTIFIC COMMISSIONING

Scientific commissioning of MROI will begin with ¢hfifth Performance Verification Milestone (PVM5)hen first
fringes have been achieved and verified. This c@sioning is based on specific sets of technicatpetencies and is
designed to both highlight the technical capakditdf the array and produce new science with théitfa Current
Federal Funding for MROI does not include operatdiunding, and we are pursuing various scenarosfinding
operations of the observatory including State artlefFal funding, peer-reviewed funding, universiynding,
philanthropic funding and partnership scenariosur @ver-riding philosophy for scientific commissing is to allow
technical competencies to be fully realized so #mgt data taken can be considered reliable antegublished quickly
once acquired.



MROI's scientific commissioning notionally has thrgeriods: 1) technical commissioning, 2) imagimgnonstrations
and 3) open time. The technical commissioningqueextends from PVM5 to approximately PVM10 and cmirates
on demonstrating non-imaging science capabilitiethe array. This period is highly dependent oe timeline for
deployment of the array, but is expected to starseoner than late 2011. Imaging demonstrationsbegin in earnest
once light from 4 or more telescopes is availabl&é¢ combined on an imaging combiner. Much ofdtience done
during this period will be focused on our Key SderMission and will be directed in concert withtdisleveloped
through Science Working Groups (SWGSs). Preparatfon scientific commissioning are underway andude: 1) the
formation of catalogs of targets aligned with oweykScience Mission, 2) the development of a cdiivratar database
along with interface software, and 3) the initiatrhation of SWGs to address key questions andhtteging ancillary
data needed to insure the success of the scieatifranissioning activities. It is expected thatdata from MROI will
be written in OIFITS format so that any of the mauplically available packages may be used on ik data for
visualization and modeling efforts. We intend taimtain an archival database for all data obtaw&d MROI, and
will enforce a proprietary time period so that dath become publically available after a reasomegbériod of time.

5. SCHEDULE TOWARDS FIRST LIGHT

With first funding obtained for the observatoryiféies in FY2000, we are still on an aggressivadline to obtain first
fringes by late 2011. The observatory completedl rmeeived a record of decision from the US FoSstice on our
Environmental Impact Survey in 2003 and completesl ajority of the site infrastructure work by 2008fter the

2010 delivery of telescope 1, we expect to recsilesequent telescopes about every 6 months and ttwukfore begin
our open time phase as early as 2013. Our furaimgement with the Naval Research Lab has our figncibntinuing

through the end of FY2012. Initiation of Phasertl éhe acquisition of hardware associated withfithed 4 telescopes
is highly dependent upon funding and partners,wadnvite all interested parties to contact oungipal Investigator,
Dr. Van Romero, for further information.
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