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Abstract: The landmark black hole images recently taken by the Event Horizon Telescope (EHT) have
allowed the detailed study of the immediate surroundings of supermassive black holes (SMBHs) via
direct imaging. These tantalizing early results motivate an expansion of the array, its instrumental
capabilities, and dedicated long-term observations to resolve and track faint dynamical features in
the black hole jet and accretion flow. The next-generation Event Horizon Telescope (ngEHT) is a
project that plans to double the number of telescopes in the VLBI array and extend observations
to dual-frequency 230 + 345 GHz, improving total and snapshot coverage, as well as observational
agility. The Large Millimeter Telescope (LMT) is the largest sub-mm single dish telescope in the world
at 50 m in diameter, and both its sensitivity and central location within the EHT array make it a key
anchor station for the other telescopes. In this work, we detail current and planned future upgrades
to the LMT that will directly impact its Very Large Baseline Interferometry (VLBI) performance for the
EHT and ngEHT. These include the commissioning of a simultaneous 230 + 345 GHz dual-frequency,
dual-polarization heterodyne receiver, improved real-time surface measurement and setting, and
improvements to thermal stability, which should enable expanded daytime operation. We test and
characterize the performance of an improved LMT joining future ngEHT observations through
simulated observations of Sgr A* and M 87.
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1. Introduction

The EHT Collaboration has presented the first direct images of the event horizon of the
supermassive black holes (SMBHs) at the center of M 87 (M 87*) [1–8] and at the Galactic
Center (Sgr A*) [9–14]. The 230 GHz radio image of M 87* appears as a linearly polarized
asymmetric ring-like feature of 42 ± 3 µas with a brightness temperature of ∼1010 K and
a derived BH mass of 6.5 × 109M⊙ [15]. Image features are broadly consistent with those
predicted by general relativistic magneto-hydrodynamical (GRMHD) simulations including
synchrotron radiation from relativistic electrons interacting with the magnetic field within
a magnetically arrested accretion flow (MAD) [5,6].

Reconstructing a representative image of Sgr A* from EHT data proved more challeng-
ing due to the intrinsic variability of the source on timescales considerably faster than the
baseline rotation over a night. However, characteristic images reflected most likely a com-
pact emission region with an asymmetric thick ring of diameter 51.8 ± 2.3 µas, consistent
with the known mass of 4.1 × 106M⊙ derived from dynamical studies of orbiting stars [16].

The EHT 2017 array viewed M 87 from only five unique geographic locations spanning
the Globe, and the sparseness of the array provided the ability to reconstruct only a simple,
relatively compact structure at a limited dynamic range ∼10:1 for M 87* [4]. In particular,
the faint extended features of the M 87 jet, predicted by simulations and seen at nearby
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wavelengths [17], were inaccessible due to the lack of dense short-baseline coverage. For
Sgr A*, source variability, which is expected on the sub-hour timescale, is also evident in
the EHT time-domain data [10,18], but the 2017 array coverage was too spare to confidently
track these dynamical features in the image itself [11]. A much denser instantaneous
coverage would enable snapshot imaging of Sgr A*, allowing hot spots and other rapid
features to be followed over the course of a single night.

The primary science targets of the EHT are M 87* and Sgr A* as these are the two
black holes on the sky with the largest apparent shadow diameter; however, other active
galactic nuclei (AGN) sources have also been observed such as Cen A [19], 3C 279 [20],
and J1924-2914 [21]. The extreme resolution of the EHT provides a view into the inner
regions of the black hole systems, allowing the highest resolution imaging of SMBH jets.
However these images are also at a low dynamic range, which limits the detail available
for jet modeling and calls for improved u–v coverage. Since the observations of April 2017,
the EHT array has been steadily improved through the addition of new telescopes and a
doubling of the bandwidth (to 64 Gbps in 2018). The Greenland Telescope (GLT) joined
in 2018, while the Kitt Peak 12 m Telescope (KP) and the Northern Extended Millimeter
Array (NOEMA) joined in 2020. The first 345 GHz science observations with the EHT + the
Atacama Large Millimeter/submillimeter Array (ALMA) are scheduled for 2023.

The ngEHT is currently undergoing an NSF-funded design and architecture study
(AST-1935980). It envisions almost doubling the number of stations of the EHT with
dedicated antennas and locating them at strategic points around the world to optimize
Very Large Baseline Interferometry (VLBI) coverage [22,23]. Its three main goals are to:
(1) increase the size of the EHT array to improve the imaging dynamic range by two to
three orders of magnitude; (2) extend observations to new frequencies in particular to
simultaneous 230/345 GHz (0.87 mm) as it increases the resolution to 15 µas and enables
multi-frequency calibration and source modeling; and (3) use the improved snapshot cover-
age (for Sgr A*) and telescope availability and operational agility (for M 87 and AGN targets)
to enable time-domain imaging (movies), allowing the direct study of source dynamics.

2. The Large Millimeter Telescope

The Large Millimeter Telescope (LMT) is located on Sierra Negra in central Mexico
at an altitude of 4600 m. It is a 50 m-diameter single-dish radio telescope designed to
operate between 0.85 mm and 4 mm with a field of view of 4 arcmins and an offset pointing
accuracy better than 1 arcsec RMS [24]. It is the largest science project ever undertaken
jointly by Mexico and the United States and the most expensive scientific facility built in
Mexico. The telescope joined the North American Very Large Baseline Array (VLBA) for
the first LMT VLBI science at 3 mm in 2014 [25], and the first 1 mm VLBI fringes to the LMT
were obtained the following year. In 2017, the LMT joined as one of the telescopes in the
EHT-2017 array used to obtain the first images of the black hole shadow of M 87* [1,2].

The LMT is the largest single-dish aperture in the EHT global VLBI network and
provides essential short and mid-baselines to the rest of the array. In addition to filling
in critical u–v coverage, the large collecting area and central location of the LMT make it
particularly suitable to act as an “anchor” station for the network—where strong detections
between the LMT and other EHT antennas could be used to bring the entire network to a
common phase and clock reference.

The LMT is actively undergoing a series of upgrades to improve both its current
performance and to prepare it as a key dual-frequency anchor station in the future ngEHT.
Table 1 shows the upgrades which include: (1) an increase in the dish surface accuracy
for 230 and 345 GHz efficiency, (2) an increase in the thermal stability to enable day-
time operation and longer u–v tracks, and (3) a new dual-frequency receiver capable of
simultaneous dual-polarization observations at 230 and 345 GHz over an intermediate
frequency (IF) bandwidth of 8 GHz per sideband.

Figure 1 shows that the performance increase due to the thermal stability and the
dual-frequency receiver (denoted as LMT-II) will allow the LMT to act as an anchor station
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2.2. The LMT Thermal Stabilization Program

The ultimate performance of a large telescope like the LMT is often limited by its re-
sponse to thermal gradients that develop within the antenna structure. These gradients lead
to deformations of the primary reflector surface, which in turn cause a loss of antenna gain.
Thermally induced deformations may also change the relative position of the secondary
and primary mirrors, leading to antenna focus and pointing errors. The performance of the
LMT is currently limited by such effects, and as a result, scientific work at the telescope
is limited to ten hours at night when the telescope is relatively thermally stable. More-
over, even during night-time conditions, the antenna still develops internal temperature
gradients as it cools, and the resulting deformations require corrections every few hours
to achieve the best performance. The LMT’s active primary surface system provides the
means to realign the surface continuously in response to any thermal deformation. Thus, it
is only for the lack of the ability to measure the deformations that we are not already able
to maintain the surface shape in the presence of structural temperature gradients. The LMT
has undertaken a major technical program to develop systems and methods that will reduce
the magnitude of temperature gradients within the structure and provide measurements
to estimate the surface deformations so that the active surface can correct them. These
problems are being pursued in four basic ways: (1) mitigation of thermal effects, through
the installation of a ventilation system in the antenna backup structure; (2) measurement
of structural temperatures, combined with finite-element modeling, to predict and correct
surface deformations; (3) active measurement of the surface shape during observations
using the out-of-focus (OOF) holography technique; and (4) real-time measurements of the
surface shape, using laser metrology techniques, to allow the surface shape to be updated
and maintained in real-time by the active surface.

2.2.1. Mitigation of Thermal Effects

Most large high-frequency antennas are equipped with systems that are designed to
maintain the antenna structure at a uniform temperature. The original design of the LMT
called for two measures to be installed to reduce temperature gradients within the structure.
The first mitigating measure was the enclosure of the antenna in thermally insulating
cladding. This was performed at the time of antenna construction. The cladding prevents
solar radiation from striking the antenna backup structure and alidade directly. However,
temperature gradients of a few degrees still build up within the backup structure due to
the uneven distribution of solar energy and differences in the thermal mass of different
parts of the structure. The second mitigation measure proposed with the original LMT
design was the installation of a ventilation system. The ventilation system is a system of
fans arranged to move air through the backup structure in order to minimize temperature
gradients between different structural elements. The system to be installed is similar in
nature to that of the IRAM 30 m antenna, but unlike that system, there is no attempt to set
the structural temperatures to match a single desired value. Rather, the goal is to achieve
the uniformity of the temperatures within the backup structure. The backup structure
ventilation system is about to begin its detailed design work, which will be followed by
the procurement and installation of the ventilation fans and ducts for the backup structure.
The plan calls for the installation to take place during the summer months of 2023.

2.2.2. Measurement of Structural Temperatures

The LMT was originally equipped with a modest set of 64 temperature sensors dis-
tributed over the entire structure. These sensors have been used to provide a better
understanding of thermal effects on the telescope, but the coverage of the structure with
sensors is not adequate to provide the resolution needed for structural thermal modeling.
Therefore, an additional 256 sensors are being procured for installation, primarily for mea-
surements within the antenna backup structure. The goal of the sensor system is to achieve
0.1 degrees C accuracy. This can be realized with four-wire Pt100 Resistance Temperature
Detector (RTD) sensors if care is taken in the calibration of both the sensor and the readout
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The current EHT observes 4 GHz in dual-polarization in each of two sidebands of about
220.1 GHz and is currently commissioning non-simultaneous observations at 345 GHz
observations for qualified sites for 2023. Details of the configuration of the EHT and
nominal performance during the 2017 campaign are provided in [2,3].

The ngEHT concept is to supplement the current EHT by adding several new tele-
scopes in key geographic locations, doubling the bandwidth at each observing frequency,
and supporting simultaneous 230 and 345 GHz observations across the array [22]. For a
hypothetical ngEHT array configuration, we adopted a selection of 10 additional candidate
sites from [23], which were also used in the first ngEHT data analysis challenge [26]. The
candidates sites are listed in Table 2.

Table 2. Candidates sites used in the hypothetical ngEHT array.

Site Location

BAJA Baja California, MX
BAR California, USA
CNI La Palma, ES-CN
CAT Río Negro, AR
GAM Khomas, NA
GARS Antarctica
HAY Massachusetts, USA
NZ Canterbury, NZ

OVRO California, USA
SGO Santiago, CL

Station performance is based on an assumption of new 6 meter dishes installed at sites
with historical records of valid local site weather and without an existing dish.

Simulated VLBI observations were generated using EHT-imaging [27,28] assuming
5 min scans were taken every 10 min. It is assumed that individual telescopes are amplitude-
calibrated, but without known station phases, which is appropriate for high-frequency
VLBI, where absolute phase calibration (e.g., from a nearby phase calibrator) is generally
not possible.

3.2. Coverage and Daytime Operation

To test the contribution of LMT daytime observations to M 87 coverage with the
ngEHT, we simulated a full-track (24-h) observation on the first day of each month of
2021. To illustrate this, Figures 7 and 8 show (left) a full-track observation and (right) the
corresponding u–v plane during April and November of 2021, respectively. The orange
markers show the baselines using the EHT array, while the blue markers show the baselines
added to the EHT to create the ngEHT. It is clear from these figures that the ngEHT
improved both the resolution and u–v coverage compared to the EHT for both months.
Note that the November coverage illustrates how the baselines with the LMT almost
doubled in time when daytime operations are possible after 16 UT. Thus, the ability to
operate outside of a stable night-time window is important if the LMT is to serve as an
anchor station throughout a multi-month monitoring campaign on M 87 during the winter
months in the Northern Hemisphere.
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4. Conclusions

In this white paper, we outlined a program of upgrades to the LMT, which are sched-
uled to come online before or on the timescale of the ngEHT. In addition to the simultaneous
230 + 345 GHz capabilities and quadrupling of the total on-sky bandwidth with respect
to current observations, the series of upgrades include enhanced thermal stabilization
through improved ventilation, measurements, and modeling, as well as a laser metrology
system that can be used for real-time measurement and active correction of the surface. The
improvements will allow the LMT to operate near its theoretical performance over a wide
range of conditions, relaxing various current constraints on observing (such as night-time)
and allowing the 50-meter dish to serve as a critical anchor station for ngEHT observations
throughout much of the year.

Using the expected performance of an improved LMT as part of a hypothetical ngEHT
configuration comprised of 10 additional stations alongside the current EHT 2022 array,
we investigated the imaging performance of an ngEHT array using full-track simulated
observations of M 87, as well as snapshot observations of Sgr A*, meant to reflect the ability
of the array to form movies of both targets on their respective dynamical timescales. We
introduced a metric to evaluate image fidelity based on the distribution of residual noise of
simulated reconstructions, which can be used as one representation of the image dynamic
range. Within a reasonable region of interest, the ngEHT is able to reconstruct structures of
∼10−3 peak brightness in our full-track M 87 simulations and approximately a few 10−2

peak brightness in snapshot reconstructions of Sgr A*.
For future work, we plan to include seasonal weather variation and limited daytime

operation for the full-track observations of M 87* to investigate weather-related effects
relevant to a multi-month observing campaign. Furthermore, we intend to test the effect on
reconstruction fidelity when various other anchor stations (such as ALMA and NOEMA)
are not able to participate, and we plan to characterize the performance of subsets of the
array, which may be available during portions of an observing cycle.
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Abbreviations

The following abbreviations are used in this manuscript:

AGN active galactic nuclei
ALMA Atacama Large Millimeter Array
APEX Atacama Pathfinder Experiment
EHT Event Horizon Telescope
EVPA electric-vector position angle
FOV field-of-view
GLT Greenland Telescope
GRMHD general relativity and magneto-hydrodynamical
ISCO innermost stable circular orbit
JCMT James Clerk Maxwell Telescope
JPL Jet Propulsion Laboratory
KP Kitt Peak 12 m Telescope
LMT Large Millimeter Telescope
MAD magnetically arrested accretion flow
ngEHT next-generation Event Horizon Telescope
OMAyA One Millimeter Array for Astronomy
PdB NOEMA on Plateau de Bure
PV IRAM 30 m Telescope
RIAF radiatively inefficient accretion flow
SMBH super massive black hole
SMA Submillimeter Array
SMT Submillimeter Telescope
SPT South Pole Telescope
STM science traceability matrix
VLBI Very Long Baseline Interferometer
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