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Abstract: In order to enhance the imaging capabilities of the Event Horizon Telescope (EHT) and
capture the first black hole movies, the next-generation EHT (ngEHT) team is building new stations.
Most stations of the EHT and ngEHT project are located in the Western Hemisphere, leaving a
large vacancy in the Eastern Hemisphere. Located in the center of the Eastern Hemisphere, the
Tibetan Plateau is believed to have excellent sites for (sub)millimeter astronomical radio observations.
Building a telescope here could help to fill this vacancy. In this study, we evaluated the meteorological
conditions of a candidate site (Shigatse, hereafter SG) with good astronomical infrastructure for this
telescope. The evaluation results show that the precipitable water vapor (PWV) values of the SG site
are lower than 4 mm during winter and spring, comparable to those of some existing EHT stations,
and the zenith transmittances at 230 GHz and 345 GHz during March and April are excellent. We
simulated VLBI observations of Sgr A* and M87 based on the conditions of the SG site and those of
other existing/planned (sub)millimeter telescopes with mutual visibility at 230 GHz. The results
demonstrated that images of Sgr A* and M87 could be well reconstructed, indicating that the SG site
is a good candidate for future EHT /ngEHT observations.

Keywords: EHT; ngEHT; black holes; precipitable water vapor

1. Introduction

By combining multiple radio telescopes over a long distance, very-long-baseline inter-
ferometry (VLBI) technology can achieve an extremely high angular resolution. As a global
VLBI array, the Event Horizon Telescope (EHT) has been used to image the shadow regions
of the supermassive black holes Messier 87 (M87) and Sagittarius A* (Sgr A*) [1,2]. However,
the baseline coverage of the current EHT is very sparse. To obtain better black hole images
and high-quality movies, the next-generation EHT (ngEHT) (https://www.ngeht.org/)
(accessed on 8 December 2022) [3] team is actively working to add ~10 new stations, which,
together with the existing EHT stations, will greatly increase their static and dynamic
imaging capabilities. In addition, several existing/planned (sub)millimeter telescopes in
other regions will also be able to contribute to future EHT/ngEHT observations. These
include the planned Africa Millimetre Telescope (AMT) in Namibia [4], the 10 m Solar
Planetary Atmosphere Research Telescope (SPART) in Japan, and the KVN Yonsei telescope
in South Korea [5]. SPART and the KVN Yonsei are located in the easternmost part of Asia,
and have no common visibility with the AMT.

The Tibetan Plateau is the hinterland of Asia, and is believed to have many excellent
sites for (sub)millimeter radio astronomical observations [6]. A telescope in this region
could serve to connect the stations in east Asia (e.g., SPART and KVN Yonsei) with the
AMT, and the EHT/ngEHT coverage in the eastern hemisphere will be well supplemented.
For this reason, Shanghai Astronomical Observatory is currently leading preparations for
the construction of the 15 m Sub-Millimeter Astronomical Research Telescope (SMART) in
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this region. Considering the geographical location and infrastructure conditions, Shigatse
(hereafter SG; 29.2° N, 88.63° E, altitude of 4080 m) which is located in the south central
area of the Tibetan Plateau, has been proposed as a candidate site for the telescope.

An analysis conducted using the dataset from the Modern-Era Retrospective Analysis
for Research and Applications project, version 2 (MERRA-2) [7], showed that the meteo-
rological conditions of the SG site are comparable to those of some existing EHT stations.
We simulated VLBI observations of Sgr A* and M87 at 230 GHz based on the SG, SPART,
KVN Yonsei, AMT, and the existing EHT sites with mutual visibility. Then, we performed
imaging with the synthetic data. The results demonstrated that VLBI observations centered
on the SG site could be used to reconstruct the images of Sgr A* and M87 well.

2. Evaluation of Meteorological Conditions

Water vapor in the atmosphere is the main factor related to absorbing (sub)millimeter
waves. Therefore, we evaluated two related meteorological metrics, precipitable water
vapor (PWV) and zenith transmittance spectra. In addition to the SG site, two representative
EHT stations (GLT and SMT) were also evaluated for comparison.

The MERRA-2 data product used is M2I3NPASM, which is an instantaneous 3-
dimensional 3-hourly data collection system, with a spatial resolution of 0.5° in latitude and
0.625° in longitude and 42 vertical pressure layers. The time span is from 1 January 2018
to 31 December 2021. am software [8,9] was used to calculate the average meteorological
values. Before this calculation, the gridded data were interpolated to the precise location
of each site [10]. The 42 pressure layers were truncated according to the actual altitude of
each site, and then the values from the first layer to the truncated layer were integrated
to calculate the statistical values. The truncated pressures at the SG, GLT, and SMT sites
are 580 mbar, 940 mbar, and 700 mbar, respectively (All data and scripts are available at
https://github.com /nomadyuwei/Site_Evaluation.git, accessed on 8 December 2022.).

The monthly averaged PWV values of the three sites are shown in Figure 1. GLT
exhibits the lowest values in most months. SG and SMT are roughly equivalent, but during
the winter months, the values of SG are better than those of SMT. For the months of January,
February, March, April, November, and December, the PWV values of all the three sites are
lower than 4 mm. This is very important, because EHT observations are often performed
in March or April, when all of the existing EHT sites have median PWV values that are less
than 5 mm [10]. We also compared the PWV values of GLT and SMT shown in Figure 1 with
those reported in other studies from the literature (e.g., Raymond et al. [10] and references
therein), and the results were found to be consistent.
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Figure 1. Monthly average PWV values of the three sites from 1 January 2018 to 31 December 2021.
Values were derived from the analysis of MERRA-2 model data.
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Figure 2 shows the four-year averaged zenith transmittance spectra of the three sites
in March and April. For the SG site, the median values at 230 GHz and 345 GHz are about
0.9 and 0.7 in March, and about 0.85 and 0.55 in April. These values are comparable to

those of GLT and SMT.
SG (88.6 E, 29.2 N) + Mar Transmittance Quartiles SG (88.6 E, 29.2 N) + Apr Transmittance Quartiles
1 T T T T T 1 T T T T T
PWV [mm)] PWV [mm]
[ 1.47 (25%) 2.25(25%)
08 dz.zs (median) e 0.8 Hs.so (median) B
3.11 (75%) 4.93 (15%)
8 8
£ £
o6 - £os <
£ £
2 2
£ &
S04 E £ 04 E
5 5
N N
0.2 1 0.2 1
o . fw 0 ) ./\ An
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Frequency [GHz] Frequency [GHz]
GLT (68.7 W, 76.5 N) + Mar Transmittance Quartiles GLT (68.7 W, 76.5 N) + Apr Transmittance Quartiles
1 T T T T T 1 T T T T T
PWV [mm] PWV [mm]
0.76 (25%) 1.52 (25%)
0.8 1.15 (median) b 0.8 HZ.Sé (median) E
1.72 (75%) 3.88 (75%)
2 Q
3 8
£ £
o6 - £os <
g £
z z
E E
S04 E £ 04 4
S g
N N
0.2 b 0.2 1
. . AL
200 400 450 500 200 250 300 350 400 450 500
Frequency [GHz] Frequency [GHz]
SMT (109.9 W, 32.7 N) + Mar Transmittance Quartiles SMT (109.9 W, 32.7 N) + Apr Transmittance Quartiles
1 T T T T T 1 T T T T T
PWV [mm] PWV [mm]
1.12 (25%) 1.82 (25%)
0.8 2.44 (median) 1 0.8 HS.ZI (median) 1
4.81(75%) 5.33 (75%)
8 8
£ £
£o6 - £os 4
g £
Z Z
Zo04 g £ 04 E
5 5
N N
0.2 b 0.2 1
. . . VAR
200 250 300 350 400 450 500 200 250 300 350 400 450 500
Frequency [GHz] Frequency [GHz]

Figure 2. Four-year (2018-2021) averaged zenith transmittance spectra of the three sites in March
(left) and April (right). Rows from top to bottom correspond to SG, GLT, and SMT. Values were
derived from the analysis of MERRA-2 model data.

The wind speeds throughout the year of 2019 were also evaluated (Figure 3). The
values of these three sites are within 20 m/s most of the time, and the SG site exhibits the

smallest peak values.
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Figure 3. Wind speeds throughout the year of 2019. Values were derived from the analysis of
MERRA-2 model data.

3. Synthetic Data Generation and Imaging Method

We considered an array consisting of the 11 existing EHT stations, the SG station
proposed in this paper, and a further three new stations under development (SPART, KVN
Yonsei, and AMT). This gives a total of 15 stations located at 13 sites. We simulated VLBI
observations during the time interval that the SG site could cover. In practice, only the four
new stations and a portion of the existing EHT stations with mutual visibility in relation to
the new stations were used. A detailed description of the EHT stations can be found in [11]
and the references therein.

The locations and system equivalent flux density (SEFD) values of the four new
stations are shown in Table 1. SEFD is the most important metric of the sensitivity of a
radio telescope, and it is calculated as follows:

8kB Tsys

EFD = .
5 77t7TD2

)

where kj is the Boltzmann constant (1.38 x 103 Jy/K), Tsys is the effective system noise
temperature [12] and D and #; are the diameter and efficiency of the telescope. We estimate
the SEFD values of SG and AMT (which are in the pre-construction stage) in Table 1 as
follows. We assume that the values of Tsys and 7; for SG/AMT are 200 K and 0.6, which are
the average values of the existing EHT stations. The diameter of the SG telescope is assumed
to be 15 m, so the corresponding SEFD is about 5200. According to the literature [4], the
diameter of the planned AMT is from 12 m to 16 m; we used the median value of 14 m, so
the corresponding SEFD is about 6000.

Table 1. Locations and SEFD values of the four new stations. SEFD values were calculated for
230 GHz.

Telescope Location SEFD (Jy) X (m) Y (m) Z (m)
SPART Japan 10,000 —3,871,061.02 3,428,327.24 3,723,784.27
Yonsei Korea 4428 —3,042,280.91 4,045,902.72 3,867,374.35

SG China 5200 92,309.877  5,566,822.809  3,109,831.733

AMT Namibia 6000 5,627,857.426  1,638,239.676 —2,512,266.994
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The black holes Sgr A* and M87 are the main simulated observation targets. The model
image of Sgr A* is a semi-analytic radiatively inefficient accretion flow (RIAF) model [13].
For M87, we used a snapshot of a GRMHD simulation [14]. The frequency is set to 230 GHz
with a total bandwidth of 8 GHz. The integration time is 10 s with scans taken every 10 min.
We adopted eht-imaging software for the creation of synthetic data and imaging.

Ideally, the VLBI imaging process uses inverse Fourier transformation to reconstruct
the celestial image I(x,y) based on visibility data V(u,v). However, due to the sparse
coverage of V(u,v), the imaging process is an ill-posed problem. eht-imaging solves
this problem by adding regularization terms based on prior information. The imaging
process defines a regularized maximum likelihood (RML) algorithm through the use of a
dataset, an initial image, and an objective function with given data and regularization term
weights [15], reconstructing celestial image I(x,y) as

I= arglmin(ZaD)ﬁJ(I) - ZﬁRSR(I)). (2)

The above equation includes two types of terms, data terms (x(I)) and regularization
terms (Sg(I)). In this study, we used visibility amplitudes, closure phases, and log closure
amplitudes as data terms. Closure phases are triple products of complex visibilities around
closed triangles [16-18], which can cancel out station-based phase errors. Closure ampli-
tudes were calculated from four telescopes forming a quadrangle. Closure amplitudes
cancel out station-based gain errors.

The regularization terms used in this study are entropy, total variation, centroid
position constraint, and total flux density. For a detailed description of these, we refer
the reader to [19-22] and references therein. ap and Br are hyperparameters that were
adjusted during the imaging process.

The pipeline of the imaging process is shown in Figure 4. We solved iteratively over
four rounds to determine the optimal image and self-calibration. This pipeline is very
similar to the one used to generate the fiducial images of M87 [1,23]. At the beginning, we
used a Gaussian function to model the source structure. The full width at half maximum
(FWHM) of the Gaussian function was set to 50 pas and 40 pas for Sgr A* and M87,
respectively. The size of the image was set to 32 x 32 pixels. The iteration number of each
round was set to 200. In different rounds, the weights of the data terms are different, but the
weights of the regularization terms remain the same. We used the same set of weights for
all simulated observations. The finely-tuned weights of each round are shown in Tables 2
and 3 (All data and Python pipelines are available at https:/ /github.com/nomadyuwei/
EHT_Asia_Simulation_Imaging.git, accessed on 8 December 2022.).

Data Terms
(Visibility Amplitudes,
Closure Phases,
Closure Amplitudes)

! ' | !

A Prior First self- Second Self- Third self- Fourth | Image
Model +=—3 Round of =3 5 . Roundof = -~ . = Roundof — . . P Round of ——»
N 5 calibration " calibration 5 calibration 8
(Gaussian) Imaging Imaging Imaging Imaging

1 1 1

Regularization Terms
(Entropy, Total Variation,
Total Squared Variation
Total Flux,
Centroid Position)

Figure 4. Pipeline of the imaging process.


https://github.com/nomadyuwei/EHT_Asia_Simulation_Imaging.git
https://github.com/nomadyuwei/EHT_Asia_Simulation_Imaging.git

Galaxies 2023, 11,7

6 of 12

Table 2. Weights of data terms.

Data/Regularizer Terms RowdD) (Rowd?) (Roundssandd)
Visibility Amplitude («amp) 1 1 5
Closure phase (xcp) 10 1 2
Log Closure Amplitude (a7,c4) 10 1 2
Table 3. Weights of regularization terms.
Entropy (Bentropy) 10 10 10
Total Variation (Bry) 1 1 1
Total squared variation (Brsy) 1 1 1
Centroid Position (Bcen) 20 20 20
Total Flux Density (B 1) 100 100 100

Normalized root-mean-square error (NRMSE) was used as a metric to evaluate the
quality of the reconstructed images. The calculation of NRMSE is as follows:

2
S = L

NRMSE = i
Y il

®)

where I’; and I; are pixels of the reconstructed and original images and 1 is the size of
the images.

4. Simulation Results and Discussion

The simulation results are presented in this section, first in terms of (1, v) coverage as
a function of source elevation, and second through a comparison of images simulated with
and without the inclusion of the SG site.

4.1. Elevation and Visibility Coverage

Figure 5 shows the elevation of 13 stations above 10 degrees as a function of Greenwich
mean sidereal time (GMST) when observing Sgr A* and M87. As we can see, for Sgr A%,
the observable time of the SG site is in the interval of [8:00, 16:00]. With the exception
of the South Pole Telescope (SPT), none of the existing EHT stations could fully cover
this 8-h interval. The other two eastern telescopes (SPART and Yonsei) have observation
times of about 4 h during this interval. Therefore, we conducted simulated observations
of Sgr A* with this 8-h interval, and stations outside this interval did not participate in
the observations.

The (u, v) coverage of the simulated observation of Sgr A* is shown in Figure 6 (top-
right) with the baselines contributed by the SG site highlighted in orange. For comparison,
Figure 6 (top-left) also shows the (1, v) coverage without the SG site. It can be seen that
the SG site could contribute both long and middle baselines, which are very important for
calibration and imaging.
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Figure 5. (Left) Elevation of telescopes vs GMST when observing Sgr A*. GLT is absent because it
cannot observe Sgr A*. (Right) Elevation of telescopes vs GMST when observing M87. SPT is absent
because it cannot observe M87. Since JCMT and APEX had the same sites as SMA and ALMA, we
omitted them from the figure. The simulated observations were only conducted in the time intervals
between the black vertical dashed lines. Stations outside these intervals did not participate in the
observations.

Figure 7 (top-left and top-right) compares the dirty beams of the simulated obser-
vations of Sgr A* without and with the SG site. It can be seen that with the SG site, the
side lobes are reduced. However, the dirty beams are only used to illustrate the impact of
the SG site. eht-imaging does not use the dirty map or dirty beam for imaging, and the
reconstructed images also do not need to be convolved with these beams.
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Figure 6. (1, v) coverage of Sgr A* (top) and M87 (bottom) without and with the SG site (SG site in
orange). An elevation limit of 10 degrees is applied for each station.
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Figure 7. (Top-left) Dirty beam of Sgr A* without the SG site. (Top-right) Dirty beam of Sgr A* with
the SG site. (Bottom-left) Dirty beam of M87 without the SG site. (Bottom-right) Dirty beam of M87
with the SG site.

Since M87 is in the northern celestial hemisphere, the elevation curves (Figure 5, right)
of eastern telescopes (SG, SPART and Yonsei) are much better than those for Sgr A*. It can be
seen that the observable time of the SG site is approximately in the interval of [0:00, 12:00].
Most of the observable time of Yonsei and SPART is also within this interval. Therefore,
we conducted simulated observations for this 12-h interval. Similarly to the case of Sgr A%,
stations outside this interval did not participate in the observations. Figure 6 (bottom-left
and bottom-right) shows the (u, v) coverages of the observations of M87 without and with
the SG site. It can be seen that, similarly to that of Sgr A*, the SG site could also contribute
both long and middle baselines. Figure 7 (bottom-left and bottom-right) shows the dirty
beams for M87. It can be seen that that the beam is also somewhat improved with the
SG site.

4.2. Imaging

The data terms used for imaging are visibility amplitudes and closure quantities.
These are shown in Figure 8 for the eight-hour simulated observations of Sgr A*. It can
be seen in the left sub-figure that without the SG site, there are two large gaps in the u-v
distance, which reflects the importance of the SG site in baseline coverage. In the right
sub-figure, we can see that all of the representative triangles with the SG site have nonzero
closure phases. This indicates that the source structure on the 50 pas scale could be resolved
with these triangles. Even a constant non-zero closure phase over time indicates a spatially
resolved asymmetric structure.

Figure 9 shows the model image and reconstructed images of Sgr A*. Without the SG
site, the visual quality of the reconstructed image is not ideal. For example, the shadow area
is not obvious, and the NRMSE is large. With the SG site, the reconstructed image shows a
clear crescent shape. The shadow and the bright area are clearly visible. The NRMSE value
decreases from 0.537 to 0.225.
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Figure 8. (Left) Visibility amplitudes as a function of u—v distance for Sgr A* without the SG site.
(Middle) Visibility amplitudes as a function of u—v distance for Sgr A* with the SG site (SG site in
orange). (Right) Closure phases as a function of GMST for Sgr A*.

Sgr A* 230.00 GHz I

Sgr A* 230.00 GHz I Sgr A* 230.00 GHz I

0.0025 0.025

0.0020 0.020

0.0015 0015

Jy / pixel
i

Jy/p

0.0010 0.010

0.0005 0.005

60 pas 60 pas

Figure 9. (Left) Model image of Sgr A*. (Middle) Reconstructed image of Sgr A* without the SG site
(NRMSE = 0.537). (Right) Reconstructed image of Sgr A* with the SG site (NRMSE = 0.225).

For M87, the visibility amplitudes and closure phases of the twelve-hour simulated
observations are shown in Figure 10. Comparing the left and middle sub-figures, we
can see that without the SG site, the baseline coverage is still good. Even so, the SG site
provides more baselines, which are beneficial in terms of improving the quality of the
reconstructed images.

A null could be observed at the position of about 3.4 GA of the visibility amplitudes,
which is associated with the ring-like structure in the image domain [23]. The Fourier
transform of a ring structure shows the first minimum in the visibility amplitude at a
baseline length b; for which the zero-order Bessel function is zero [24]. This allows us to
estimate the source size as follows:

)uas. 4)

The null in the position of 3.4 GA (b1) corresponds to a source size of 42 pas (dy), which
matches the model image. With the non-zero closure phases shown in Figure 10 (right), we
could resolve the source structure on a 40 pas scale.

Figure 11 shows the model image and reconstructed images of M87. As we can see, the
twelve-hour simulated observation without the SG site is still able to reconstruct the shadow
and bright areas of the model image. With the SG site, the quality of the reconstructed
image can be further improved, although the improvement is not as great as for Sgr A*.
This is indicated by the smaller NRMSE value, which is 0.224 without SG, and 0.175 with
the extra site.

T
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Figure 10. (Left) Visibility amplitude as a function of u-v distance for M87 without the SG site.
(Middle) Visibility amplitude as a function of UV-distance for M87 with the SG site (SG site in
orange). (Right) Closure phases as a function of GMST for M87.
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Figure 11. (Left) Model image of M87 (blurred with 11 pas circle Gauss beam). (Middle) Recon-
structed image of M87 without the SG site (NRMSE = 0.224). (Right) Reconstructed image of M87
with the SG site (NRMSE = 0.175).

5. Conclusions

In this study we used four-year MERRA-2 data to evaluate the meteorological condi-
tions of a candidate EHT site at Shigatse, or SG, located in the Tibetan Plateau. The PWV
values were found to be very low during winter and spring, and the transmittance values,
at 230 GHz and 345 GHz, are excellent in March and April. Thus, SG is a suitable site for
(sub)millimeter observations.

We combined the SG site with other (sub)millimeter stations to carry out simulated
observations. The other sites include three proposed new VLBI sites and a portion of the
current EHT sites having mutual visibility of Sgr A* and M87 with SG. Our simulated
results include both (1, v) coverage analysis and imaging comparisons with and without
SG. For both sources, SG can provide important baseline coverage. The imaging results
showed that with the SG site, the “Eastern ngEHT Array” plus a portion of the existing
EHT stations could reconstruct good images for both Sgr A* and M87. In the imaging
results, the improvement in the Sgr A* simulation is clearer than for M87; however, there is
a measurable improvement for both sources.

In future works, we plan to evaluate the improvement in images obtained from the
Eastern ngEHT Array for sources other than SgrA* and M87. With this limited analysis we
have shown that the SG site can make a promising contribution to the ngEHT for global
observations with continuous time coverage. The SG site will make progressively more
significant improvements to imaging as more sites are added to the Eastern ngEHT Array.
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