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Abstract: We propose the tracing of the motion of a shearing hot spot near the Sgr A* source through
a dynamical image reconstruction algorithm, StarWarps. Such a hot spot may form as the exhaust
of magnetic reconnection in a current sheet near the black hole horizon. A hot spot that is ejected
from the current sheet into an orbit in the accretion disk may shear and diffuse due to instabilities
at its boundary during its orbit, resulting in a distinct signature. We subdivide the motion into two
different phases: the first phase refers to the appearance of the hot spot modeled as a bright blob,
followed by a subsequent shearing phase. We employ different observational array configurations,
including EHT (2017, 2022) and the next-generation Event Horizon Telescope (ngEHTp1, ngEHT)
arrays, with several new sites added, and make dynamical image reconstructions for each of them.
Subsequently, we infer the hot spot angular image location in the first phase, followed by the axes
ratio and the ellipse area in the second phase. We focus on the direct observability of the orbiting
hot spot in the sub-mm wavelength. Our analysis demonstrates that for this particular simulation,
the newly added dishes are better able to trace the first phase as well as part of the second phase
before the flux is reduced substantially, compared to the EHT arrays. The algorithm used in this work
can be easily extended to other types of dynamics, as well as different shearing timescales. More
simulations are required to prove whether the current set of newly proposed sites are sufficient to
resolve any motions near variable sources, such as Sgr A*.
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1. Modellng Flares in Sgr A* with Hot Spots

The recent resolved images of Sagittarius A* (Sgr A*) taken by the Event Horizon
Telescope (EHT) [1-10] revealed rapid structural variability in the resolved supermassive
black hole (SMBH) source at the galactic center [11,12]. These findings complement the
reported variability in this compact source across the electromagnetic spectrum [13], in the
mm/sub-mm scale [8,14-21], in near-infrared (NIR) [22-24], and in X-rays [25-30]. Later
work found evidence for an NIR and sub-mm correlation and a possible adiabatic expansion
of the emitting region during a flare [13,31-35]. During flare events, the flux density observed
in NIR and X-rays increases by 1-2 orders of magnitude, which roughly aligns with theoretical
expectations, e.g., [36]. The flares seem to originate from a compact region near the innermost
stable circular orbit (ISCO) [37,38]. In particular, ref. [38] recently reported an orbiting hot
spot detection in the unresolved light curve data at the EHT observing frequency following
an X-ray flare.

On the theoretical front, there have been various explorations trying to model these
flares (hot spots) in a general relativistic magnetohydrodynamical (GRMHD) framework
or through semi-analytic models. In the former case, magnetic reconnection and the
flux eruption [36,39] are good candidates to produce such flares in a form of a hot spot
region orbiting around the SMBH, arising from the local energy injection accelerating the
electrons within the accretion disk. In the latter case [40-44], the hot spot may be embedded
within a geometrically thick, hot, and optically thin, radiatively inefficient accretion flow
(RIAF; [45-48]), expected to be characteristic of low-luminosity SMBHSs such as Sgr A*.

2. Dynamical Formation of a Hot Spot in the Simulations

The formation of hot spots has been reported in general relativistic magnetohydrody-
namics (GRMHD) simulations. In these simulations, as the gas near the black hole becomes
more magnetized, reaching the magnetically arrested disk (MAD; [49]) state, horizontal
fields squeeze the accretion flow, thereby forming a thin equatorial current sheet [50]. This
current sheet is potentially unstable to tearing instabilities and the formation of plasmoids
via reconnection. Plasmoids are blobs of plasma confined by a helical field, consisting of
particles energized by the reconnection of the surrounding magnetized plasma.

In a scenario proposed by [50], an equatorial reconnection layer transforms the hori-
zontal field at the jet base into a vertical field that is injected into the accretion disk. The flux
tube of the vertical field is filled with non-thermal leptons originating from the jet’s mag-
netized plasma and accelerated by the reconnection event. The resulting low-density hot
spot, is contained by the vertical magnetic field and subsequently orbits around the black
hole and is conjectured to power the NIR emission trailing a large X-ray flare. Figure 1
presents the dynamical formation of the hot spot filled with low-density plasma contained
by vertical field from a HAMR simulation (using a GPU-accelerated and advanced custom-
built adaptive mesh refinement (AMR) code) [50,51]. In Figure 1, p and T refer to the mass
density and the temperature, respectively.

Large plasmoids, formed due to mergers of smaller plasmoids in reconnection layers,
have also been conjectured as a model for orbiting hot spots. The growth and propagation
of plasmoids is still an ongoing area of research, especially in full 3D GRMHD. Because of
the potential of these plasmoids to carry non-thermal electrons (as magnetic reconnection
can drive particle acceleration), several works have tried to model plasmoid evolution as
spherical or shearing hot spots around black holes [42,43,52-57].

The main difference between the vertical flux tube scenario and an individual large
plasmoid as a hot spot model is twofold: a plasmoid consists of a dominantly helical field
and is shown to mainly orbit along the jet sheath [58,59], whereas a large flux tube formed
as reconnection exhaust consists of a vertical field and orbits in the accretion disk. Recent
observations of orbiting hot spots suggest a dominant vertical field component [37,38]
associated with the motion, which implies that a vertical field flux tube may be more
realistic as the source of emission instead of a large individual plasmoid. On the other hand,
in a different scenario, an apparent hot spot observed at mm wavelengths could correspond
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simply to a local density maximum, possibly originating in the turbulent accretion flow or
related to an infalling clump of matter [60].
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Figure 1. The formation of plasmoids, in HAMR simulation [50], due to a tearing instability in a
very thin equatorial current sheet formed as a consequence of squeezing the accretion under the
conversion of horizontal field lines to vertical ones. In this scenario, the field conversion is owing to
the reconnection and results in an exhausted low-density hot spot confined by the vertical field.

3. Semi-Analytic Simulation of a Shearing Hot Spot

There have been a variety of different hot spot models. The original studies [40—42]
only focused on the coherent motion of a spherical Gaussian hot spot. Others [34] extended
this model by adding the adiabatic expansion and [61] considered a 2D shearing hot
spot, ignoring the radiative transfer effects. More recently, ref. [43] extended this model
further and included both the shearing and the expansion of a 3D hot spot, additionally
incorporating polarized radiative transfer effects such as absorption and Faraday rotation,
while ref. [44] focused on employing a full polarized radiative transfer to the coherent
Gaussian hot spot model. To describe shearing and expansion, ref. [43] assumes that the hot
spot electron number density follows the continuity equation and travels along a prescribed
velocity field u#. To make the solution to the continuity equation tractable, the velocity field
is restricted to have no vertical motion, be stationary, and be axisymmetric with respect
to the spin axis. Given these restrictions, the continuity equation describing the electron
number density 7, can be solved semi-analytically using the equation [43]:

wy') 8
w(xt) o g(xt)

)

Tle(T, x}l) = neO(yH)

where 1, (y") refers to the initial proper density of a hot spot, y* describes its initial location,
x* refers to its subsequent position, and g(x#) denotes the metric tensor determinant
evaluated at the location x¥. Note that y* = ¢_(x"), where ¢ is the velocity field flow
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found by integrating x* = u/ for T units of proper time. For this work, we used the hot
spot simulation from [62], representing an orbiting feature around a black hole with a spin
of 0.1 and an inclination of 160°. The hot spot was initialized in the equatorial plane at a
radius of 7M with a Gaussian profile with a full-width-half-max (FWHM) of 1.18 M. We
used the semi-analytical RIAF model from [63], with a Keplerian velocity field to represent
the quiescent background accretion flow. We note that the hot spot parameters used are
consistent with the constraints provided by [37,38].

Figure 2 presents the appearance of the shearing hot spot at a few different times in
the image space (top row) and in the visibility space using EHT2017, EHT2022, phase I of
ngEHT (ngEHTp1), and the full ngEHT array (ngEHT), respectively.

7.42 hr 7.62 hr 7.85 hr 8.08 hr 8.32 hr 8.55 hr
L ’

. __
50 pas

EHT2017

Figure 2. Simulation used for tracing hot spot motion. The top row shows 6 frames from the simula-
tion equally spaced from 7.42 UT to 8.55 UT. The following 4 rows show the visibility amplitudes of
the movie frames for different array configurations (array baselines are shown with white dots).

In this paper, we will analyze how well different EHT /ngEHT arrays are able to
dynamically reconstruct hot spot motion from Figure 2 using the StarWarps algorithm [64]
(see below for more details). To accomplish this analysis, we perform synthetic observations
using four different observational array configurations. These configurations include both
of the current EHT coverage (EHT2017, EHT2022), as well as the next-generation Event
Horizon Telescope (ngEHT) arrays (ngEHTp1, ngEHT), see Table 1.
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Table 1. Array configurations used for EHT and ngEHT coverage and simulated data sets. The
Greenland Telescope (GLT) is part of the EHT array (from 2018 onwards), but has not been used
in our simulations since it is too far north to observe Sgr A*. ngEHT configurations assume the
participation of existing EHT (2022) sites, as well as the addition of existing/repurposed dishes at
HAY (37 m), OVRO (10 m), and GAM (15 m), or hypothetical 6m dishes at new site locations. On-sky
bandwidth is assumed to be 4 GHz for EHT(2017), 8 GHz for EHT(2022), and 16 GHz at both 230
and 345 GHz for ngEHT. The ngEHT Phase 1 and 2 station acronyms relate to nearby observatories
or geographical locations: Owens Valley Radio Observatory in California, USA (OVRO); Haystack
Observatory in Westford, MA, USA; La Palma, part of the Canary Islands, Spain (CNI); National
Astronomical Observatory in Baja California, Mexico (BAJA); Las Campanas Observatory in Chile
(LAS); the German Antarctic Receiving Station O'Higgins in Antarctica (GARS); the Gamsberg in
Namibia (GAM); Cerro Catedral in R’io Negro in Argentina (CAT); the La Paz region in Bolivia (BOL);
and the Espirito Santo region in Brazil (BRZ). See [65] for more site details and locations on a map.

Array Sites Used for Simulated Data
EHT(2017) ALMA APEX SMA JCMT SMT LMT PV SPT
EHT(2022) EHT(2017)+ KP NOEMA
ngEHTpl  EHT(2022)+ OVRO HAY CNI BAJA  LAS

ngEHT ngEHTp1+ GARS GAM CAT BOL BRZ

4. Creating Synthetic Data for EHT/ngEHT

To make the synthetic data for the dynamical image reconstruction, we used the
eht-imaging package [66—68].

We consider four different array configurations, including the EHT(2017), EHT(2022),
ngEHTp1, and ngEHT. Representative April weather is used to simulate station perfor-
mance, along with random (uncalibrated) absolute atmospheric phase and ~10% amplitude
gain systematic error. Table 1 contains a list of stations used for each array configuration.

Before generating the synthetic data, we scatter the movie frames using the interstellar
scattering model for Sgr A* from [69], as implemented in eht-imaging. Figure 3 presents
the uv-coverage of the above arrays. The top row presents the EHT2017 (left panel) and
EHT2022 (right panel) uv-coverage, while the bottom row shows the uv-coverage for
ngEHTp1 (left panel) and ngEHT (right panel), respectively.

10.0 EHT2017 10.0 EHT2022
7.5 7.5 ===
5.0 5.0 p R
< 25 < 25 .
O 0.0 O 0.0 ( %2 )
> -2.51 > —2.59 N
—5.01 —5.01 \ 7
—7.51 —7.51 —_——
—10.07 75 5 10 —10.07 5 g 5 10
u (GA) u (GA)

Figure 3. Cont.
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Figure 3. The uv-coverage for different observational arrays. The top row presents the uv-coverage
for EHT(2017) (left panel) and EHT(2022) (right panel), while the bottom row shows the coverage
for ngEHTp1 (left) and the full ngEHT (right) arrays, respectively. It is seen that adding the new
sites/dishes significantly improves the uv-coverage in the observational array. As shown below,
the improved coverage is significantly useful in tracing the orbital motion of the hot spot.

5. Dynamical Reconstruction Using the StarWarps Code

Since the gravitational time scale for Sgr A* is t, = GM/c® =~ 20 sec, the image
structure varies greatly throughout an observation. Consequently, the static image assump-
tion [4] breaks down, making the standard imaging approaches inadequate. Constructing
a time variable image is further complicated by the fact that as the image changes, so does
the telescope, due to the rotation of the Earth. Therefore, any dynamical imaging algorithm
needs to disentangle the coverage evolution from the dynamical evolution of the source.
To solve this problem, we use StarWarps [64]. StarWarps is a novel dynamical imaging
algorithm that models the Very Long Baseline Interferometry (VLBI) observations using a
Gaussian Markov Model to model the image variability. By using a specific model for the
variability StarWarps is able to simultaneously reconstruct both the image and its motion,
allowing the algorithm to disentangle the variations due to the telescope from the image
itself. In more detail, StarWarps reconstructs an N-dimensional (hereafter referred to as
N-D) image vector X = {x1,xp,...,xx}, where N denotes the total number of unique
timestamps of the observation and x; is a flattened vector of the image pixel intensities.
The data vector Y = {y1,y2,...,yn} is given by the sparse interferometric measurements
for the telescope. Note that each snapshot of data y; may itself be a vector since each
timestamp typically has many different telescopes observing the source. The StarWarps
dynamical imaging model is given in terms of the following potentials, ¢:

Pylxr = Ny, (fr(xe), Re), )
(th = le (I’lt/ At)/ (3)
Prilxey = Nxt(Axt—ll Q)/ 4

where NV (x, %) denotes a multivariate Gaussian with mean u and covariance X. The po-
tential ¢, |,, is given by the likelihood of the problem, where f; denotes the function that
transforms from the image pixel intensities x; to the observed data products y;. The co-
variance Ry is given by the thermal noise from the telescope, plus an additional systematic
factor, which we discuss below.

The potential ¢y, denotes the image prior, where we set A; = diag[u|T A’diag[p:] to
ensure that the image intensities are positive. The mean image y; is typically chosen to be a
simple image (e.g., a ring) whose structure depends on the problem. We specify the y and
A we use below.

Finally, ¢y, |y, , specifies the dynamical aspects of the model. To describe the dynamic,
StarWarps breaks it down into two separate components: a fixed global variability plus
a correlated stochastic piece. The fixed global variability is given by the matrix A and
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specifies a constant linear evolution of the problem. If A is the identity matrix, then
there is no global evolution; instead, all dynamics are given by the second stochastic part.
To describe the stochastic evolution, StarWarps assumes that the x; = x;_1 + ¢, where ¢ is
drawn from a multivariate Gaussian with zero mean and covariance Q. This model thus
describes a linear evolution of the image I with correlated fluctuations that can additionally
modify the image. Note that StarWarps reduces to static imaging when A is the identity
matrix and Q = 0. For simplicity, we set A = 1, the identity matrix, and leave exploring
the impact of non-trivial A to future work.

By multiplying these three potentials together, we can form the Joint distribution of
StarWarps as:

N N N
p(X,Y;A = ]l) “Hq)yt\xtl_[q)xtl_[q)xt\xt,l' (5)
t=1 t=1 t=2

StarWarps solves for N-D image array X = {x;}; by using the N-D observed data
points Y = {y;};. Recall that f;, Ry are known from the data, while y;, A¢, and Q are
hyperparameters of the model.

For our reconstructions, we used the bispectrum (bs), log closure amplitude (logcam),
and closure phase (cphase) as the data products. In addition to the thermal noise of the
telescope for a baseline i, 0;, we include an additional error budget equal to 2% of the
visibility amplitudes added in quadrature:

0? — 07 + (0.02)%|V;|? (6)

where V; is the measured visibility for baseline i. This additional error is added to capture
the expected magnitude of the unknown systematic errors (e.g., related to averaging over a
wide frequency band or resulting from imperfect polarimetric leakage calibration), see [2].
In addition, we include a set of weights w(!) for each data product that effectively modifies

the covariance REZ) — (w(i))_lREI) for each data product i. Table 2 gives the weights for
each data product.

We set our prior image, i = uy, to be an infinitely thin ring with the typical diameter of
Sgr A*, which is then blurred with a 25 y as FWHM. To specify A/, we follow the procedure
in [64] and define it using a power spectrum P given by:

co€”

P(u,0) = (U2 +024¢)r”’

@)
where @ = 0.3, ¢y = 0.3, and € = 1073. A’ is then equal to the Fourier transform of
Equation (7). Finally, we set Q = Bo1, where B =5 x 107°.

Table 2. Down rows present the data terms as well as different x?s for the quality of the reconstructed
images using StarWarps for different arrays. From top to bottom, we present EHT(2017), EHT(2022),
ngEHTp1, and the full ngEHT. Bs, logcam, and cphase refer to the data weights associated with the
bs, log closure amplitude, and the closure phase, respectively.

Obs Bs logcam cphase szhase xlzogcamp x%amp
EHT(2017) 1.0 1.0 1.0 0.67 1.16 1.37
EHT(2022) 1.0 1.4 1.7 0.59 0.63 0.77
ngEHTp1 1.2 1.5 1.5 1.14 1.5 1.84
ngEHT 1.0 1.0 1.0 1.17 1.51 1.90

6. Reconstructing the Motion of the Hot Spot in Different Arrays

Here, we use the StarWarps code to make a dynamical image reconstruction of the
orbiting hot spot using different observational arrays. Table 2 presents the x? of different
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arrays. In this paper, we focus on the improvements in movie reconstructions using
different EHT /ngEHT array configurations, and future work will focus on improving
various StarWarps hyperparameters, as well as considering different simulations.

Figure 4 compares the original hot spot with the reconstructed images from different
arrays at few time snapshots. Down rows correspond to different times, while different
columns (from left to right) show the original hot spot, EHT(2017), EHT(2022), ngEHTp1,
and ngEHT, respectively. It is generally seen that the ngEHT arrays are doing a better job
at reconstructing the hot spot’s motion. However, the quality of the reconstructed images
reduces around T = 7.62 UT when the hot spot moves behind the source, leading to a
flux reduction.

hot spot EHT(2017) EHT(2022) ngEHTp1 ngEHT

Figure 4. Dynamical reconstruction of the orbital motion of the shearing hot spot using few different
observational arrays. Each row corresponds to a different time shown in the middle column. The
leftmost column refers to the original hot spot model, the second and third columns describe the
reconstructed image using the EHT(2017) and EHT(2022) arrays, and the last two columns refer to
the reconstruction made using ngEHT phase I (ngEHTp1), as well as the full ngEHT array (ngEHT),
respectively. From the figure, we can see that both ngEHT arrays can trace the motion of the hot spot
for most snapshots. However, near T = 7.62 UT, the reconstruction degrades and does not recover
the correct hot spot emission. This degradation occurs as the hot spot moves behind the black hole
and occurs during a flux density minimum in the light curve. Additionally, past 8.5UT, the hot spot
becomes very dim as it has been substantially sheared out, making reconstructions very difficult.
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Nxcorr vs. Nrmse of the Reconstructed and Ground Truth Image

To make a more quantitative comparison between the reconstructed and the ground
truth images, here we infer the normalized cross-correlation (hereafter Nxcorr), as well
as the normalized root-mean-squared error (hereafter Nrmse), between the reconstructed
image and its ground truth image:

e  Nxcorr: We make use of [67,70], defining the Nxcorr as:

Nxcorr(X,Y) = %Z (Xi = 023(5? — <Y>), 8)

1
where X refers to the restructured image, while Y describes the ground truth image of
the hot spot. Furthermore, N stands for the number of the pixels in the image, and ()
refers to the mean pixel value of the image. Finally, 0; describes the standard deviation
of pixel values in image i. Nxcorr determines the similarities between two images.
A perfect correlation between the images leads to 1, while a complete anti-correlation
between them gives rise to a value of —1 for Nxcorr.

e Nrmse is defined as [67]:

YilXi - Y2
L |Xil?
where, unlike the case of Nxcorr, two completely similar (different) images X and Y

have 0 (1) value Nrmse.

Nrmse =

©)

Figure 5 presents the Nxcorr and Nrmse for reconstructed images computed using
different arrays. From the plot, it is inferred that:

o Since the background RIAF is dominated in some snapshots, it is seen that we have a
globally good correlation between the images.

o This, however, becomes worse when the hot spot appears and becomes sheared down,
in which it is seen that we have a some levels of suppression (enhancement) of Nxcorr
(Nrmse) for some cases.

o The aforementioned suppression (enhancement) is, however, minimal for the ngEHT
array compared with the EHT(2017) and EHT(2022).

o Consequently, we conclude that the ngEHT array helps a lot in improving the quality
of the reconstructed image.

1.0' —— . g < < — 10'
s R /’ e m—m———— EHT(2017) ngEHTp1
W\ 7 — = EHT(2022) == ngEHT
081 W_ / 0.81 AN
| \/ ] " \
£ 0.6- 2061 ¢ \
o E ]
2 1 =) /| - \\
Z 0.4 20417 [T\ SSveea
i 1 ,’ \ — ~~\
~ \ -~
0.21 EHT(2017) ngEHTp1 0.21 A S ————
. — = EHT(2022) == ngEHT 1
0.0 1 1 1 1 I 0-0 1 v | I I
7 8 9 10 11 7 8 9 10 11
T(UT) T(UT)

Figure 5. Nxcorr (left panel) and the Nrmse (right panel) for reconstructed shearing hot spot using
different observational arrays. During the shearing phase of the hot spot, there is some suppression
(enhancement) of Nxcorr (Nrmse) from the pure background RIAF. The deviation is, however,
minimal for ngEHT array compared with both of EHT (2017) and EHT (2022) arrays.



Galaxies 2023, 11, 23

10 of 16

7. Tracking the Angular Location of the Hot Spot

The motion of a shearing hot spot can be subdivided to two distinct phases. The first
phase corresponds to a bright (compact) blob that initially appears and starts orbiting
around the black hole. The first phase occurs initially up to 7.65 UT. From 7.65 UT and
onward, the hot spot is in the second phase, where the hot spot shears out along the
differentially rotating velocity field. We use two distinct metrics to trace these distinct
evolution phases.

o First phase (<7.65 UT): In phase 1, due to the hot spot’s compact nature, we track
the peak intensity I divided by the initial intensity Iy of either the original hot spot or the
reconstructed intensity for the reconstructed movies. Furthermore, we also follow the peak
intensity’s angular location ®.

Figure 6 compares the time evolution of the normalized peak intensity (top row), as well
as the angular location of the intensity maximum, referred (bottom row) between the original
hot spot (black solid line) and the reconstructed values from different observational arrays
during the first phase of evolution. This includes EHT2017 (cyan solid line) and EHT2022
(dashed blue line) arrays (left panel), as well as the ngEHTp1 (pink solid line) and ngEHT
(dashed magenta line) arrays (right panel), respectively. Note that to make the figure, we
smoothed each curve with a Gaussian filter with a 4 mins standard deviation. From the
plot, it is inferred that the reconstructed shape of the intensity and the phase are closer to the
original hot spot for ngEHT arrays compared with the EHT ones. Furthermore, in the phase
plot on the bottom row, it is seen that in original time the phase is very close to the original
hot spot, where the level of agreement is higher in ngEHT arrays than the EHT ones.
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Figure 6. The time evolution of the intensity-ratio (top) and phase of the bright-spot (bottom) of
the hot spot from the first phase. In each row, the left (right) panel presents EHT (ngEHT) arrays.
Overlaid on the plot, we also present the corresponded parameters in the original hot spot. It is seen
that ngEHT arrays are perform relatively better in reconstructing the orbital parameters of the hot
spot in the first phase.
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e Second phase (>7.65 UT): To extract the hot spot motion in the second phase, we
model it as a stretched ellipse and infer its axes ratio as well as the ellipse area over time.
Since the background is dominated by the RIAF model, to extract the ellipsoidal motion,
in each snapshot, we first find out the points with an intensity above 80% of the intensity
max on that snapshot. We then compute the ellipticity as (b/a), where 4 and b are the
associated semi-major and semi-minor ellipse axes, respectively. The ellipse area is then
estimated as 7tab.

Figure 7 presents the time evolution of the ellipticity (top row) and the ellipse area
(bottom row) using different observational arrays. Overlaid on the plot, we also show
the corresponding values for the hot spot model (black lines). To make the plot more
readable, we first smooth all the curves using a Gaussian filter with a standard deviation
of 4 mins. For each data set, we show two curves. The higher-transparency curve is just
the value from the smoothed reconstruction. The lower-transparency curve is similar,
but there are some snapshots with a relatively poor reconstructed image. The origin of
these poor reconstructions are multifaceted and are likely due to both coverage limitations
and limitations of the imaging algorithms and the specific hyperparameters chosen for
StarWarps. However, we note that importantly both the recovered hot spot ellipticity and
area are more accurately recovered with the ngEHT phase 1 and 2 arrays compared to the
EHT arrays.
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Figure 7. The time evolution of the ellipticity (top row) and the ellipse area (bottom row) of the
shearing hot spot from the second phase. Overlaid on the figure, we also present the original hot
spot, different EHT (left) and ngEHT (right) arrays. It is seen that up until the time that the hot spot’s
motion decays significantly, ngEHT does a relatively good job in recovering the actual motion.

Figure 8 presents the extracted elliptical motion for the original hot spot (red color
map), as well as the ngEHT (blue color map) at a few different snapshots. To make the
plot more readable, we skip showing the trajectory for the EHT arrays and the ngEHTp1
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array. During phase 1, when the hot spot is more compact, the reconstruction appears to
perform better when tracking the position of the hot spot. After ~8.5 UT, the reconstructed
hot spot appears to be mostly static. This region corresponds to phase 2 of the hot spot
motion and is when the hot spot is almost sheared out, making reconstructions difficult.

T=715UT T=7.38UT T=7.52U0T T=7.65UT T=7.75U0T
o 0
T=788UT T=7.95U0T T=28.05UT T=28.12UT T=28.18UT

=

T =28.25UT T=8.35UT T =8.42UT
‘«
d \
=]
é =
>
T=9.15UT

x(muas)

Figure 8. Comparison between the extracted trajectory of the original hot spot (red color map) and
from the ngEHT reconstructed image (blue color map) at 25 different snapshots. Overall ngEHT
can track the motion of the hot spot quite well. Its performance is, however, much better in some
snapshots than the others. The plot shows the KDE of points with an intensity above 80% of the
intensity max.

8. Conclusions

We made an in-depth study of tracing the motion of a shearing hot spot simulation,
proposed in [43], using the StarWarps package [64], a dynamical image reconstruction
algorithm employing different observational arrays, including both the EHT and ngEHT
arrays. We subdivided the dynamical orbital motion of the hot spot to two distinct phases,
which are also observed in GRMHD simulations (see Figure 1), and traced the motion in
each of these phases, respectively. The first phase focuses on the appearance of the hot spot
and its initial motion when it is ejected from the reconnection layer, while the second phase
explores the shearing of the hot spot (potentially driven by Rayleigh-Taylor instabilities at
the hot spot boundary during its orbit), being modeled with a re-shaping ellipse. Leptons
originating from the jet, accelerated through an equatorial reconnection layer, may end up
in the orbiting hot spot confined by a vertical magnetic field. They can then go through
a secondary acceleration phase due to the shearing motion. It is conjectured in [50] that
such accelerated leptons in the hot spot can power NIR flares and potentially concurrent
sub-mm emission. We proposed a novel algorithm to trace the orbital phase in the first
phase and the axes ratio as well as the ellipse area in the second phase. Furthermore, we
inferred the Nxcorr and Nrmse for different observational arrays. Our analysis showed
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that while EHT arrays might have some difficulties in locating the hot spot in the first phase
appropriately, the motion of which becomes even harder to trace in the shearing phase,
adding more sites to the array, as is planned in the ngEHT, substantially helps to improve
the quality of the reconstructed image in both phases. Consequently, we propose to use the
ngEHT to trace the hot spot motion. With the demonstrated image fidelity improvement,
a detailed study of the hot spot properties, such as its orbit and size, becomes possible,
offering a new insight into the physical mechanisms responsible for the flaring activity of
Sgr A*. While the analysis conducted in this work is limited to a single hot spot simulation,
the dynamical reconstruction and feature extraction algorithms used in this study can be
extended to other types of dynamics. This is left to a future work. Furthermore, in this
study, we did not aim to show which of the new sites in ngEHT are more important in
improving the quality of the reconstructed images. Work is in progress where we add sites
in order and check out the importance of individual ones as well.

In this work, we only addressed the issues related to the total intensity modeling of
hot spots that could be observed with the ngEHT. However, hot spots emerging in the
accretion flow may indicate significant fractional linear polarization. Since mm wavelength
radiation in Sgr A* originates through the synchrotron process, this allows us to probe
the magnetic field geometry with hot spots through imaging of the linear polarization,
e.g., [44]. Indeed, the linear polarization observations of unresolved Sgr A* provided a
strong argument for an orbiting hot spot model of flares [37,38]. While more comprehensive
studies are necessary to address this subject, it is clear that resolving the polarized structure
of the source with the ngEHT will vastly improve our understanding of the magnetic field
geometry and the time-evolution.
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