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Abstract: Tidal disruption events (TDEs) around supermassive black holes (SMBHs) are a potential
laboratory to study super-Eddington accretion disks and sometimes result in powerful jets or outflows
which may shine in the radio and sub-millimeter bands. In this work, we modeled the thermal
synchrotron emission of jets by general relativistic radiation magneto-hydrodynamics (GRRMHD)
simulations of a BH accretion disk/jet system which assumed the TDE resulted in a magnetized
accretion disk around a BH accreting at∼12–25 times the Eddington accretion rate. Through synthetic
observations with the Next Generation Event Horizon Telescope (ngEHT) and an image reconstruction
analysis, we demonstrate that TDE jets may provide compelling targets within the context of the
models explored in this work. In particular, we found that jets launched by a SANE super-Eddington
disk around a spin a∗ = 0.9 reach the ngEHT detection threshold at large distances (up to 100 Mpc in
this work). A two-temperature plasma in the jet or weaker jets, such as a spin a∗ = 0 model, requires
a much closer distance, as we demonstrate detection at 10 Mpc for limiting cases of a∗ = 0, R = 1 or
a∗ = 0.9, R = 20. We also demonstrate that TDE jets may appear as superluminal sources if the BH
is rapidly rotating and the jet is viewed nearly face on.

Keywords: accretion disk; relativistic Jet; GRMHD

1. Introduction

Tidal disruptions of stars by supermassive black holes (SMBHs), or tidal disruption
events (TDEs), have recently become a regularly observed transient phenomenon. Stars
which enter the tidal radius

Rt ' 7× 1012
(

MBH

106M�

)1/3( M∗
M�

)−1/3( R∗
R�

)
[cm] (1)

of the central SMBH in their host galaxy will be disrupted [1,2], either partially or fully,
depending on the orbit and equation of state of the star [3,4]. The bound stream of gas
returns towards the BH delivering mass at the fallback rate (Ṁfb). Apsidal precession of
the returning stream leads to self-intersection with material that has yet to pass through
pericenter and leads to dissipation and disk formation. Dissipation due to self-intersection
may also be a source of early emission in a TDE [5]. After the initial rise to peak, the fallback
rate follows a power law behavior which can be approximated as

Ṁfb = Ṁfb,peak

(
t

tfb

)−5/3
. (2)
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Here, Ṁfb,peak is the peak mass fallback rate:

Ṁfb,peak

ṀEdd
≈ 133

(
MBH

106M�

)−3/2( M∗
M�

)2( R∗
R�

)−3/2
(3)

making the “frozen in” approximation as in Stone et al. [6], and

tfb = 3.5× 106 s
(

MBH

106M�

)1/2( M∗
M�

)−1( R∗
R�

)3/2
, (4)

is the fallback time, which is the orbital time of the most bound part of the stream. Of note
is the fact that the mass fallback rate can greatly exceed the Eddington mass accretion rate
ṀEdd. Since the mass accretion rate is expected to be similar in magnitude to the mass
fallback rate, it is possible that TDEs result in a super-Eddington accretion disk, which
are geometrically thick, radiatively inefficient accretion disks [7,8]. The exact power law
behavior varies with the properties and orbit of the star [9].

TDEs are typically seen as optical/X-ray transients [10,11], but several TDEs have
resulted in outflows or jets which shine in the radio bands [12]. In the most common
case in which no relativistic jet is launched (commonly referred to as “non-jetted” TDEs),
the X-ray and optical/UV luminosity follows a roughly t−5/3 decline, similar to the
fallback rate. If the TDE leads to prompt disk formation, the X-rays are thought to
arise from an accretion disk, and the optical/UV emission arises from a large scale
reprocessing layer [13,14]. TDEs have also been observed to launch relativistic X-ray
jets in a few cases. These jetted TDEs have been argued to arise due to a magnetically
arrested disk (MAD) [15] forming around the BH during the TDE [13,16,17], which leads
to jet production via the Blandford–Znajek (BZ) mechanism [18] extracting spin energy
from the BH. Alternatively, these powerful relativistic jets may be produced thanks to
radiative acceleration of gas through a narrow funnel region [19,20].

It is important to note that the BZ mechanism is the strong field limit of the magnetic
Penrose process (MPP), but the MPP can operate with weaker magnetic field strengths [21,22].
Note as well that the magnetic Penrose process, as its name suggests, is itself the magnetic
flavor of the Penrose process (PP) [23]. While the PP relies on the existence of negative
energy orbits in the vicinity of the BH, the MPP relies on negative energy orbits and
quadrupole electric fields produced by twisting of the magnetic field lines threading the
BH horizon. A key distinction, and why the BZ mechanism is often cited while interpreting
astrophysical jets, is that the energy extraction from the MPP can exceed 100 percent,
whereas the maximum energy extraction from a PP is ∼20% [21,22].

A handful of non-jetted TDEs have been observed to produce radiowaves peaking at
tens of GHz with Lradio ∼ 1037−39erg s−1. This emission is thought to arise from an outflow
launched by the TDE with velocity v ∼ 0.1c shocking on the gas surrounding the BH.
Meanwhile, jetted TDEs produce bright radio emission peaking at Lradio ∼ 1040−42erg s−1.
The appearance of radio emission is often delayed by several weeks from the initial appear-
ance of the optical/UV/X-ray emission in non-jetted TDEs, which hints at some connection
to the disk formation process to the occurrence of outflows.

When Ṁfb rises to peak, it has previously been assumed that by this stage a circularized
accretion disk has formed [13,17]. The first direct demonstration of circularization near the
peak fallback rate was recently demonstrated in a numerical simulation by Steinberg and
Stone [5]. Multiple authors have argued in favor of a picture in which an inner accretion
flow is surrounded by a quasi-spherical reprocessing layer, since this naturally explains the
sometimes delayed appearance of X-ray emission in optical/UV-discovered TDEs [13,14,24].
This picture naturally arises if the accretion flow is actually super-Eddington [13], which
has motivated multiple studies of GRRMHD simulations magnetized of super-Eddington
disks. Motivated by this fact and the demonstration that a “standard and normal evolution”
(SANE) [15] super-Eddington accretion disk also leads to viewing angle effects which
may explain the behavior in non-jetted TDEs [17], we conducted a study of the outflows
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launched by SANE models in Curd et al. [14] and studied their radio-submm emission.
We focus on these SANE models in this work as well. The BZ mechanism also acts in the
SANE model [14,25]; however, the disk and BH have a much lower magnetic flux and
thus a substantially lower jet power. Although BZ driven outflows in SANE disks can be
relativistic, they are weakly comptonized and do not appear as powerful, beamed X-ray
sources like the presently known jetted TDEs [14].

The Next Generation Event Horizon Telescope (ngEHT) will provide more baseline
coverage and faster response times than the previous mission. An estimate for ngEHT
is to double the antenna sites [26] of its 20 µas predecessor EHT, and thus the number of
possible baseline pairs and triads of sites available for imaging jet/accretion flow/black
hole systems will scale combinatorially (the number of baselines grows with the number of
antennae as (N(N− 1)/2). This could allow for interesting sources, such as jets from nearby
tidal disruption events, to be imaged directly. In our previous work [14], we provided
the first demonstration that SANE super-Eddington accretion flows can produce radio
emission which is bright enough at 230 GHz to be detected and resolved. Here we take
things a step further and produce reconstructed images assuming such jets happen in the
nearby universe.

The detection rate of TDEs in the optical/UV/X-ray is expected to grow rapidly once
the Large Synoptic Survey Telescope comes online [27,28]. Assuming rapid follow-up of
TDEs in radio-submm bands finds detectable emission, this could provide a large number
of targets for the ngEHT. As we demonstrated in Curd et al. [14], some models produced
detectable emission, even at ∼180 Mpc. At this distance, a conservative estimate of the
volume integrated TDE rate suggests more than 200 TDEs per year assuming volumetric
TDE rates based on Stone and Metzger [29]. Even at < 40 Mpc, we estimate that several
TDEs should occur per year (see Figure 2 in Curd et al. [14]), which suggests some nearby
TDEs may become targets of opportunity during the ngEHT mission.

We stress that jets such as those in our first work on the subject of jets from SANE
models of TDE accretion disks [14] do not resemble any previously detected radio TDEs.
This may suggest most, or even all, TDEs do not form accretion disks which resemble
SANE models to begin with. However, the number of TDEs that have appeared in the
radio-submm in the first place is extremely small as of this writing; fewer than twenty
radio TDEs have been reported. Furthermore, magnetic fields were certainly present in
the forming disk, albeit dynamically subdominant to hydrodynamic effects early in the
disk formation [30,31]. Nevertheless, it is possible that after the disk circularizes, which
Steinberg and Stone [5] suggests may take tens of days, the magnetic field builds up in a
dynamo effect similar to Sadowski et al. [30]. In this case, one would almost certainly expect
the magnetic field to become dynamically important, in which case a magnetized outflow
may be launched as in Curd et al. [14]. In addition, if the currently known jetted TDEs are
indeed MAD disks around rapidly rotating BHs, it stands to reason that a sub-class of less
strongly magnetized disks which could be described by a SANE model should exist. TDEs
continue to surprise observers in terms of the range of behavior, so such a jet formation
channel may yet be discovered.

2. Numerical Methods
2.1. GRRHMD Simulations

Throughout this work, we often use gravitational units to define length and time.
In particular, we use the gravitational radius

rg =
GMBH

c2 (5)

and the gravitational time

tg =
GMBH

c3 , (6)
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where MBH is the mass of the black hole (BH). We also adopt the following definition for
the Eddington mass accretion rate:

ṀEdd =
LEdd

ηNTc2 , (7)

where LEdd = 1.25× 1038 (MBH/M�) erg s−1 is the Eddington luminosity and ηNT is the
radiative efficiency of a Novikov–Thorne thin disk around a BH with spin parameter
a∗ [32].

We conducted an imaging analysis of GRRMHD simulations presented in Curd et al. [14].
In particular, we analyzed the most massive BH models m7a0.0-HR and m7a0.9-HR, which
are MBH = 107 M� BHs of spin a∗ = 0 and 0.9 BHs. We specify the simulation diagnostics
relevant for this work in Table 1. The simulations were conducted in 2D (r, ϑ) coordinates
on a Nr × Nϑ = 640× 256 grid with added resolution near the poles to adequately resolve
both the disk and jet. The radial grid cells were logarithmically spaced with a maximum
domain radius of Rmax = 105 rg to capture the large-scale features of the jet.

Table 1. We tabulate the mass accretion rate Ṁ, jet efficiency ηjet ≡ Ljet/Ṁc2 (where Ljet is the jet
power as defined in [14]), and total simulation duration tsim for each KORAL simulation. Note that
Ṁ and ηjet are time averaged over the final 50,000 tg of each simulation.

Model
Ṁ

ηjet
tsim

(ṀEdd) (tg)

m7a0.0-HR 12 0.24% 83,000
m7a0.9-HR 25 1.15% 81,200

On horizon scales, gas is flowing across the BH horizon in an accretion disk due to
angular momentum transport driven by the magneto-rotational instability. The disk is
optically thick and turbulent, and gas inside of the disk is advected with the gas across the
BH horizon. However, an optically thin funnel above and below the disks exists. Here,
radiation can escape freely and pushes on gas, accelerating a significant outflow. In addition,
the funnel is magnetized and sometimes exhibits magnetization parameter σ = b2/ρc2 > 1,
where b is the magnetic field strength and ρ is the mass density of the plasma. In the jet,
magnetic energy is partially converted into kinetic energy, as it contributes to accelerating
gas into an outflow.

In both simulations, radiative and Poynting acceleration drove fast outflows. The jet
reached relativistic speeds with Lorentz factor γ > 5 for model m7a0.9-HR, which was
likely due to the BZ effect extracting spin energy from the BH, which may produce roughly
∼1 percent of the jet efficiency, even though the magnetic flux threading the black hole was
well below the MAD limit [14,25]. The primary sites of dissipation were the jet head and
internal shocks inside of the jet. Internal shocks were due to fast- and slow-moving gas
interacting downstream of the jet head, in addition to recollimation shocks. As we show in
Figure 1, this resulted in a hot, magnetized jet which reached large scales (r > 30,000 rg) by
the end of the simulation. The a∗ = 0.9 model had a significantly more magnetized jet and
also produced a more powerful jet by a significant fraction (see Table 1).

The simulations were conducted in 2D to overcome the substantial numerical require-
ments of resolving the accretion disk and jet in a global GRRMHD simulation. While
SANE super-Eddington disks can be described by an axisymmetric flow quite well [33],
the jet may undergo 3D instabilities which cannot be captured in our numerical setup.
In particular, the jet may become kink-unstable as it propagates [34]. This will certainly
change the morphological features, and additional dissipation of magnetic energy along
the jet may occur. If the dissipation is extreme, especially at large scales such as those we
consider here, the synchrotron emission which we describe in the next section may differ
from our analysis of 2D jets.
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Figure 1. Here we show snapshots of the GRRMHD KORAL simulations that we post-processed
with ipole. All data are shown for t = 78, 000 tg in both m7a0.0-HR (top) and m7a0.9-HR (bottom).
The colors indicate the gas density ρ (left), gas temperature Tgas (middle), and magnetic field strength
|B| (right); the yellow contours indicate the σ = 1 boundary, in which we set ρ = 0 in the ray tracing
step to prevent emission.

2.2. 230 GHz Emission

We post-processed the KORAL simulation data with the general relativistic ray tracing
(GRRT) code ipole [35–37], which includes synchrotron and Bremsstrahlung emission and
absorption. Since the KORAL simulation was conducted in 2D, we first copied the 2D data
onto a full 3D (r, ϑ, φ) grid with 32 cells in azimuth which spanned φ = 0− 2π before ray
tracing. We did this by simply copying the original 2D data at each φ cell such that the new
3D data maintained the assumed axisymmetry in φ. The electron distribution function was
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assumed to be thermal. Ohmura et al. [38,39] demonstrated that large-scale active galactic
nuclei (AGN) jets can produce a two-temperature plasma. Motivated by their findings and
the possibility that a two-temperature plasma will be produced due to shocks at the jet
head and within the jet itself, we tested a simple two-temperature jet model by scaling the
electron temperature relative to the ion temperature via the plasma temperature ratio:

R =
Ti
Te

, (8)

where Ti is the temperature of the ions and Te is the temperature of the electrons. Note that
Ti was obtained directly from the KORAL simulation by setting Ti = Tgas.

The peak of the radio-submm spectra in m7a0.0-HR is lower than that of m7a0.9-HR,
so increasingR has a much more significant impact on the 230 GHz emission and can make
the jet undetectable even at 10 Mpc for values ofR > 2 [14]. It is possible that a non-thermal
electron distribution will have greater high-energy emission even asR increases, but we
saved an exploration of non-thermal electron models for a future analysis.

Each model was imaged at 230 GHz. For both models, we imaged the simulation at
times t = 38,000 tg and t = 78,000 tg for a difference in observing times of ∼23 days. We
chose a distance D = 10 Mpc,R = 1, observing angles relative to the jet axis (z in Figure 1)
of θ = 10, 45, and 90◦, respectively. Note that we use θ for the observer angle, and ϑ is the
polar angle in the KORAL grid coordinates. For model m7a0.9-HR, we also tested limiting
cases D = 100 Mpc, R = 1, and D = 10 Mpc, R = 20, imaged at θ = 90◦. The total
230 GHz flux of each ray-traced model is tabulated in Table 2.

We show a full library of each of the ipole images convolved with a Gaussian beam
with a 20µas full width at half maximum (FWHM) in Figures A1 and A3.

Table 2. Here we tabulate the 230 GHz flux density for each model given a specific time, viewing
angle θ, distance D, and temperature ratioR.

Model Time Distance R F230 GHz
(tg) (Mpc) (Jy)

θ = 10◦ θ = 45◦ θ = 90◦

m7a0.0-HR 38,000 10 1 0.219 0.214 0.074
78,000 10 1 0.014 0.013 0.006

m7a0.9-HR 38, 000 10 1 2.001 4.452 6.036
78,000 10 1 11.968 26.780 35.092

38,000 10 20 - - 0.190
78,000 10 20 - - 0.485

38,000 100 1 - - 0.060
78,000 100 1 - - 0.351

2.3. Synthetic ngEHT Observations and Image Reconstruction

In order to test to what extent the jet features in our models can be observed, we
simulated observations with a potential ngEHT array, consisting of the 2022 EHT stations
and 11 additional stations, selected from Raymond et al. [40] and similar to the ngEHT
reference array used in the ngEHT Analysis Challenges [41]. The new dishes were as-
sumed to have a diameter of 10 m and a receiver temperature of 50 K, with the array
operating at a bandwidth of 8 GHz. For each image, we simulated a 24-hour observation
with a 50% duty cycle with this array, using the ngehtsim 1 library, which makes use of
eht-imaging [42,43]; see also [44]. The atmospheric opacity was set to reflect a good day
in April, using the top 1σ quantile from the MERRA-2 data interpolated and integrated
for each site on a 3 h cadence for a 10-year period [45,46]. Thermal noise was added to
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the complex visibilities, visibility phases were randomized, and no systematic visibility
amplitude errors were added to the data.

We subsequently used the regularized maximum likelihood framework in eht-imaging
to produce image reconstructions, with maximum entropy and (squared) total variation
regularizers, fitting to visibility amplitudes and closure phases; see [42,43,47]. After estab-
lishing a set of well-performing imaging parameters on the m7a0.9-HR, R = 1 model at
tg = 78,000 and a distance of 10 Mpc (Figure 2), we applied the same script to all other
simulated datasets.

3. Results

In this section, we comment on the detectability of our models and then compare the
ipole images with the reconstructed images. We comment on features which may be of
interest in terms of the broader study of astrophysical jets.

3.1. Reconstructed Images

In the ray-traced image (i.e., see the left panel in Figure 2), the jet head produces bright
emission as it shocks on the circumnuclear medium (CNM). In addition, various shocks
occur within the jet due to both slow- and fast-moving components colliding radially and
due to recollimation shocks. This leads to dissipation within the jet and bright “bubbles”
of emission at 230 GHz. As we show in the right panel of Figure 2, the jet head and the
structures in the jet are faithfully reproduced in the reconstruction for favorable viewing
angles (θ = 45◦ and 90◦) as long as the source is nearby (D = 10 Mpc). Jets viewed near
θ = 10◦ are dominated by emission from the jet head, and distinguishing internal jet
features would be unlikely. This can be seen by comparing the base images with the full
library of reconstructed images for models m7a0.0-HR and m7a0.9-HR (Figures A1–A4).

For distant sources (D = 100 Mpc), distinguishing internal features is impossible, and
only the jet head can be fully distinguished in the reconstruction (right panel in Figure 3).
This would still allow for the jet motion to be tracked, but detailed information is lost.

Figure 2. Model m7a0.9-HR at t = 78,000 tg imaged at D = 10 Mpc with θ = 90◦ and R = 1. We
show the base ipole image with no blurring (left), the base ipole image blurred via convolution
with a 20µas FWHM Gaussian beam (middle), and the reconstructed image blurred using the same
Gaussian beam (right).
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Figure 3. The same as Figure 2 but for model m7a0.9-HR at t = 78,000 tg imaged at D = 100 Mpc
with θ = 90◦ andR = 1.

3.2. Tracking Jet Motion

In this subsection, we demonstrate that the original ray-traced images and the recon-
structed images allow for the jet motion to be tracked and yield similar results for the time
evolution of the jet. The jet features are approximately Lorentzian, so we fit Lorentzian
profiles to the image to find the position of the top and bottom jet in both the base images
and the reconstructed images. We detail the peak finding algorithm in Appendix B. Since
we cannot properly center the jet in the reconstructed images (there is no bright, central
radiation from the near BH), we only measured the distance between the two jet peaks y1
and y2, respectively. We define the apparent jet length as:

ljet = |y2 − y1|. (9)

Note that we have not differentiated the “top” or “bottom” jet here, as we are only
concerned with the total distance between the jet heads. We obtained errors on the jet length
from the error estimates of the jet head locations using standard error propagation analysis:

δljet =
√

δy2
1 + δy2

2. (10)

We computed the relative difference between the jet lengths for the ray-traced (ljet)
and reconstructed (ljet,rec) images in order to quantify the extent to which measurements of
the jet length and velocity agree. We found that, generally, the ray-traced and reconstructed
images yield similar jet lengths within 3 standard deviations (Figure 4). In general, there
are much larger errors on the fit for the Lorentzian profile’s center at steep angles (i.e., see
the relative difference for θ = 10◦). The agreement is also effected by how bright the source
is, as illustrated by the shift to the right for model m7a0.9-HR when D = 100 Mpc. We
compiled estimates of the jet lengths for each image in Table 3.
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Figure 4. Here we show the relative difference (open circles) and the error within 3 standard
deviations (horizontal bars) between the jet lengths obtained from the ray-traced images (ljet) and
the reconstructed images (ljet,rec). Models m7a0.0-HR (left panel) and m7a0.9-HR (right panel)
are shown. For each choice of viewing angle θ, distance to the source D, and R, we show the data
at t = 38,000 tg (blue) and t = 78,000 rg . We indicate the viewing angle next to each pairing of error
bars. For each model, except where explicitly indicated to be otherwise, we show D = 10 Mpc and
R = 1. In general, there is a very small relative difference when the jet is viewed edge on. As the
viewing angle approaches face on or the jet is placed at a larger distance, the relative difference
increases along with the error. In all but one image, even when the relative difference shifts away
from zero, the zero relative difference line is within 3 standard deviations, which suggests excellent
agreement between jet lengths derived from the raw ipole and reconstructed images.

Since we lack centering information in the reconstructed images, we chose to estimate
the jet velocity perpendicular to the line of sight by assuming both the top and bottom jet
have the same speed. Then, the velocity of the jet in the source’s frame is:

v =
1
2
|ljet(t2)− ljet(t1)|

t2 − t1
. (11)

Note that we used the same expression to derive the velocity in the reconstructed
images (vrec) but replaced ljet with ljet,rec in Equation (11). Very long baseline interferometry
(VLBI) observations can provide the apparent motion of the jet, which may be superluminal
due to relativistic effects. To account for this, we assumed the jet has a velocity of vrec and
then estimated the apparent velocity (vapp,rec) via the time in the observer’s frame (t′1,t′2):

vapp,rec =
1
2
|ljet,rec(t′2)− ljet,rec(t′1)|

t′2 − t′1
= vrec

(
1− vrec

c
cos θ

sin θ

)−1
. (12)



Galaxies 2022, 10, 117 10 of 18

We used the relationship

t′2 − t′1 = (t2 − t1)

(
1− vrec

c
cos θ

sin θ

)
(13)

in the last expression. Note that the division by sin θ was to account for the fact the vrec
measures the velocity parallel to the line of sight with no time delay effects while we require
an estimate of the velocity along the jet axis (which we can obtain since the geometry is
fully known). We only present the apparent velocity for the reconstructed images (vapp,rec),
since this represents an estimate of what VLBI observations would truly be.

Table 3. Here we tabulate the estimated jet length for each model at each time for various choices
of the distance D, viewing angle θ, and plasma temperature ratio R. We compare the jet length as
computed from the base ipole image (ljet) and the reconstructed image (ljet,rec).

Model
Time Distance

θ R
ljet ljet,rec

(tg) (Mpc) (rg) (rg)

m7a0.0-HR 38,000 10 10◦ 1 5091+272
−272 4927+317

−317

78,000 10 10◦ 1 9042+356
−356 9104+407

−407

38,000 10 45◦ 1 22,006+123
−123 21,774+731

−731

78,000 10 45◦ 1 39,832+318
−318 39,678+501

−501

38,000 10 90◦ 1 28,658+148 28,463+173
−173

78,000 10 90◦ 1 57,068+401
−401 56,844+237

−237

m7a0.9-HR 38,000 10 10◦ 1 8457+446
−446 4191+726

−726

78,000 10 10◦ 1 17,585+233
−233 16,837+726

−726

38,000 10 45◦ 1 33,128+336
−336 31,941+683

−683

78,000 10 45◦ 1 73,535+890
−890 71,855+1058

−1058

38,000 10 90◦ 1 48,468+306
−306 46,972+1028

−1028

78,000 10 90◦ 1 111,503+1085
−1085 110,327+2657

−2657

38,000 10 90◦ 20 49,457+150
−150 48,930+358

−358

78,000 10 90◦ 20 119,897+173
−173 119,256+415

−415

38,000 100 90◦ 1 46,715+400
−400 40,244+2714

−2714

78,000 100 90◦ 1 109,091+959
−959 98,822+2075

−2075

We used the data at t1 = 38,000 tg and t2 = 78,000 tg for each model to estimate the
jet velocity. We tabulated the estimated velocity and apparent velocity for each model
in Table 4. We found excellent agreement between the velocities derived from the ray-
traced and reconstructed images. It is interesting to note the apparently faster jet for
R = 20. We suspect the increased speed is due to the emitting material being dominated
by material near the jet axis rather than some of the slower moving material around the jet
head, which does not produce much emission at 230 GHz as the electron temperature is
reduced. The more powerful jet model m7a0.9-HR demonstrates that such jets may appear
as superluminal sources, as we found a maximum vapp,rec ≈ 1.526c at θ = 10◦.



Galaxies 2022, 10, 117 11 of 18

Table 4. Here we tabulate the estimated jet velocity for each model for different choices of the distance
D, viewing angle θ, and plasma temperature ratioR. The velocities shown were calculated using the
base ipole images (v), the reconstructed images (vrec), and the reonstructed images, while accounting
for the possibility of superluminal motion (vapp,rec).

Model
Distance

θ R
v vrec vapp,rec

(Mpc) (c) (c) (c)

m7a0.0-HR 10 10◦ 1 0.049+0.006
−0.006 0.052+0.006

−0.006 0.074+0.009
−0.009

10 45◦ 1 0.223+0.005
−0.005 0.224+0.011

−0.011 0.288+0.014
−0.014

10 90◦ 1 0.355+0.005
−0.005 0.355+0.004

−0.004 0.355+0.004
−0.004

m7a0.9-HR 10 10◦ 1 0.114+0.006
−0.006 0.158+0.011

−0.011 1.526+0.102
−0.102

10 45◦ 1 0.505+0.012
−0.012 0.499+0.016

−0.016 0.996+0.031
−0.031

10 90◦ 1 0.788+0.014
−0.014 0.792+0.036

−0.036 0.792+0.036
−0.036

10 90◦ 20 0.88+0.002
−0.002 0.879+0.007

−0.007 0.879+0.007
−0.007

100 90◦ 1 0.7800.013
−0.013 0.732+0.043

−0.043 0.732+0.043
−0.043

4. Discussion
4.1. Extracting Jet Physics from VLBI Images

A key feature of the jets in our models is the bright “bubbles” (or knots) of 230 GHz
emission, which appear to correlate with recollimation shocks. Such structures have been
seen in VLBI images of various AGN jets [48–50]. Previous simulations of jets in various
astrophysical contexts have demonstrated that recollimation occurs when there is a pressure
mismatch between the jet and the surrounding medium, which could be a static atmosphere
or a slower-moving jet sheath [51–54]. The number of recollimation shocks along the jet
axis is dependent on the properties of the jet and medium. It is therefore possible that
direct VLBI of TDE jets will allow in-depth modeling of jet launching and could also aid in
constraining the properties of the surrounding medium. For instance, one work successfully
applied simulations of MHD jets to constrain properties of BL Lacartae, which is a blazar
jet with recollimation features [55].

We suggest that a similar approach may be applied in TDE jets. With a suitable
exploration of the parameter space, it is conceivable that an analysis similar to that of [55]
could be applied to TDE jets in cases where VLBI is possible. A broader exploration of TDE
jets through various simulation methodologies is strongly suggested. We plan to explore
the effects of the ambient medium, magnetic field strength, and disk accretion rate on the
jet properties in the case of a SANE, super-Eddington disk in a future work.

4.2. Proposed Observational Methodology

Our synthetic ngEHT observations demonstrate that a 24-hour observation may
be sufficient to study both the structure and/or motion of newly born TDE jets. This is
much shorter than the fallback time, which is on the order of month(s), and the duration
of radio emissions in several TDEs, which can sometimes be visible for years [12]. Our
suggested observational strategy is conducting rapid followup of newly discovered
optical/X-ray TDEs when they are near the peak of their emission in order to study
both the early- and late-time properties of their jets (if present). Observations with
a single telescope at 230 GHz could be conducted to search for TDEs emitting in the
radio. If emission at 230 GHz is detected, we suggest that the ngEHT conduct VLBI
follow-up of targets within no more than a month. Our imaging simulations were done
assuming a full ngEHT array consisting of the 2022 EHT stations plus 11 additional sites,
but depending on the target, not all sites may need to be available in order to obtain a
high-fidelity image reconstruction.
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Unlike many other EHT/ngEHT targets, TDEs will appear randomly across the sky,
and the ngEHT will need to be capable of follow-up observations in the order of a week to
weeks. Our current modeling of jets and outflows from super-Eddington disks is too sparse
to let us make predictions regarding how long the jets will be visible at 230 GHz. However,
if radio TDE observations are any indicator, emissions may persist for many months [12].

TDEs provide an excellent laboratory for studying jet/accretion/black hole systems
across a wide range of accretion states over a relatively short period of time (∼1-a few
years). In several cases, TDEs have shown state transitions after several hundred days
in the X-ray range, which are likely associated with the evolution of the disk as the mass
accretion rate declines. Stone and Metzger [29] argue, for instance, that the transition from
a thick, super-Eddington disk to a thin disk can explain the jet shut-off in jetted TDEs, such
as Swift J1644+57 and Swift J2058+05 [56,57], but recent simulations [58,59] demonstrated
that MAD is possible even for thinner accretion disks. As such, long-term VLBI monitoring
is strongly suggested. as this would allow for (1) the radio-submm emission of the outflows
to be characterized and compared to the behavior of the accretion flow, and (2) the direct
study of how the jet evolves morphologically as the disk state changes.

Another attractive potential target which we have yet to attribute a self-contained
study to is jetted TDEs. These TDEs are extremely rare, and current observations suggest
only about 1% of all TDEs will produce powerful relativistic jets. These jets will produce
extremely bright radiation in the X-ray and the radio-submm regions. However, most have
been distant due to the lower probability of their occurrence. Should a jetted TDE occur
nearby enough for VLBI to resolve the jet, we strongly suggest such jets be treated as targets
for the ngEHT.

Lastly, a recent TDE AT2018hyz showed a late outflow (∼3 years after the initial
outburst) and brightened in the radio over several hundred days [60]. Unlike many
other radio TDEs, a relatively bright 240 GHz emission was detected. If AT2018hyz is
in fact a jet instead of a spherical outflow, Cendes et al. [60] estimates that the velocity
could reach .0.6c. AT2018hyz is a relatively nearby TDE at ∼204 Mpc, but the flux
density at the time of detection (∼0.2 mJy at 240 GHz) makes it too dim for ngEHT
follow-up. However, placing AT2018hyz at ∼50 Mpc would shift the flux density to
∼5 mJy, which is the minimum estimated flux density required for an ngEHT VLBI
detection. Future TDEs will likely be monitored across the radio-submm, so nearby
targets of opportunity such as late radio TDEs like AT2018hyz should be considered,
should they show significant radio emission.

While the EHT operated using dedicated time, the ngEHT will include more arrays
and some telescopes may be sequestered for targeting of opportune VLBI observations
(Doeleman et al., in prep). Development and proposals for the ngEHT are still underway,
but we expect that fast (within 1-several weeks) response coverage of sources of interest in
order to conduct VLBI of TDEs (and other transient sources) should be possible (Shepard
Doeleman, private communication). The Atacama Large Millimeter Array (or ALMA),
the most sensitive antenna, will maintain sustained coverage [40]. As such, we anticipate
that at least unresolved radio data can be captured, which would prove equally invaluable
to the study of radio TDEs.

5. Conclusions

In this work, we have demonstrated through a synthetic imaging analysis that TDE
jets resembling the GRRMHD models presented in Curd et al. [14] are compelling ngEHT
targets. We also confirmed that the detection limits considered in Curd et al. [14] are
roughly applicable, as m7a0.0-HR did not produce detectable emission at a distance of
100 Mpc in our imaging analysis.

Various shock features in the jet are visible for the 10 Mpc images we consider,
and studying the jet morphology in these cases could aid in characterizing the environment
of the BH. Most TDEs that occur during the ngEHT mission will be farther away, but the
apparent motion, which may be superluminal, can be extracted in such cases.
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We suggest that the ngEHT be utilized for radio follow-up of TDEs. Our models study
the birth of a TDE jet in the first ∼ 48 days after the disk forms under the assumption that
the disk is SANE, super-Eddington, and threaded by a dynamically important magnetic
field. However, TDEs which occur nearby and have jet properties similar to those of jetted
TDEs, such as Swift J1644+57 or AT2018hyz, may provide interesting targets.
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Appendix A. Full Image Library

In Figures A1–A4, we show the full library of images analyzed in this work. All of the
base images were ray traced at ν = 230 GHz and then convolved with a Gaussian beam
with a FWHM of 20 µas. Similarly, we blurred the reconstructed image using the same
beam for comparison. Note that for Figures A2 and A4, we also shifted the reconstructed
image to be approximately centered for comparison with the base image. In general, bright
features are represented quite well in the reconstruction; however, some noise is introduced
in dimmer sources (i.e., see the reconstruction of m7a0.9-HR at D = 100 Mpc).

Figure A1. Here we show the full library of base ipole images for model m7a0.0-HR. The time of
each column is indicated at the top; the distance D and plasma temperature ratioR for each row are
indicated on the right. The angle of the observer relative to the jet axis is indicated above each set
of two rows. Each image spans 550× 770µas2 and is blurred by convolving the base image with
a Gaussian beam with a FWHM of 20µas. The color scale is logarithmic, spanning three orders of
magnitude, and each image uses the same maximum for the intensity scale.
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Figure A2. The same as Figure A1 but showing the reconstructed images. Note that the intensity
scale for each panel is the same as the corresponding panel in Figure A1 for comparison.

Figure A3. Here we show the full library of base ipole images for model m7a0.9-HR. Each image in
the top and middle rows spans 1000× 1400µas2, and the bottom row spans 170× 238µas2. Each
image was blurred by convolving the base image with a Gaussian beam with a FWHM of 20µas
(indicated by the white circle in the bottom right panel). The time of each column is indicated at the
top; the distance D and plasma temperature ratioR for each row are indicated on the right. The angle
of the observer relative to the jet axis is indicated above each set of two rows. The color scale is
logarithmic, spanning three orders of magnitude in each image. We used the same color scale for
the D = 10 Mpc images, but reduced the maximum by an order of magnitude in the D = 100 Mpc
images to better show the image features.
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Figure A4. The same as Figure A3 but showing the reconstructed images. Note that the intensity
scale for each panel is the same as the corresponding panel in Figure A3 for comparison.

Appendix B. Fitting Procedure for Jet Head Position

Here we describe the algorithm implemented to estimate the positions of the top and
bottom jet heads in each image. In order to track the jet’s motion, we first smoothed the data
(either the base image or the reconstructed image) with a Gaussian beam which assumed
an angular resolution for the VLBI observations of ∆θ = 20µas. We then binned the data
along the symmetry axis of the jet (y) by summing the flux along each row (x).
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Since the images appear to be roughly Lorentzian, we first attempted to fit a double
Lorentzian function of the form:

fd(y) = a1
w2

1
(y− ycen,2)2 + w2

1
+ a2

w2
2

(y− ycen,2)2 + w2
2

, (A1)

where a is the amplitude, w is the width, and ycen is the center defining the curve. We
took ycen as a measure of the jet head location. If this fitting procedure did not produce a
good fit, we found the peaks by performing a two-step fitting procedure in which we fit a
single Lorentzian:

f1(y) = a1
w2

1
(y− ycen,1)2 + w2

1
, (A2)

and then subtracted the fit f1(y) from the data and then fit the second peak with:

f2(y) = a2
w2

2
(y− ycen,2)2 + w2

2
. (A3)

We implemented the Python package SciPy [61] to optimize the curve(s) and estimate
the jet head positions and errors. We show an example of the data and the Lorentzian fit
for both the base image and the reconstruction in Figure A5. The reconstruction tends to
be a bit broader, but the fitting procedure works equally well for all images and recon-
structed images.

Figure A5. We demonstrate the fit performance using a ray-traced image of model m7a0.9-HR at
t = 78, 000 tg, θ = 90◦, D = 10 Mpc, andR = 20. We show the x-binned data and a double Lorentzian
(Equation (A1)) fit for (a) the blurred base image and (b) the blurred reconstruction.

Notes
1 https://github.com/Smithsonian/ngehtsim (accessed on 1 June 2022).
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