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Abstract. Sagittarius A* (Sgr A*) - our galaxy’s supermassive black hole - has been
highlighted as a unique laboratory for relativistic astrophysics. The most recent develop-
ment in the area is the 2022 Event Horizon Telescope Collaboration (EHT) reconstructed
image of Sgr A*’s close environment, which allows for better constraints to be put on
state-of-the-art models. The goal of my Master’s thesis is to accurately reproduce the
observed spectrum, image, and light polarization of Sgr A* (by the EHT ), using the Gen-
eral Relativistic Ray-tracing code, GYOTO, to simulate new and more realistic models
for the black hole jets and disk. We present our new Thick disk + Parabolic jet analytic
model, which aims to reproduce both the non-thermal properties of the observed spec-
trum and the image observables from the EHT observations. With this work, we aim to
derive new constraints on the accretion-ejection mechanism for Sgr A*.

1 Introduction
Sagittarius A* (Sgr A*) was first detected in 1974, by Bruce Balick and Robert Brown [1]. When this
interferometry detection was made, it proved the existence of an extremely compact object (a super-
massive black hole - SMBH) at the center of our own galaxy.

Since then, various observations have been conducted around Sgr A* on wavelengths from the radio to
the X-ray (for more on these observational campaigns see [2] and references therein). These observations
also showed that part of the spectrum comes from non-thermal synchrotron emission. In addition, another
key step towards understanding these objects is the Event Horizon Telescope (EHT) collaboration’s
reconstructed images of both M87 [3] in 2019 and Sgr A* [4] in 2022. With these images, we can get
measurements on fundamental astrophysical parameters of these objects’ close environment and place
new and strong constraints on our models.

Many studies have been conducted around this topic. Some of which assumed and/or explored the
presence of relativistic jets ([5], [6], [7]). In particular, [6] shows how their analytical model of Sgr A*
was able to nearly perfectly fit the observed spectrum data, achieving a χ2 = 0.54, including the radio
frequencies, which are usually associated with the presence of jets (more in section 2.1). Moreover,
while observing active galactic nuclei (AGNs), that are powered by the central SMBHs, jet formation,
probably due to the Blandford-Znayek process, was observed ([8]). For all this, we too will include jets
in our model (more in section 2.1).

To sum up, this project aims to create a new analytical model, using the relativistic ray-tracing
code — GYOTO [9], by improving on Vincent et. al. 2019 ’s work [6]. Firstly, we aim to replicate their
excellent fitting results and, secondly, to fit all the EHT data for a non-rotating black hole. Unfortunately,
there will be no time to study how different spin parameters would impact the final fitted values or the
synthetic images. So, we will focus on the a = 0 case and leave this study for future work. These
improvements aim to build on the previous model, bringing new physical aspects/parameters that will
enrich the simulations, while maintaining it analytical.
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2 Old VS New Model
2.1 Conical Jets + Torus Disk
In 2019, before the EHT collaboration released their reconstructed images of Sgr A*, an attempt at fitting
the observed spectrum with analytical models was made by Vincent et. al. [6]. In their work, they used
conical-shaped relativistic jets together with a torus disk to simulate the close environment of Sgr A*, as
seen in Fig1 from [6]. In addition to this, a very high accurate fitting was made to the observed spectrum
data available (Fig3 from [6]). Despite having a very good fitting of the spectrum, there are a few key
aspects that needed to be addressed.

Figure 1: Illustration of jet’s brightness
under different magnetic configurations

Firstly, the ring like structure that comes from the torus
disk rises from construction. Although it was a simple and
purely analytical solution, an improvement was made in or-
der to add a new layer of complexity to the disk, as well
as, making it more realistic. Additionally, taking a look at
Fig. 1, a quick comparison between different magnetic con-
figurations for the Torus Disk + Conical Jet Model is made.
A much more in depth study on the matter has been made in
[5]. In summary, the author presents results on the conical
jets model (section 2), as well as a table (Table 2) with
intensity ratio (Iinsh/I

out
sh ) comparisons between the different

magnetic configurations. The author then concludes that,
based on current models with preferentially vertical magnetic
field configurations around Sgr A* ([10]), the jet hypothesis
should be a robust one. As such, will be the chosen configu-
ration for this works’ jets.

Lastly, the jets’ shape. Conical jets have a set aperture.
Because of this, a distant observer will see the conical jet
angular size increase as he observes it at a large distance
from the black hole. To solve this, a more realistic parabolic
shape should be used. This avoids the mentioned problem by creating a constant jet sheath that will not
become apparently larger with its distance from the source. This is also consistent with both observations
of M87* and with numerical GRMHD (General Relativistic Magnetohydrodynamics) simulations results,
that favor the parabolic shape for jets formed around SMBHs [11], [12].

2.2 The new model

Figure 2: Sketch of the Thick
Disk + Parabolic Jets model.

With all this into consideration, a thick disk with parabolic shaped
jets has been implemented, as sketched in Fig. 2.

An example of such improved complexity is the addition of new
physical parameters like the stagnation radius, that will heavily impact
the final synthetic images. In Fig. 3, the combined effects of the stag-
nation radius - region where particles plummet into the black hole -
with synchrotron beaming creates various orders of imaging in the final
picture. In this figure, the primary image of the front jet is clear, as
well as a gap where its base should be. Because particles are falling into
the black hole, this region appears to have little to no emission. On the
other hand, in the backward jet, we can see two distinct regions. In this
case, the in-falling particles are falling towards the observer. Because
of this, the secondary image in region B appears brighter and closer to
the center of the image than the primary image C.

As for the disk, the main changes come from its shape and how it
is defined within GYOTO’s code. On the one hand, the torus disk,
as mentioned, was a simple and analytical solution, based only on the
disk’s central enthalpy and central temperature. It had its shape set by
default, which meant that it would always behave as if it had a tangled
and averaged magnetic configuration [13]. On the other hand, the new
thick disk allows, firstly, for a more costume use, as it has a wider

variety of available inputs like inner radius, disk aperture, plasma density, etc.. For the thesis’s project
most of the disk’s parameters will, ideally, be left free to be fitted. Secondly, the thick disk also respects
other GRMHD results on the accretion mechanism around SMBHs. On top of this, the new observable
data of the EHT images will be used to place constraints on our model in post-process analysis.
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Figure 3: Synthetic image of the parabolic
jets. Highlighted region A corresponds to
the photon ring. Regions C and B refer
the 1st and 2nd order images of the back-
ward jet.

All in all, the model’s updates come to bridge a gap
between numerical GRHMD simulations that favor certain
physics (like the jet’s parabolic shape) and other analytical
models and studies that try present the most accurate and
simple solutions possible to highly complex problems. With
this, an updated model on our galaxy’s SMBH is presented
and tested for future studies.

3 Accretion-Ejection Flow Study with GYOTO
Studying how different physical parameters impact the out-
put’s spectrum and synthetic images is crucial in understand-
ing what parameters should be at study and how each needs
to change in order to obtain the best results. Particularly,
some physical parameters impact the spectrum very simi-
larly and, thus, are degenerate with each other. In the same
way, keeping a close eye on how each parameter impacts the
resulting synthetic images may also lead to identifying de-
generacies or giving new ways of distinguishing their impact
on the spectrum or on the final images during post-process
analysis.

3.1 Spectrum Variability

Figure 4: Plotting of the null geodesics
for a Schwarzschild black hole with mass
equal to Sgr A*. Dashed blue line repre-
sents the stagnation radius.

The fitting of the chosen analytical model to the observed
spectrum is the first step in achieving the best-fitted values.
GYOTO’s capabilities as a simulator allows for a accurate
and in-depth understanding of which variables are the most
important to study and vary in a grid search, for example.

Another important aspect to notice when simulating the
overall spectrum is how each frequency region behaves for
different inputs. For instance, low frequencies may vary less
with certain parameters. This is the optically thick region of
the spectrum. In it, simulated light-rays only reach the outer
most layers of the plasma from the jets and/or disk. On the
other hand, higher frequencies allow light to travel through
the plasma and thus both the simulated spectrum results and
observed images may vary a lot more in this region. Finally,
understanding this becomes evidently necessary as the EHT
frequency (230GHz) is found in the transition region between
optically thin and thick.

3.2 Synthetic Images
As mentioned, one of the main goals of this Master’s thesis is to accurately replicate the EHT recon-
structed images of Sgr A*. As such, an in depth analysis of how to get a ring like shape with the chosen
parameters must be made. The first step to do so is to study the null geodesics, and how they curve
around the black hole (Fig. 4), as well as different relativistic effects that might occur. Such relativistic
effects regard, for example, the beaming effect of plasma [14], and should be studied for the entirety of
the relevant spectrum range including the optically thick and thin regions of the spectrum ([15], [16],
[17]). Having done this, an even greater understanding of the importance and impact of the physical
parameters, like the previously mentioned stagnation radius, on the generated images will be.

4 Conclusions and Future Work
To sum up, with the improvement of numerical models, there is the possibility to better understand the
accretion-flow physics around black holes. Furthermore, the recent EHT collaboration data of Sgr A*
brings new observational constraints for our model. Thanks to GYOTO, we can make analytical models
of Sgr A*’s close environment, that will, in turn, aim to fit all of its observational data, including EHT
image, spectra and polarization quantities (Q and U Stokes parameters) to produce the best “quiescent”
model with spin parameter a = 0. At the time of writing this article, no fitting results could be presented
yet. As such, follow up work will be focused on making a fitting to the observed spectrum.
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