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ABSTRACT

FU Ori-type objects (FUors) are characterized by short (decades- or centuries-long) episodic accretion bursts, during
which their luminosity increases by orders of magnitude. A possible cause of such events is gravitational interaction
between encountering stars and their disks. Numerical simulations show that this scenario requires a close approach
of several to several tens of au to reproduce relatively short, year-scale, characteristic times of luminosity rise via the
release of gravitational energy. However, objects in FUor binaries (including FU Orionis itself) are usually hundreds
of au away from each other.

Then, relative velocities of sources, which can be estimated from the known burst duration timescales, should
have been by at least an order of magnitude higher than the observed velocity dispersion in young stellar clusters.
Thus, the burst onset either has a delay after the closest approach or bursts should be initiated due to a mechanism
that is different from a direct gravitational mass and angular momentum exchange during a close encounter. We used
numerical hydrodynamic simulations to model the possible mechanisms of luminosity burst development during the
encounter between a star plus a disk system and a diskless intruder star perturbing the target system. It was found
that the encounter can lead to accretion bursts even in models having a large periastron distance (=~ 500 au) between
the intruder and the target. The delay between the closest approach and the burst onset is more than 4000 years. The
target disk perturbation caused by the intruder flyby resulted in the development of magneto-rotational instability in the
innermost parts of the disk. This mechanism can resolve the problem of coplanar FUor binaries having large distance

between the companions.
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1 Introduction

Protostars in young stellar systems are known to be subjects
to a sudden increase in brightness. Such an increase can reach
several orders of magnitude, while a typical timescale for a
burst is tens to hundreds of years. The first discovered object —
FU Orionis — formed the basis of the class of events known as
FU Orionis-type eruptions. Although the number of objects
classified as FUors up to date is just several tens (see, e.g.,
Audard et al., 2014), these events are not to be considered
as rare. Young stars during their evolution probably expe-
rience ten or even several tens of outburst events (Kenyon,
1999). Outbursts of FU Orionis type are more likely to occur
in the early phases of disk evolution when the disk is opti-
cally thick and active (Vorobyov and Basu, 2015; Mercer and
Stamatellos, 2017).

Bursts affect disk evolution and structure, and especially
its temperature characteristics. Moreover, a disk chemical
composition is sensitive to both increased temperature and
irradiation (Visser et al., 2015; Rab et al., 2017; Molyarova
et al., 2018; Wiebe et al., 2019). Besides chemical reactions,

a temperature change can lead to a shift of snowlines, the
grain properties, and thus disk observational manifestations
are also affected (Banzatti et al., 2015; Schoonenberg and
Ormel, 2017). For instance, it was shown that a change in
spectral index distribution can survive (depending on a disk
characteristics) even thousands of years (Vorobyov et al.,
2022). A rapid significant luminosity increase can trigger
a number of instabilities. Even the dynamics of a disk pos-
sibly changes, and we can distinguish between the different
mechanisms led to a burst (Vorobyov et al., 2021).

Despite the significance of outbursts and the amount of
work already done on the topic, there is no consensus on
the origin of such events. Multiple hypotheses have been
proposed to describe the mechanisms leading to the develop-
ment of a burst. Bursts are likely to occur due to an episodic
increase in the rate of mass accretion from the disk to the
star (Audard et al., 2014; Connelley and Reipurth, 2018).
Magneto-rotational instability (MRI) is widely considered
as a mechanism that provides a sufficient increase in the
mass accretion rate (see, e.g., Armitage et al., 2001) when
the temperature in the inner disk is high enough for the ther-
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mal ionization of alkaline species. The accretion rate and the
corresponding energy release as accretion luminosity dur-
ing the infall of a massive clump onto the star can reach
the values that are characteristic of FUors (Vorobyov, 2009).
Another possible mechanism is the mass exchange between
a protostar and a planet circulating around on a low orbit,
as suggested in Nayakshin and Lodato (2012). Simulations
show that close encounters of two stellar sources can give
FUor-like accretion characteristics (Pfalzner, 2008).

FU Orionis is a binary system consisting of the north and
south sources. One of the stars has been in the burst phase
since 1937, when its luminosity had increased on a year scale
by two orders of magnitude, while the other star still remains
to be in the “quiescent” phase. Thus, it is attractive to sug-
gest that the origin of the FU Orionis burst is a release of
the gravitational energy during the passage of the closest ap-
proach point. However, the in-plane or low-inclined collision
(which seems to be the case in FU Orionis) requires a very
close approach (from several to couple tens of au) to repro-
duce the burst magnitude (Pérez et al., 2020). Considering
the FU Orionis spatial geometry, we must be very careful
with this assumption. The problem is that the estimated dis-
tance between the FU Orionis stars is about 250 au (Pérez
et al., 2020). Then, following the logic presented in Liu et al.
(2017), we can estimate the average relative velocity of the
sources since we know the instance of the burst initializa-
tion (i.e., the supposed moment of the close approach). The
resulting relative velocity has to be no less than 10 km s~ !,
which is almost an order of magnitude higher than the veloc-
ity dispersion in young stellar clusters. This paradox can be
solved assuming a larger periastron distance between the in-
truder and the target or a delay between the closest flyby and
the burst onset. However, the factors determining the delay
duration are yet to be discovered. Moreover, the mechanism
responsible for the burst ignition probably differs from the
simple gravitational interaction of objects. We aim to study
the possibility of burst events in binary systems with large
periastrons and delayed burst initialization.

In this work we present the results of the numerical hy-
drodynamic simulations of the close encounter between the
two sub-solar mass sources having large periastron. The en-
counter is followed by the delayed FUor-like luminosity burst.
The simulations show the possible scenario of the indirect
burst initialization, which can account for FUors in binaries
with large distances between stars.

2 Results

We use hydrodynamic modeling to study protoplanetary
disks and in particular FUor phenomena. In this section we
provide the basic information on the model, initial condi-
tions and distributions of the simulations, and present the
modeling results.

2.1 Brief model description

The hydrodynamic simulations were carried out using the
numerical hydrodynamics code “Formation and Evolution of
Stars and Disks” (FEOSAD). This code allows for simulation
of a protoplanetary disk (together with a star) in the 2D-
thin disk approximation on the evolutionary scales (from
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hundreds of kyr to several Myr). The model is presented
and described in detail in Vorobyov et al. (2018). Here, we
mention its main constituent parts and note the updates that
are important for this particular study.

The data is obtained by solving the system of equations,
describing the co-evolution of gas and dust. Both compo-
nents are considered as fluids; however, dust is a pressureless
fluid. The following key processes are taken into account:
self-gravity of a disk (both gaseous and dusty); friction be-
tween dust and gas, including back-reaction of dust onto gas;
and turbulent viscosity, which is introduced using the a-
parametrization of Shakura—Sunyaev (Shakura and Sunyaev,
1973). The energy balance includes compressional heating
or cooling, heating and cooling via radiation and viscous
heating. The dust in the disk does not have a constant size,
but is represented by an ensemble with a certain maximal
size, locally determined by the processes of growth and frag-
mentation.

It was already mentioned above that we use the Shakura—
Sunyaev parametrization of viscosity. The value of ayig is
variable in space and time in our study. We adopt the layered
disk model (Gammie, 1996) to choose the ayjs. value in
a disk. The full description of the model can be found in
Kadamet al. (2020). We assume the thickness of a disk which
can be sufficiently ionized via cosmic rays is 100 g cm™2.
The threshold temperature required for thermal ionization of
alkali metals is set to T = 1300 K.

Finally, to simulate a flyby of the (sub-)solar mass object,
we use the approach presented in Vorobyov et al. (2017),
which allows for modeling of a coplanar encounter between
a disk with a central source and an intruder perturbing a
system.

We present the results of two computations: (i) a fiducial
model representing a single-star system; and (ii) a perturbed
model in which the intruder was launched toward the central
source from a distance of 3000 au. The initial intruder ve-
locity has two components: radial velocity v, = —2.5 km s~!
(note that the negative value accounts for the motion toward
the central star) and azimuthal velocity vy = 0.2 km s71.
The encounter is retrograde, which means that the intruder
motion is opposite to the star (and disk) rotation. The intruder
mass is Miy = 0.5 Mg. The computational domain covers
the region of 3500 x 3500 au” divided into 400 x 256 cells
in the radial and azimuthal direction, respectively.

2.2 Initial configuration

The disk and conditions there at the beginning of each run
are the same. Initial distributions of gas, temperature, and
viscosity parameter ayis. are shown in Fig. |. Clearly, the
disk has a well-defined spiral structure, i.e., it is gravitation-
ally unstable. The initial point of simulation is approximately
100 kyr after the disk formation via gravitational collapse.
Thus, the disk is still in the active embedded phase of evo-
Iution when the development of gravitational instability is
expectable. The temperature distribution does not show az-
imuthal variations that would be significant, although some
inhomogeneity does exist. The most dense inner disk is MRI-
dead, and the corresponding decrease in ayis is notable there.

Focusing on the innermost disk, which is shown in the
right column of Fig. 1, one would see the complex structure.
There is a certain accumulation of matter around the inner
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Fig. 1. Initial distribution of gas surface density (top row), tem-
perature (middle row), and viscosity parameter @iz (bottom row).
The left and right columns show the disk on different scales: the
100 x 100 au? box and the innermost part of the disk within the

4 x 4 au? area, respectively. All the values are shown in the log
scale.

boundary and the ring structure at approximately 2 au. The
temperature of the ring is lower than that of its surroundings.
The peak of temperature is situated between the innermost
accumulated matter and the gaseous ring, in the region where
both viscosity and gas surface density are high, thus facilitat-
ing the viscous heating. ayis starts to decrease at r ~ 2.5 au,
and closer to the star it reaches low (@yise < 1072) values
corresponding to a completely MRI-dead zone. Clearly, the
gas accumulation occurs where s has a sharp decrease (in
the outside—inside direction) because the capability of mass
transport via viscous torque changes. If a higher viscosity
zone surrounds a zone with a lower one, then an excess of
matter that cannot be transported accumulates at the interface
between zones. More details on the process can be found in
Kadam et al. (2020).

The modeling starts from the presented distribution, and
then the intruder changes it via gravitational interaction,
while the fiducial model evolve freely without perturbation,
serving as a reference case.

2.3 Origin of luminosity peaks
The work aims to study the possibility of luminosity burst

development caused by a flyby of an external object. Once
the intruder launched in the perturbed model simulation, it
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Fig. 2. Accretion rate and total luminosity as functions of time
are shown in the top and bottom panels, respectively. Blue curves
correspond to the fiducial model; orange, to the model with the
intruder.
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Fig. 3. Perturbed model during the luminosity rise following the
moment of periastron passage. The top row of panels shows the
spatial distribution of gas surface density (left column) and midplane
temperature (right column). Values are shown in the 20002000 au?
area att = 16.67 kyr since the intruder launch. Colors are in the
log scale. The total luminosity of the central star as a function of
time is shown in the bottom panel. The vertical dashed line marks
the current time instant.
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took 7.95 kyr to reach the point of the closest approach,
with a periastron of d =~ 500 au. However, no significant
changes in luminosity have taken place by that moment, as it
is clearly seen in Fig. 2. The accretion rate and, consequently,
the luminosity increase, peaking at ¢ = 8.81 kyr. Despite the
luminosity increased by two times, it is too low for a FUor.
The next accretion and luminosity peak occurs almost 5 kyr
later, and the peak luminosity is two orders of magnitude
higher than the preceding quiescent luminosity.

First, we consider the luminosity increase that follows
the closest approach. By the time the luminosity reaches
its first peak, the intruder has already gone 50 au farther,
and the increase in accretion rate is a consequence of the
first perturbation finally penetrated through the disk. The
gaseous disk structure is shown in Fig. 3. The track of the
intruder is clearly observable, as the intruder gravitationally
gathers matter from its surroundings during its movement
and leaves the characteristic pre-collisional tail-like structure
and the post-collisional tail-like structure. The intruder also
has its own disk of lower density and size (this picture is
in consistence with the results obtained in Vorobyov et al.
(2020)). The tail-like structures are not stable, but curve and
accrete onto the disk along with the matter from the envelope.
The front of the post-collisional tail-like structure is warmer
compared to the surrounding medium due to compressional
heating because it is actually the shock front. The form of
the disk is a bit flattened. Although the two-times luminosity
increase, the disk temperature is not much affected.
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Fig. 4. Configuration of the inner disk part (2 X 2 au?) in the per-

turbed model at the moment of the MRI burst ( = 13.67 kyr).
Spatial distributions of the gas surface density, midplane temper-
ature, and viscosity parameter @yisc are shown in the top row of
panels by colors in the log scale. The bottom panel is similar to that
of Fig. 3.

The situation changes when considering the second ac-
cretion enhancement event, which arises almost 5 kyr after
the previous one. Despite the intruder is ~ 2500 au away,
the inner disk at the moment of the second luminosity burst
differs from the initial configuration qualitatively and quan-
titatively, as it is evident from Fig. 4. The gaseous rings have
disappeared, the inner gaseous disk structure is noticeably
asymmetric (in contrast to the initial almost-axisymmetric
configuration), while a certain ring-like structure is still re-
tained in the temperature distribution. The temperature values
are up to an order of magnitude higher than the initial ones.
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The most important part that sheds light on the root of accre-
tion rate enhancement is the distribution of @yjsc. A sharp in-
crease in the turbulent viscosity parameter up to @iz =~ 1072
takes place where the dead zone was established initially.
This sharp increase is undoubtedly the consequence of the
MRI development. Nevertheless, it remains unknown what
was the first: the luminosity burst, which further increased the
temperature up to the threshold value 7¢i; = 1300 K, or MRI
development — the only source of the accretion enhancement.
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Fig. 5. Innermost disk immediately before the accretion luminosity

burst (t = 13.66 kyr). The spatial distribution of ayis. is shown
in the top row of panels. Colors are in the log scale. The middle
panel presents the midplane temperature as a function of radius.
Thick dots correspond to all the azimuthal temperature values at
a given radius. Black solid lines show the azimuthally averaged
values. Azimuthal variations in ayjs. as a function of radius are
shown in the bottom panel.

Considering the pre-burst condition of the system, it be-
comes obvious that the development of MRI occurs prior to
the luminosity increase. The distribution of @y is presented
in Fig. 5 together with the azimuthal variations of @yjsc as a
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function of radius. The small region at r = 1 au is fully MRI-
active, i.e., Qyisc > 1072 Clearly, the MRI triggers where the
temperature exceeds Toir = 1300 K, which assumed to be
high enough for the thermal ionization of matter. Thus, the
intruder-induced perturbation leads to a burst of accretion
due to the development of the MRI in the system.

3 Conclusions

We numerically simulated a close encounter between a star
with a surrounding disk and an external intruder object of
sub-solar mass. The collision was coplanar, and the setup
with an expectedly large (hundreds of au) periastron was
used. To evaluate an effect of the intruder onto accretion
characteristics of the target disk, the reference model without
a perturbing object was also computed. Our findings can be
summarized as follows.

— It was shown that the luminosity burst with character-
istics resembling those of a FUor object can occur in
binaries with stars situated far beyond tens of au and
doesn’t require low periastron.

— The first perturbation, developed due to the encounter
of two stars with a large (= 500 au) periastron, takes at
least hundreds (700+) of years to reach the target star.

— Such a perturbation can disbalance the disk, which fi-
nally results in the development of the MRI, providing
a significant increase in the rate of mass accretion and
thus accretion luminosity, appearing as a FUor. The time
elapsed from the closest approach to the MRI ignition
is more than 4000 years. This means that the encounter
can trigger a burst even thousands of years after the event
itself.
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