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Abstract

Recent observations using the largest telescopes provide reliable evidence of the
presence of gas flows interacting with the protoplanetary disks of young stars
called streamers. Similar structures have been previously predicted in large-scale
three-dimensional numerical calculations. Studying the interaction of such flows
with the protoplanetary disk from the point of view of gas dynamics is an inter-
esting problem, and it was performed by us earlier. In this paper, we have focused
on observational manifestations of consequences of such interactions.

It turned out that during the prograde and retrograde fly-through of the stream,
a different spiral pattern is formed, and in the retrograde case one can expect the
appearance of an inner inclined disk around the star. It is shown that such a disk
can exist for more than a hundred years, and in observations it appears as light
and dark regions in the protoplanetary disk. Moreover, the results of measuring
the geometric parameters of the inner disk in simulated images perfectly match
the results of the density distribution analysis. The simulation of observations
showed that when observing the disk from the edge, it is also possible to detect
features of an inclined inner disk.
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1 Introduction

The hypothesis of continued accretion of matter from the remnants of a protostellar
cloud after the formation of a protoplanetary disk (Hartmann and Kenyon 1985)
finds confirmation in modern observations. Systematic research Gupta et al. (2023) of
protoplanetary disks has shown that a significant part of these objects in nearby star
formation regions may be associated with reflective nebulae, which may be the source
of late accretion onto the disks. At Garufi et al. (2024) it is also shown that a third
of the observed disks in the star formation region in Taurus show signs of interaction
with their surroundings.

Small filaments of matter, denser than their surroundings, known as streamers,
have been detected in the vicinity of young accretion disks (Valdivia-Mena et al. 2022;
Hsieh et al. 2023; Flores et al. 2023). Their matter accrets into disks at certain points.
Accretion shock waves heat the disk and locally increase its mass, which can lead to
the development of gravitational instability.

The chemical composition of the protoplanetary disks DG Tau and HL Tau sug-
gests the presence of shock waves caused by accreting matter in the late stages of star
formation. They may be common in disks in young star formation regions, which may
have implications for the chemical composition and mass of the disk (Garufi et al.
2022; Artur de la Villarmois et al. 2026).

The presence of spirals at a relatively young stage of star formation with a low-mass
protoplanetary disk, as well as azimuthal asymmetry in dust emission in the infrared
range and large-scale kinematic features may be a consequence of the accretion of
matter onto the disk plane from the remnants of a protostellar cloud. Examples of
such objects are AB Aur (Piétu et al. 2005; Tang et al. 2012), SU Aur (Ginski et al.
2021) and DR Tau (Mesa et al. 2022).

Another manifestation of cloud accretion is the appearance of an inclined inner
disk or warp near the star. Observations with large telescopes have shown that such
distortions of the inner part of the disk relative to the periphery are common at the
stage of the protoplanetary disk (Ansdell et al. 2020; Bohn et al. 2022; Villenave et al.
2024; Kimmig and Villenave 2025; Winter et al. 2025).

Simulation of the capture of a large cloud on the periphery of the disk has been
performed in a number of papers (Dullemond et al. 2019; Kuffmeier et al. 2021; Unno
et al. 2022; Hanawa et al. 2024). It was shown that in this case, the outer parts of the
disk inclined relative to the inner ones. Also, when observed in scattered light, mainly
two-arm spirals can be found on the surface of the disks (Hithn et al. 2026). Disk
disturbances are strongest in the upper layers, if the mass of the disturbance does not
exceed the mass of the disk, then the central plane of the disk remains undisturbed.
However, such events are rare.

A large number of incident steamer-like structures were detected during numerical
modeling of star formation processes (Padoan et al. 2014; Kuffmeier et al. 2023). At
the same time Kuffmeier et al. (2018) shows the possibility of a clump of matter falling
on the inner parts of the disk. Similar structures have been found in modeling the
formation of protostellar accretion disks (Heigl et al. 2024; Mayer et al. 2025).

Modeling of the consequences of the fall of a matter on a gas disk was performed
in Demidova and Grinin (2022a) in the approximation of the instantaneous fall of a



massive clump of matter at a distance of 30 AU. Calculations have shown that the
density disturbance is stretched over several orbital periods by the Keplerian rotation
of the disk into a vortex-like structure, then into a tightly wound spiral, and then the
shape of the asymmetry depends on the initial velocity of the disturbance. Long-lived
structures are formed: a two-arm spiral, a ring-shaped structure, or a horseshoe-shaped
asymmetry.

Calculations of the fall of matter on the inner regions of the disk (< 10 AU) were
performed in Demidova and Grinin (2023) in the approximation of a discrete fall of
a clump of matter onto a gas disk. If the initial velocity of the density perturbation
was less than the local Keplerian velocity, matter began to fall rapidly onto the disk.
As further research of Grigoryev and Demidova (2024b) has shown similar conditions
can occur in the case of a retrograde collision of a gas stream and a gas disk. The
accretion rate in a number of models increased by more than two orders of magnitude
(Grigoryev and Demidova 2025), which is typical for FU Ori-like flares (Hartmann
and Kenyon 1996). Another consequence of such a fall is the formation of warp or an
inner disk inclined relative to the periphery.

In addition, a burst of accretion activity can generate an increase the disk wind,
which can weaken the brightness of the star for decades (Grinin and Demidova 2024).
The weakening of the star’s brightness can also be caused by the rise of the disk’s
matter to high latitudes above its plane due to the rapid mixing with matter of a
retrograde gas stream (Grigoryev and Demidova 2024b). In this case, if the plane of
the star’s disk is inclined at a small angle to the line of sight, the brightness curve will
show a sharp decrease in brightness to 5, a prolonged eclipse, and then a smooth
return to its original state. The CQ Tau (Grinin et al. 2023), AA Tau (Bouvier et al.
2013; Covey et al. 2021) and V1184 Tau (Semkov et al. 2015) light curves show similar
behavior.

In this paper, we continue analyzing the consequences of the gas stream falling on
the inner regions of the disk. The influence of the parameters of the initial orbit of the
clump on the characteristic structures can be observed in the near-infrared and radio
ranges of the EM-spectrum is investigated.

2 Numerical model

In this section, we will only briefly describe the gas-dynamic formulation of the
problem, since it fully corresponds to Grigoryev and Demidova (2024b). We use the
numerical package PLUTO (Mignone et al. 2012), which implements the Godunov
approach for solving a system of gas dynamic equations. Taking into account the
viscosity and thermal conductivity, it looks like this:

7]
STV () =0;

35917)

R T
LV ((pﬁ)eam Ip) =V + V- N(v); (1)
) 2 .
%+v- [(’);)+pe+p+p¢>) 17+} =V (7-N¥)+V-F,.



Here p is the density of the gas within a particular cell, ¥’ is the Eulerian velocity
of the gas in this cell, I is the unit matrix, p is the pressure of the gas, ® is the
gravitational potential, II(v) the viscous stress tensor, &; = € + pv?/2, € the specific
energy density of a gas (the gas is considered ideal: p = (y — 1)pe, vy =7/5), V - F, is
heat flow determined by thermal conductivity.

Calculations are performed in the standard spherical coordinate system (R, 6, @) :
144 x 60 x 144 cells in the domain [0.2;107.2] AU x[15;165]° x [0;360)°. The R-
grid is logarithmic, but the angles are uniform. This configuration allows one to get
quasi-cubic cells (AR ~ RAp = RA#) in the computational domain.

Note that the influence of radiation transfer processes on gas dynamics (UV heating
from hot regions of the star, cooling of dust) is not considered here, and the self-
gravity of the disk is not taken into account: the gravitational potential of the point
mass & = GM, /R (G is the gravitational constant, M, is the stellar mass) remains
unchanged during calculations.

2.1 Initial model of protoplanetary disk

We will consider an axisymmetric initially hydrostatically stationary protoplanetary
disk in polar coordinates (R, ) — (spherical radius and polar angle), consisting of an
ideal gas orbiting a star with a mass of M, = 1M (one solar mass), as the initial
distribution of matter in the computational domain.

All macroscopic gas parameters are set in a code units. The main parameters of
this system are listed in the Table 1.

Table 1 Normalization units

Parameter Designation Value Units, CGS  Comment
Unit of mass My 1.98 x 1033 g Mg

Unit of length Lo 1.496 x 1013 cm 1 AU
Unit of time to 3.16 x 107 S 1 year
Unit of density 00 5.94 x 10~ 7 g cm—3 Mo/Lg
Unit of velocity Vo 4.74 x 105 cm s 1 2w Lo /to

Following Demidova and Grinin (2022b) we will set the initial distribution of
volume density in the disk:
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Here r = Rsin# is the cylindrical radius, z = Rcosf is the height above the
equator, H(r) is the characteristic semi-thickness of the disk at this radius, r;,, is the
inner radius of the disk, Xy is the average surface density of the disk, My, is the
initial mass of the disk (in all calculations My;sx = 0.01Mg).



The half-thickness of the disk depends on the temperature in the equatorial plane
of the disk T,,;q at a given radius:
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where the values R, and T, represent the radius and temperature of the star, the
coefficient T' = 0.05 (Chiang and Goldreich 1997; Dullemond and Dominik 2004), the
molar weight of the gas in the disk p = 2.35 (Dutrey et al. 1994).

The density in the cell is limited from below by the value of 107 '2pg, and all the
cells with such a sparse medium are considered as the corona with the temperature of
1.5 x 10 K.

The velocity of each point of the disk is set based on the Keplerian approximation:
v = (vRr,v9,v,) = (0,0,/GM,/R) for the case of a prograde fall of the clump. In
the case of a retrograde fall, the disk will rotate counterclockwise in the xy plane:
v = (vR,v0,0p) = (0,0,—y/GM,/R). So, here we get |v,| = vg for the orbit with
radius R =1 AU.

The left boundary condition for R is set based on considerations of equality of ther-
mal turbulent flows, continuity of viscous turbulent flow, and conservation of entropy.
The values in the boundary cells are indicated by the subscript b, without the index
— in the calculated boundary cells:
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Here vgy, component is always directed towards the star or zero. The values of Ky, and
Vpurp are the coefficients of turbulent thermal conductivity and viscosity respectively,
primarily affecting the movement of gas. For more information about the thermal con-
ductivity and viscosity model used, see our previous paper (Grigoryev and Demidova
2024b).

The right boundary condition for R corresponds to the initial state of the disk.
Free boundary conditions on # on both sides and periodic boundary conditions on ¢
are established.

2.2 Initial parameters of the stream

At the initial moment of time one cell (AR ~ 0.8 AU) at a distance of R = 20 AU
from the star is filled with matter with a mass equal to the mass of Jupiter, which sets
the value of the density in it (p ~ 1- 1072 g ecm~3). The initial temperature of this
matter is 50 K. The initial components of the gas velocity in a given cell are set such
that a material point having the coordinates of the center of this cell moves along a
parabolic trajectory with the longitude of the ascending node 2 = 45° relative to the
star. The angle of inclination of the orbit was set for each calculation separately (angles
of 30°, 45° and 60° were considered), and the direction of rotation of the disk was
also set to ensure cases of prograde and retrograde fall. The names of the calculated
configurations are also identical to the Table 2 in Grigoryev and Demidova (2024b):



that is, for example, the DI-r45 model from the previous article and from this one —
are the same, in which the stream moves at an angle of 45° to the plane of the disk
towards its rotation (retrograde case).

3 Three-dimensional gas dynamic of the disk

When moving toward the disk, the matter of initial clump is stretched into a gas
stream, which moves along the initial parabolic orbit until it impales the disk. In case
of single intersection models (SI) the matter partially flies away, in the other case —
double intersection (DI) — it flies around the star, collides again and partially flies
away. The timing and position of intersections in models discussed in the paper could
be found in our previous work Grigoryev and Demidova (2024b) and the dependence
of fly away matter from orbital parameters is discussed in Grigoryev and Demidova
(2025).

Fig. 1 shows contour surfaces of the density distribution in protoplanetary disks in
two models DI-45 and DI-r45 (prograde and retrograde case of stream fall respectively,
the inclination of the orbit is 45°) at ¢t = 150 years from start of calculations (the
center of mass of the clump crossed the plane of the disk at approximately time Ttg).
It is clearly seen that in the first case (the clump fall prograde with the rotation of the
disk), a dominant spiral was formed, the matter of which, having outer density about
10~8pg, rises to ~ 30 AU above the plane of the disk. Along this spiral, a region of
significantly lower density is clearly discernible on the outer side relative to the star,
appearing simply as a “hole” in the contour representation. In addition, the initial
disk is somewhat deformed, and a less significant spiral pattern is visible.

In the retrograde case an inclined inner disk (warp) formed. An analysis of the den-
sity distribution at this time (the maximum density surface was constructed) showed
that the warp radius is ~ 14 AU, the inclination is 22°, and the average normal to
its surface has an azimuth of 109°, which gives an angle of ~ 19° is between the =
axis and the line of nodes (the straight line along which the warp planes and the ini-
tial disk intersect). Since for these models, the first point of intersection of the disk
plane with the stream is closer to the star (~ 7 AU), and the second one is further
away (~ 12 AU in this case), the formation of an asymmetric inclined inner disk is
expected. It is worth noting that the geometric structure of the transition from one
disk to another is quite complex, subject to many bends and spirals, therefore, the dis-
tance from the star to the nearest large hump was measured as the radius of the inner
disk, so this value can be considered a confident estimate of the radius from below.

In (Grigoryev and Demidova 2024a) it was showed that the inner disk evolves: its
orientation and dimensions change over time. In addition, the warp itself is asymmet-
ric: on different sides of the star along the node line, the distance to the outer disk is
slightly different, in the perpendicular direction — too. Note that in these calculations,
it has existed for more than a hundred years since the fall of the clump. On average,
the shape of the initial disk is more distorted in retrograde case than in prograde one.

After the gas dynamics calculations we independently analyze the possible
radiation.
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Fig. 1 Contour density surfaces (in units of pg) for the DI-45 (top) and DI-r45 (bottom) models at
a time of 150 years, octant III is cut out for clarity. A coordinate parallelepiped is presented for the
scale, the distances along the axes are given in AU.

The RADMC-3D code! (Dullemond et al. 2012) was used for three-dimensional
calculations of radiation transfer. The solution of the radiation transfer equation is per-
formed by the Monte Carlo method. It was assumed that the dust to gas ratio is 0.01,
as is the average in the interstellar medium. The amount of fine dust (0.1 microns),
which makes the main contribution to the thermal radiation of the disk, ranged from
100% to 10% of the total dust in the disk. For calculations of direct and scattered radi-
ation, 107 photons were taken. Dust opacity for magnesium-iron silicates (Dorschner

Lhttps://www.ita.uni-heidelberg.de/dullemond /software /radme-3d/


https://www.ita.uni-heidelberg.de/dullemond/software/radmc-3d/

et al. 1995) was calculated according to theory Mie (1908), using the code included in
the RADMC-3D package (Bohren and Huffman 1998).

The calculated radiation fluxes were used for modeling images that can poten-
tially be obtained from observations using the ALMA radio interferometer. The
simulation was carried out using the CASA 6.5 simulator? (Petry and CASA Devel-
opment Team 2012). Calculations were performed for the position a = 05"35™58%.5;
§ = 424°44’54"”.1 (CQ Tau position) at a distance of 140 pc, the bandwidth for the
observer in the continuum is 6 GHz, the exposure time is 2”. Thermal noise was
added using the tsys-atm option of the CASA package, with the precipitable water
vapor PWV = 0.6. The antenna configuration corresponded to the largest compact
configuration (#20 from available CASA configurations).

4 Results

The Fig. 2 shows the radiation flux from the disk during observations from the pole
for cases of prograde (DI-45) and retrograde (DI-r45) collisions of the stream and the
disk, with a double intersection of its plane. It can be seen that the most dominated
spiral structure is formed when the stream falls on the disk prograde to its rotation
and crosses its plane twice. The matter of the stream, after a collision, involves the
matter of the disk in its motion. Since the velocity of the stream’s matter is greater
than the local Keplerian velocity, the structure extends outward from the disk. A
large-scale single-arm spiral stands out (Fig. 2 from above), which is clearly visible
during the entire calculation time (both in gas dynamics, see Fig. 1, and in radiation
simulation). Calculations have shown that the smaller the initial inclination angle of
the falling gas’s orbit, the brighter the spiral structure stands out, since most of the
disk’s matter is involved in the interaction.

In the case of a retrograde fall of the stream, spiral waves also occur, but they are
weaker and dissipate rather quickly over time (Fig. 2 below). In this case, after the
collision, the disturbance propagates inside the disk towards the star, since the local
velocity of matter becomes less than Keplerian as a result of mixing.

At the same time, if the disk is observed in the radio waves using ALMA interfer-
ometer, then in the prograde case the single-arm spiral can be identified in both the
submillimeter and millimeter ranges (Fig. 3). An analysis of the calculations showed
that in order to the spiral structure to stand out against the background of the disk,
it is necessary that the mass of fine dust in the disk should be equal 10~*M, (that
is, 100% of the total mass of dust). In the case of a smaller mass of fine dust (10%),
spiral structures are not resolved. In retrograde case, spiral waves are not visible when
observing the disk.

In the case of a single intersection of the disk plane, for both prograde and retro-
grade collisions, spiral structures are also formed on the disk (Fig. 4). However, they
are less visible than in the case of a double intersection of the disk plane, and are not
identified when observed in the radio waves.

In the case of a retrograde fall, the inner part of the disk inclines, and inclination
angle depends on the initial orbital plane of the stream. The inclined inner disk can be

Zhttps://casa.nrao.edu/
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Fig. 2 The color shows the radiation flux in units of erg s=! Hz~! sr—1 on a logarithmic scale at

a wavelength of 740 microns. The line of sight is directed against the z axis. The top row shows the
DI-45 model, at t = 50 (left), 100 (center), and 150 years (right) from the start of calculations. The
bottom is the same for the DI-r45 case. The initial angle of inclination of the falling clump’s orbit to
the disk plane is ¢ = 45°. The distances are given in astronomical units.

identified when viewed in the infrared range. In Fig. 5 it can be seen that in the case of
1 = 30°, the disk looks almost symmetrical, whereas for ¢ = 45° and 60°, a dark line of
nodes and a bright visually asymmetric inclined disk are highlighted at a wavelength
of 3 microns. The disk image allows one to estimate its size as ~ 15 — 20 AU, which is
slightly more than the value determined from the density distribution analysis. Also
note that the orientation of the observed line of nodes in Fig. 5 for calculating DI-r45,
it perfectly matches the data obtained from density distribution analysis: the angle
with the z axis is about 20°.

An analysis of radiation simulations (for i = 45° and 60°) showed that to observe
the described pattern, it is necessary that the mass of fine dust in the disk does not
exceed 107° M, (that is, 10% of the total mass dust). Otherwise, the contrast between
the higher (z > 0) and the lower (z < 0) parts of the disk becomes too high, and only
the bright lower part is visible. Just in case, we recall that in these calculations, the
clump fell from the upper half-plane.

It should be noted that the line of nodes does not stand out when observing in the
radio range for these models. The fact is that the disk is transparent in the wavelength
range under consideration, so the heated parts of it on the opposite side from the
observer shine through and are also visible. Whereas in the infrared range, only the
surface of the disk facing the observer is visible.
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Fig. 3 Synthesized images that can potentially be obtained on the ALMA radio interferometer at
a wavelength of 740 pm (left), 952 pum (center), 1.3 mm (right) for the DI-45 model at a time of 150
years. The color bar is given in 1073 Jy/beam.
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Fig. 4 The same as in Fig. 2 but for models SI-45 (left) and SI-r45 (right).

In addition, an inner inclined disk can be detected by observations in the radio
range. The Fig. 6 shows the radiation flux from the disk, observed from the edge, and
its synthetic image at a wavelength of 740 pm. The positional angle of observing was
chosen so that the inclination of the inner region relative to the periphery was best vis-
ible (Grigoryev and Demidova 2024b, see Table 4). When observing the disk from the
edge, the inner part looks perturbed, and in the cases of i = 45° and 60°, an inclined
inner disk is distinguished. In simulated image from RADMC-3D we can estimate the
size of warp: its radius is about 15 AU — this value is perfectly matches with density
distribution analysis. Unfortunately, such measurements cannot be carried out on a
potentially observable image.

10



10" -13
10° 14
10" -15

Fig. 5 The same as in Fig. 2 on wavelength 3 um for the models DI-r30 (left), DI-r45 (center) and
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Fig. 6 Left: the same as in Fig. 2 on wavelength 740 pm for the models DI-r30 (top), DI-r45 (middle)
and DI-r60 (bottom). The color bar is given in erg s—! Hz~! sr~!. Right: the same as in Fig. 3 for
the same models. The color bar is given in 10~3 Jy/beam.

5 Discussion

It should be noted that the calculations did not take into account the impact of
an outburst caused by a significant increase in the accretion rate (Grigoryev and
Demidova 2025) in case of retrograde collision of the stream and disk. By the time
50 years after the start of calculations, the accretion rate becomes < 1075Mg yr—1
(Grigoryev and Demidova 2024b). In addition, for a characteristic density value of
10719 g ecm™3, the circumstellar disk is optically thin at temperatures in the range of
900 — 8000 K, with an increase in density to values of 1076 g cm ™3 the temperature
range narrows down to 1500 — 4000 K (Stamatellos et al. 2007). Therefore, we assume
that the inner regions of the disk in these models can be considered as optically
thin ones. As it was shown in Laznevoi et al. (2025), optically thin regions of the
disk warm up and cool down almost instantly during FU Ori-like flares. Heating the
optically thick layers of the disk requires several years, while cooling takes about a
decade. However, the authors did not take into account the change in the vertical
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density distribution with changes in the disk temperature, so the relaxation times of
the optically thick layers of the disk may be shorter due to this effect.

In Tang et al. (2012) it was shown that a probable explanation for the physical
pattern in the AB Aur system could be an inhomogeneous accretion from the remnant
of the protostellar cloud above or below the plane of the main disk, which may explain
both the rotation and large-scale movements detected in the image. AB Aur attracts
the attention of researchers due to the presence of spirals at a relatively young stage
of formation (Fukagawa et al. 2004; Lin et al. 2006), and the azimuthal asymmetry of
the disk detected in the thermal radiation of dust (Piétu et al. 2005).

In Hihn et al. (2026) the formation of spirals in the protoplanetary disk after
the fall of matter from the environment onto the disk was investigated. The authors
showed that mainly two-arm spirals and clumpy structures are detected in diffused
light. In this case, the development of spirals is favored by the gradual accretion of a
massive gas cloud to the periphery of the disk, while the clumpy structures are formed
due to active accretion by streamers. The detected spirals have a very low pattern
speed, which makes it easy to distinguish them from spirals caused by a disturbing
factor. Spiral structures have also been detected in the residual movements of 12CO,
but their morphology does not match that found in scattered light.

6 Conclusion

Thus, it can be concluded that the structures observed in the case of a stream falling
into the immediate vicinity of the star can be identified during observations. In particu-
lar, in the case of a prograde fall with a two intersections of the disk plane, a single-arm
spiral structure can be observed. Calculations showed that the spiral structure stands
out against the sky background if the disk’s dust component consists primarily of small
particles. Therefore, the obtained results are applicable to disks in the early stages of
their evolution.

If the fall is retrograde, then at a sufficiently large inclination of orbital plane, an
inclined inner disk is formed, which can also be detected both during observations in
the infrared and radio range at different wavelengths. It is remarkable that the morpho-
logical structure parameters determined from the analysis of gas dynamic calculations
are consistent with the data obtained from synthesized observations. The dark line of
nodes crossing the bright inclined parts of the disk is visible in the infrared range in
the case when fine dust makes up 10% of the total dust mass. Thus, the calculations
described above are applicable to evolved disks.

However, the identification and detailed study of such structures with the current
development of observational instruments is possible only for the immediate vicinity
of the Sun (about 100 pcs).

7 Acknowledgment

The calculations were carried out using the re- sources of the Joint SuperCom-
puter Center of the Russian Academy of Sciences Branch of Federal State Institution
“Scientific Research Institute for System Analysis of the Russian Academy of Science”.

12



This work was carried out within the framework of the state assignment of the
Crimean Astrophysical Observatory of the Russian Academy of Sciences (CrAO RAS).

References

Ansdell M, Gaidos E, Hedges C, et al (2020) Are inner disc misalignments common?
ALMA reveals an isotropic outer disc inclination distribution for young dipper stars.
MNRAS492(1):572-588. https://doi.org/10.1093/mnras/stz3361, arXiv:1912.01610
[astro-ph.EP]

Artur de la Villarmois E, Guzmén VV, van Gelder ML, et al (2026) Characterizing
the physical and chemical properties of the Class I protostellar system Oph-IRS 44:
Binarity, infalling streamers, and accretion shocks. A&A706:A256. https://doi.org/
10.1051/0004-6361,/202556981, arXiv:2601.04108 [astro-ph.SR]

Bohn AJ, Benisty M, Perraut K, et al (2022) Probing inner and outer
disk misalignments in transition disks. Constraints from VLTI/GRAVITY
and ALMA observations. A&A658:A183. https://doi.org/10.1051/0004-6361/
202142070, arXiv:2112.00123 [astro-ph.EP]

Bohren CF, Huffman DR (1998) Absorption and Scattering of Light by Small Particles

Bouvier J, Grankin K, Ellerbroek LE, et al (2013) AA Tauri’s sudden and long-lasting
deepening: enhanced extinction by its circumstellar disk. Astron Astrophys 557:A77.
https://doi.org/10.1051/0004-6361 /201321389, arXiv:1304.1487 [astro-ph.SR]

Chiang EI, Goldreich P (1997) Spectral Energy Distributions of T Tauri Stars with
Passive Circumstellar Disks. Astrophys J 490:368-376. https://doi.org/10.1086/
304869, astro-ph/9706042

Covey KR, Larson KA, Herczeg GJ, et al (2021) A Differential Measurement of
Circumstellar Extinction for AA Tau’s 2011 Dimming Event. Astron J 161(2):61.
https://doi.org/10.3847/1538-3881/abce73, arXiv:2012.02415 [astro-ph.SR]

Demidova TV, Grinin VP (2022a) Clumpy Accretion in Pre-main-sequence Stars as a
Source of Perturbations in Circumstellar Disks. ApJ930(2):111. https://doi.org/10.
3847/1538-4357 /ac53a6, arXiv:2205.06763 [astro-ph.SR]

Demidova TV, Grinin VP (2022b) Clumpy Accretion in Pre-main-sequence Stars as
a Source of Perturbations in Circumstellar Disks. ApJ930(2):111. https://doi.org/
10.3847/1538-4357/ac53a6, arXiv:2205.06763 [astro-ph.SR]

Demidova TV, Grinin VP (2023) Three-dimensional SPH Simulations of FU Orionis
Star Flares in the Clumpy Accretion Model. ApJ953(1):38. https://doi.org/10.3847/
1538-4357 /acdf5f, arXiv:2308.04936 [astro-ph.SR]

Dorschner J, Begemann B, Henning T, et al (1995) Steps toward interstellar silicate

13


https://doi.org/10.1093/mnras/stz3361
https://arxiv.org/abs/1912.01610
https://doi.org/10.1051/0004-6361/202556981
https://doi.org/10.1051/0004-6361/202556981
https://arxiv.org/abs/2601.04108
https://doi.org/10.1051/0004-6361/202142070
https://doi.org/10.1051/0004-6361/202142070
https://arxiv.org/abs/2112.00123
https://doi.org/10.1051/0004-6361/201321389
https://arxiv.org/abs/1304.1487
https://doi.org/10.1086/304869
https://doi.org/10.1086/304869
https://arxiv.org/abs/astro-ph/9706042
https://doi.org/10.3847/1538-3881/abcc73
https://arxiv.org/abs/2012.02415
https://doi.org/10.3847/1538-4357/ac53a6
https://doi.org/10.3847/1538-4357/ac53a6
https://arxiv.org/abs/2205.06763
https://doi.org/10.3847/1538-4357/ac53a6
https://doi.org/10.3847/1538-4357/ac53a6
https://arxiv.org/abs/2205.06763
https://doi.org/10.3847/1538-4357/acdf5f
https://doi.org/10.3847/1538-4357/acdf5f
https://arxiv.org/abs/2308.04936

mineralogy. II. Study of Mg-Fe-silicate glasses of variable composition. A& A300:503

Dullemond CP, Dominik C (2004) The effect of dust settling on the appearance of
protoplanetary disks. Astron Astrophys 421:1075-1086. https://doi.org/10.1051/
0004-6361:20040284, astro-ph/0405226

Dullemond CP, Juhasz A, Pohl A| et al (2012) RADMC-3D: A multi-purpose radiative
transfer tool. Astrophysics Source Code Library, record ascl:1202.015

Dullemond CP, Kiffmeier M, Goicovic F, et al (2019) Cloudlet capture by transitional
disk and FU Orionis stars. Astron Astrophys 628:A20. https://doi.org/10.1051/
0004-6361/201832632, arXiv:1911.05158 [astro-ph.EP]

Dutrey A, Guilloteau S, Simon M (1994) Images of the GG Tauri rotating ring. Astron
Astrophys 286:149-159

Flores C, Ohashi N, Tobin JJ, et al (2023) Early Planet Formation in Embedded Disks
(eDisk). XII. Accretion Streamers, Protoplanetary Disk, and Outflow in the Class
I Source Oph IRS 63. ApJ958(1):98. https://doi.org/10.3847/1538-4357 /act7cl,
arXiv:2310.14617 [astro-ph.SR]

Fukagawa M, Hayashi M, Tamura M, et al (2004) Spiral Structure in the Circumstellar
Disk around AB Aurigae. ApJ605(1):L53-L56. https://doi.org/10.1086 /420699

Garufi A, Podio L, Codella C, et al (2022) ALMA chemical survey of disk-
outflow sources in Taurus (ALMA-DOT). VI. Accretion shocks in the disk of DG
Tau and HL Tau. A&AG58:A104. https://doi.org/10.1051/0004-6361/202141264,
arXiv:2110.13820 [astro-ph.GA]

Garufi A, Ginski C, van Holstein RG, et al (2024) The SPHERE view of the Taurus
star-forming region. The full census of planet-forming disks with GTO and DES-
TINYS programs. A&A685:A53. https://doi.org/10.1051/0004-6361,/202347586,
arXiv:2403.02158 [astro-ph.GA]

Ginski C, Facchini S, Huang J, et al (2021) Disk Evolution Study Through Imag-
ing of Nearby Young Stars (DESTINYS): Late Infall Causing Disk Misalignment
and Dynamic Structures in SU Aur. ApJ908(2):L25. https://doi.org/10.3847/
2041-8213/abdf57, arXiv:2102.08781 [astro-ph.EP)]

Grigoryev V, Demidova T (2024a) Simulation of stream falling onto a protoplanetary
disk. In: Velmisov P, Gorbunov V, Kuznetsov Y, et al (eds) Proceedings of the
International Scientific Youth School-Seminar “Mathematical Modeling, Numerical
Methods and Software complexes” named after E.V. Voskresensky, pp 40-44, URL
https://conf.svmo.ru/files/2024/papers/paper07.pdf

Grigoryev VV, Demidova TV (2024b) Simulation of the Free Fall of a Gas Stream
on a Protoplanetary Disk. Astronomy Reports 68(10):949-966. https://doi.org/10.

14


https://doi.org/10.1051/0004-6361:20040284
https://doi.org/10.1051/0004-6361:20040284
https://arxiv.org/abs/astro-ph/0405226
https://doi.org/10.1051/0004-6361/201832632
https://doi.org/10.1051/0004-6361/201832632
https://arxiv.org/abs/1911.05158
https://doi.org/10.3847/1538-4357/acf7c1
https://arxiv.org/abs/2310.14617
https://doi.org/10.1086/420699
https://doi.org/10.1051/0004-6361/202141264
https://arxiv.org/abs/2110.13820
https://doi.org/10.1051/0004-6361/202347586
https://arxiv.org/abs/2403.02158
https://doi.org/10.3847/2041-8213/abdf57
https://doi.org/10.3847/2041-8213/abdf57
https://arxiv.org/abs/2102.08781
https://conf.svmo.ru/files/2024/papers/paper07.pdf
https://doi.org/10.1134/S1063772924700859
https://doi.org/10.1134/S1063772924700859

1134/S1063772924700859, arXiv:2503.20606 [astro-ph.SR]

Grigoryev VV, Demidova TV (2025) Simulation of a Protoplanetary Disk Accretion
Activity Due to a Collision with a Gas Stream. Astronomy Letters 51(5):310-321.
https://doi.org/10.1134/S1063773725700434, arXiv:2604.22729 [astro-ph.SR]

Grinin VP, Demidova TV (2024) Clumpy Accretion As a Possible Cause of Prolonged
Eclipses in UX Ori Stars. Astronomy Letters 50(3):194-202. https://doi.org/10.
1134/S1063773724700075, arXiv:2403.20065 [astro-ph.SR]

Grinin VP, Tambovtseva LV, Barsunova OY, et al (2023) Photometric Activity of CQ
Tau over a Time Interval of 125 Years. Astrophysics 66(2):235-241. https://doi.org/
10.1007/s10511-023-09785-z, arXiv:2304.07115 [astro-ph.SR]

Gupta A, Miotello A, Manara CF, et al (2023) Reflections on nebulae
around young stars. A systematic search for late-stage infall of material
onto Class IT disks. A&A670:L8. https://doi.org/10.1051/0004-6361/202245254,
arXiv:2301.02994 [astro-ph.SR]

Hanawa T, Garufi A, Podio L, et al (2024) Cloudlet capture model for the accretion
streamer onto the disc of DG Tau. MNRAS528(4):6581-6592. https://doi.org/10.
1093 /mnras/stae338, arXiv:2402.02706 [astro-ph.GA]

Hartmann L, Kenyon SJ (1985) On the nature of FU Orionis objects. ApJ299:462—478.
https://doi.org/10.1086/163713

Hartmann L, Kenyon SJ (1996) The FU Orionis Phenomenon. ARA& A34:207-240.
https://doi.org/10.1146 /annurev.astro.34.1.207

Heigl S, Hoemann E, Burkert A (2024) Protostellar disk accretion in tur-
bulent filaments. A&A686:A246. https://doi.org/10.1051/0004-6361/202449154,
arXiv:2401.03779 [astro-ph.GA]

Hsieh TH, Segura-Cox DM, Pineda JE, et al (2023) PRODIGE - envelope to disk with
NOEMA. II. Small-scale temperature structure and streamer feeding the SVS13A
protobinary based on CH3CN and DCN. A&A669:A137. https://doi.org/10.1051/
0004-6361/202244183, arXiv:2211.05022 [astro-ph.GA]

Hihn LA, Kimmig CN, Dullemond CP (2026) Spiral formation caused by late
infall onto protoplanetary disks. A&A708:A93. https://doi.org/10.1051/0004-6361/
202558773, arXiv:2603.03442 [astro-ph.EP]

Kimmig CN, Villenave M (2025) Asymmetric signatures of warps in edge-on disks.
A&A698:A146. https://doi.org/10.1051/0004-6361/202453313, arXiv:2504.05399
[astro-ph.SR]

Kuffmeier M, Frimann S, Jensen SS, et al (2018) Episodic accretion: the interplay

15


https://doi.org/10.1134/S1063772924700859
https://doi.org/10.1134/S1063772924700859
https://arxiv.org/abs/2503.20606
https://doi.org/10.1134/S1063773725700434
https://arxiv.org/abs/2604.22729
https://doi.org/10.1134/S1063773724700075
https://doi.org/10.1134/S1063773724700075
https://arxiv.org/abs/2403.20065
https://doi.org/10.1007/s10511-023-09785-z
https://doi.org/10.1007/s10511-023-09785-z
https://arxiv.org/abs/2304.07115
https://doi.org/10.1051/0004-6361/202245254
https://arxiv.org/abs/2301.02994
https://doi.org/10.1093/mnras/stae338
https://doi.org/10.1093/mnras/stae338
https://arxiv.org/abs/2402.02706
https://doi.org/10.1086/163713
https://doi.org/10.1146/annurev.astro.34.1.207
https://doi.org/10.1051/0004-6361/202449154
https://arxiv.org/abs/2401.03779
https://doi.org/10.1051/0004-6361/202244183
https://doi.org/10.1051/0004-6361/202244183
https://arxiv.org/abs/2211.05022
https://doi.org/10.1051/0004-6361/202558773
https://doi.org/10.1051/0004-6361/202558773
https://arxiv.org/abs/2603.03442
https://doi.org/10.1051/0004-6361/202453313
https://arxiv.org/abs/2504.05399

of infall and disc instabilities. MNRAS475(2):2642—-2658. https://doi.org/10.1093/
mnras/sty024, arXiv:1710.00931 [astro-ph.SR]

Kuffmeier M, Dullemond CP, Reissl S, et al (2021) Misaligned disks induced by
infall. Astron Astrophys 656:A161. https://doi.org/10.1051/0004-6361 /202039614,
arXiv:2110.04309 [astro-ph.SR]

Kuffmeier M, Jensen SS, Haugbglle T (2023) Rejuvenating infall: a crucial yet over-
looked source of mass and angular momentum. Eur Phys J Plus 138:272. https://doi.
org/https://doi.org/10.1140/epjp/s13360-023-03880-y, URL https://link.springer.
com/article/10.1140/epjp/s13360-023-03880-y, arXiv:2303.05261 [astro-ph.SR]

Laznevoi SI, Akimkin VYV, Pavlyuchenkov YN, et al (2025) Time-dependent
response of protoplanetary disk temperature to an FU Ori-type lumi-
nosity outburst. A&A700:L24. https://doi.org/10.1051/0004-6361/202554962,
arXiv:2508.04686 [astro-ph.EP]

Lin SY, Ohashi N, Lim J, et al (2006) Possible Molecular Spiral Arms in the Protoplan-
etary Disk of AB Aurigae. ApJ645(2):1297-1304. https://doi.org/10.1086/504368,
arXiv:astro-ph/0603414 [astro-ph]

Mayer AC, Naab T, Caselli P, et al (2025) Protostellar discs in their natural habitat
? the formation of protostars and their accretion discs in the turbulent and mag-
netized interstellar medium. MNRAS543(4):3321-3344. https://doi.org/10.1093/
mnras/staf1404, arXiv:2506.14394 [astro-ph.GA]

Mesa D, Ginski C, Gratton R, et al (2022) Signs of late infall and possible planet for-
mation around DR Tau using VLT /SPHERE and LBTI/LMIRCam. A&A658:A63.
https://doi.org/10.1051/0004-6361,/202142219, arXiv:2111.01702 [astro-ph.EP]

Mie G (1908) Beitraege zur Optik trueber Medien, speziell kolloidaler Metalloesungen.
Annalen der Physik 330(3):377-445. https://doi.org/10.1002/andp.19083300302

Mignone A, Flock M, Stute M, et al (2012) A conservative orbital advection scheme
for simulations of magnetized shear flows with the PLUTO code. A&A545:A152.
https://doi.org/10.1051/0004-6361 /201219557, arXiv:1207.2955 [astro-ph.IM]

Padoan P, Haugbglle T, Nordlund A (2014) Infall-driven Protostellar Accretion and
the Solution to the Luminosity Problem. ApJ797(1):32. https://doi.org/10.1088/
0004-637X/797/1/32, arXiv:1407.1445 [astro-ph.SR]

Petry D, CASA Development Team (2012) Analysing ALMA Data with CASA. In:
Ballester P, Egret D, Lorente NPF (eds) Astronomical Data Analysis Software and
Systems XXI, p 849, https://doi.org/10.48550/arXiv.1201.3454, arXiv:1201.3454

16


https://doi.org/10.1093/mnras/sty024
https://doi.org/10.1093/mnras/sty024
https://arxiv.org/abs/1710.00931
https://doi.org/10.1051/0004-6361/202039614
https://arxiv.org/abs/2110.04309
https://doi.org/https://doi.org/10.1140/epjp/s13360-023-03880-y
https://doi.org/https://doi.org/10.1140/epjp/s13360-023-03880-y
https://link.springer.com/article/10.1140/epjp/s13360-023-03880-y
https://link.springer.com/article/10.1140/epjp/s13360-023-03880-y
https://arxiv.org/abs/2303.05261
https://doi.org/10.1051/0004-6361/202554962
https://arxiv.org/abs/2508.04686
https://doi.org/10.1086/504368
https://arxiv.org/abs/astro-ph/0603414
https://doi.org/10.1093/mnras/staf1404
https://doi.org/10.1093/mnras/staf1404
https://arxiv.org/abs/2506.14394
https://doi.org/10.1051/0004-6361/202142219
https://arxiv.org/abs/2111.01702
https://doi.org/10.1002/andp.19083300302
https://doi.org/10.1051/0004-6361/201219557
https://arxiv.org/abs/1207.2955
https://doi.org/10.1088/0004-637X/797/1/32
https://doi.org/10.1088/0004-637X/797/1/32
https://arxiv.org/abs/1407.1445
https://doi.org/10.48550/arXiv.1201.3454
https://arxiv.org/abs/1201.3454

Piétu V, Guilloteau S, Dutrey A (2005) Sub-arcsec imaging of the AB Aur molecular
disk and envelope at millimeter wavelengths: a non Keplerian disk. A& A443(3):945—
954. https://doi.org/10.1051/0004-6361:20042050, arXiv:astro-ph/0504023 [astro-
ph]

Semkov EH, Peneva SP, Ibryamov SI (2015) The pre-main-sequence star V1184 Tauri
(CB 34V) at the end of prolonged eclipse. Astron Astrophys 582:A113. https://doi.
org/10.1051/0004-6361,/201526955, arXiv:1510.00416 [astro-ph.SR]

Stamatellos D, Whitworth AP, Bisbas T, et al (2007) Radiative transfer and the
energy equation in SPH simulations of star formation. A&A475(1):37-49. https:
//doi.org/10.1051 /0004-6361:20077373, arXiv:0705.0127 [astro-ph]

Tang YW, Guilloteau S, Piétu V, et al (2012) The circumstellar disk of AB Aurigae:
evidence for envelope accretion at late stages of star formation? A& A547:A84. https:
//doi.org/10.1051/0004-6361/201219414, arXiv:1209.1299 [astro-ph.GA]

Unno M, Hanawa T, Takasao S (2022) Magnetohydrodynamic Model of Late Accretion
onto a Protoplanetary Disk: Cloudlet Encounter Event. ApJ941(2):154. https://doi.
org/10.3847/1538-4357 /acad10

Valdivia-Mena MT, Pineda JE, Segura-Cox DM, et al (2022) PRODIGE - envelope to
disk with NOEMA. 1. A 3000 au streamer feeding a Class I protostar. A&A667:A12.
https://doi.org/10.1051/0004-6361 /202243310, arXiv:2208.01023 [astro-ph.GA]

Villenave M, Stapelfeldt KR, Duchéne G, et al (2024) JWST Imaging of Edge-
on Protoplanetary Disks. II. Appearance of Edge-on Disks with a Tilted Inner
Region: Case Study of IRAS04302+2247. ApJ961(1):95. https://doi.org/10.3847/
1538-4357 /ad0c4b, arXiv:2311.07668 [astro-ph.SR]

Winter AJ, Benisty M, Izquierdo AF, et al (2025) exoALMA. XVIII. Interpreting
Large-scale Kinematic Structures as Moderate Warping. ApJ990(1):L10. https://
doi.org/10.3847/2041-8213/adf113, arXiv:2507.11669 [astro-ph.EP]

17


https://doi.org/10.1051/0004-6361:20042050
https://arxiv.org/abs/astro-ph/0504023
https://doi.org/10.1051/0004-6361/201526955
https://doi.org/10.1051/0004-6361/201526955
https://arxiv.org/abs/1510.00416
https://doi.org/10.1051/0004-6361:20077373
https://doi.org/10.1051/0004-6361:20077373
https://arxiv.org/abs/0705.0127
https://doi.org/10.1051/0004-6361/201219414
https://doi.org/10.1051/0004-6361/201219414
https://arxiv.org/abs/1209.1299
https://doi.org/10.3847/1538-4357/aca410
https://doi.org/10.3847/1538-4357/aca410
https://doi.org/10.1051/0004-6361/202243310
https://arxiv.org/abs/2208.01023
https://doi.org/10.3847/1538-4357/ad0c4b
https://doi.org/10.3847/1538-4357/ad0c4b
https://arxiv.org/abs/2311.07668
https://doi.org/10.3847/2041-8213/adf113
https://doi.org/10.3847/2041-8213/adf113
https://arxiv.org/abs/2507.11669

	Introduction
	Numerical model
	Initial model of protoplanetary disk
	Initial parameters of the stream

	Three-dimensional gas dynamic of the disk
	Results
	Discussion
	Conclusion
	Acknowledgment

