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ABSTRACT

It is known that the external irradiation of protoplanetary disks by nearby massive stars can result in mass loss that impacts the
disk evolution, however the dynamical impact of external irradiation upon the disk itself has not been explored in detail. We aim to
investigate the dynamical effect of asymmetric external irradiation on the structure of such disks. We perform two-dimensional multi-
fluid radiation hydrodynamical simulations of protoplanetary disks subject to external irradiation using the PLUTO code, with external
irradiation modeled as a plane-parallel flux and a simplified nonaxisymmetric heating rate corresponding to the thermal reemission
from hot material within the region marginally optically thick to the external irradiation. We find that a nearby massive star can,
under certain conditions, induce significant dynamical effects on a protoplanetary disk, including a shadowed region, pronounced
spiral arms in gas, and rings and gaps in dust. The dynamics are caused by the temperature asymmetry driven and maintained by
external irradiation, akin to the well-established mechanism of shadow-induced spirals and rings in disk with shadowing from their
inner regions. Our results show that if an external temperature asymmetry can be induced it can have a significant dynamical impact
on the disk itself (in addition to the well-studied mass loss and truncation effects due to external irradiation), possibly even driving

substructure. This prompts further investigation with detailed, dynamical radiative transfer models.
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1. Introduction

The dynamical evolution of protoplanetary disks is key to
understanding planet formation. Disks exhibit many inter-
esting dynamical processes, including decoupled dust/gas
dynamics (e.g., Weidenschilling 1977), planet—disk interac-
tions (Kley & Nelson 2012) gravito- and pure hydrodynamic
instabilities (Kratter & Lodato 2016), magneto- and radiation
driven flows and instabilities (e.g., Balbus & Hawley 1991;
Bai & Stone 2013). Huge strides have been made towards under-
standing these both from a theoretical standpoint and obser-
vationally thanks to high-resolution, high-sensitivity facilities
such as VLT/SPHERE and ALMA, which have revealed sub-
structures such as gaps, rings, spirals and discrete clumps
(e.g., ALMA Partnership etal. 2015; Andrewsetal. 2018;
Huang et al. 2024) that have been predicted to arise from dynam-
ical processes (e.g., Dipierro et al. 2015).

There is growing interest in the environmental impacts
upon planet-forming disks in star-forming regions. For exam-
ple, infalling material may replenish the disk (e.g., Gupta et al.
2024; Hiithn & Dullemond 2025) and stellar fly-bys can trun-
cate disks (e.g., Clarke & Pringle 1993; Heller 1995; Cuello et al.
2023). There is also the process of “external photoevaporation”,
whereby UV radiation (particularly from massive stars) heats and
drives winds from the outer regions of disks (e.g., Yorke & Welz
1996; Winter & Haworth 2022). Most research into external pho-
toevaporation has been focused on winds and mass loss rates
(e.g., Johnstone et al. 1998; Adams et al. 2004; Haworth et al.
2018, 2023; Aruetal. 2024), implications for disk evolution
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and lifetimes (e.g., Scally & Clarke 2001; Winter et al. 2018;
Concha-Ramirez et al. 2019; Coleman & Haworth 2022), impli-
cations for planet formation (e.g., Winter et al. 2022; Qiao et al.
2023; Hallatt & Lee 2025; Qiao et al. 2026) and trying to under-
stand the prevalence and timescales of given levels of irradia-
tion (e.g., Fatuzzo & Adams 2008; Qiao et al. 2022; Anania et al.
2025). However, there are other effects of external irradiation
that have been considered, including upon the disk chemistry
(Walsh et al. 2013; Boyden & Eisner 2023; Keyte & Haworth
2025).

One aspect of external disk irradiation that has not been con-
sidered in detail is the dynamical impact of external heating upon
the disk itself. A shadowing of the outer disk by the inner disk
has been shown to result in temperature asymmetries that lead
to dynamical evolution (Montesinos et al. 2016; Cuello et al.
2019; Su & Bai 2024; Qian & Wu 2024; Zhang & Zhu 2024,
Ziampras et al. 2025a; Zhu et al. 2025). When a disk is exter-
nally irradiated and subject to asymmetric heating, similar
dynamical consequences could be stimulated in addition to the
mass loss in the wind, though their impact is yet to be studied.

In this paper we use vertically integrated 2D (i.e., coplanar
with the disk) multifluid radiation hydrodynamical simulations
with PLUTO to make the first exploration of the dynamical impact
of asymmetric externally irradiation upon the disk. Our physi-
cal framework and setup largely follows that of Ziampras et al.
(2025a), with the addition of a nonaxisymmetric external
irradiation source incident edge-on with respect to the disk,
with all additions and modifications detailed in Appendix A. In
Sect. 2 we present our results, followed by a discussion in Sect. 3
and a summary in Sect. 4.
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Fig. 1. Heatmaps of the perturbed gas density AX, /%, (panel b), temperature, T (c), and mm-grain dust density, X4 (d), after 100 kyr of evolution
in our model with external irradiation, showing prominent spiral structures in gas, along with the disk’s colder, shadowed farside and rings in
the dust distribution. Gas density perturbations are also shown at an earlier state (10 kyr) in panel a. A black-and-white dotted circle marks the
exponential tapering radius of the disk at 100 au. The dashed line in the middle panel indicates the T = 1 surface towards the external source (here

at a distance of 0.1 pc towards the right, with a luminosity of 2x 10° L),
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Fig. 2. Azimuthally averaged radial profiles of the gas surface density
(top) and temperature (bottom) as a function of time. Top: gas density
perturbations, which, although at the few % level, grow throughout the
simulation runtime due to the spirals induced by external irradiation.
Bottom: the shaded region marks the temperature variation between the
irradiated (upper bound) and shadowed (lower bound) sides of the disk.

2. Results

The disk state for our fiducial, strongly irradiated model after
100 kyr of evolution is shown in Fig. 1, where we plot the per-
turbed gas surface density, the temperature, and the mm-grain
dust surface density, shown from left to right. Azimuthally aver-
aged profiles of the gas surface density, its radial perturbations,
and the disk temperature are shown in Fig. 2. From these two fig-
ures, it becomes clear that the strong nonaxisymmetric heating
from the external source has a profound and immediate effect on
the disk structure in multiple ways.

The temperature structure (panel ¢ of Fig. 1) shows a clear
asymmetry between the irradiated (right) and shadowed (left)
sides of the disk, with the shadowed region roughly bounded
by the 7 = 1 surface towards the external source (dashed line
in panel ¢ of Fig. 1, see Eq. (A.5)). The boundary between the
internally and externally heated regions at around 40 au is also
visible by eye in the figure. This temperature structure is estab-
lished very early on in the simulation (within the first few orbits
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albeit computed with several underlying simplifications in Appendix A.1.

at 100 au) and persists throughout, with only minor fluctuations
due to the dynamics induced by this very heating asymmetry.
From the bottom panel of Fig. 2, we can see that the tempera-
ture contrast between the irradiated and shadowed sides of the
disk is such that the temperature on the shadowed side remains
close to the initial profile (i.e., heated by irradiation from the
central star), whereas the irradiated side features a roughly con-
stant temperature of ~ 17 K beyond ~ 40 au. This flattening of
the temperature profile is in agreement with previous studies of
externally irradiated disks (e.g., Haworth 2021).

As a result of the nonaxisymmetric temperature, the gas sur-
face density X, (panel a and b of Fig. 1) features prominent
spiral arms of amplitude AX,/%;0 2 0.2 developing within
the first 10kyr, which persist throughout the simulation run-
time. These spirals are launched due to the azimuthal modu-
lation of the radial pressure gradient caused by the external
heating source, with the mechanism detailed in Ziampras et al.
(2025a) and Zhu et al. (2025). As noted in these studies (see also
Su & Bai 2024; Qian & Wu 2024), the spiral arms carry an angu-
lar momentum flux that is deposited at the edge of the shadowed
region with a radial spacing set by the sound speed profile of
the disk (Ziampras et al. 2025a). This process results in weak,
but persistent radial modulations in the gas surface density (see
also Fig. 2), and ultimately leads to the formation of rings and
gaps in the dust surface density (right panel of Fig. 1) due to
dust trapping within the gas pressure maxima. This finding is in
line with the aforementioned studies of shadow-induced spirals
and rings, and suggests that external irradiation can also lead to
similar substructures in protoplanetary disks.

At the same time, the disk seems to develop a lopsided struc-
ture, with the shadowed side away from the external source being
denser than the irradiated side. This is likely related to the radial
temperature profile being flatter on the irradiated side but main-
taining its power-law shape within the shadow (see also Fig. 2),
which leads to a weaker radial pressure gradient on the irradiated
side. This in turn results in a faster azimuthal flow there due to
the gas being less pressure-supported and thus closer to its Kep-
lerian speed, and culminates in a redistribution of mass towards
the shadowed side of the disk. This behavior is also evident in the
rings in dust surface density, which show a slight eccentricity with
their apastron pointing towards the shadowed side of the disk.

We stress that the degree of dynamical evolution, as dis-
cussed at length in Appendix A.l, is quite sensitive to the



Ziampras, A., et al.: A&A, 709, L5 (2026)

log 4 [9/cm?]

x [Ro]

Fig. 3. Dust-surface-density heatmaps after 100 orbits at Ry in two addi-
tional models. Left: placing the external source at a distance of 1pc
rather than the fiducial 0.1 pc led to no noticeable substructure after 100
orbits (100 kyr). Right: a less massive, smaller disk shows substructure
in the form of circular rings after 100 orbits at Ry = 40au (25kyr),
albeit less prominent than in the fiducial model.
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Fig. 4. Synthetic ALMA observations at 1.3 mm of our model, loosely
mimicking a source at 400 pc distance, after 10 (left) and 100 kyr (right)
of evolution. Rings only become visible after ~30kyr for this model.

intensity and geometry of the heating rate attributed to the exter-
nal source. To address this, we carried out simulations with
two additional models. Their results highlight that our fiducial
model, while it remains the most interesting dynamically, should
be interpreted as an upper limit to the effects of external irra-
diation unless demonstrated otherwise by more self-consistent
3D radiative transfer models. The additional configurations cor-
respond to a) a weaker external irradiation flux by a source
at dexy = 1pc (effectively reducing Fey by a factor of 100 to
10? Gy), and b) a smaller, less massive disk with a total gas mass
of =0.01 M, that is truncated at 40 au. The latter is motivated by
the expectation that external photoevaporation, being a continu-
ous process, will likely truncate the disk and reduce its mass over
time. Thus, this model can be thought of as a later evolutionary
stage of the fiducial model.

The resulting disk states after 100 orbits at Ry (100 kyr for
the left panel, 25 kyr for the right panel) are shown in Fig. 3,
where we plot the dust surface density similar to Fig. 1. We find
that there is no substructure whatsoever visible in the dust dis-
tribution of the model with d.x; = 1 pc, while the truncated disk
features several rings similar to the fiducial model, albeit more
circular and with a weaker contrast.

Finally, we produced synthetic ALMA observations of our
fiducial model after 10 and 100 kyr of evolution by computing
the intensity at A = 1.3 mm (v = 230 GHz) as
L =B(T)(1-¢™™), Ki3mm=3.06cm’/g, (1)
with «} 3 mm computed using optool (Dominik et al. 2021) with
DIANA-standard composition. The source was placed at a dis-
tance of 400 pc. We then convolved the resulting intensity maps
with a Gaussian beam of FWHM 20 mas and overlaid Gaussian
noise with an RMS of 10uJy/beam. The resulting images are

shown in the left panel of Fig. 4, with the rings clearly visible in
continuum emission on the right. For our fiducial model, while
the gas density and temperature had already developed features
within the first 10 kyr of evolution (see Fig. 1), rings in the mm
dust continuum required at least ~30 kyr to become visible.

3. Discussion

We briefly highlight the relevance of our findings in the context of
modeling externally irradiated disks and relating such models to
observable signatures and past observations. We also discuss the
dynamical implications of an off-plane external heating source.

3.1. Applications to observed systems and limitations

Several disks in strongly irradiated environments have been
observed to feature substructures of dynamical origin, includ-
ing the ringed disks around SO 1274 and SO 844 (Huang et al.
2024) in o Orionis, the nonaxisymmetric disk around ISO-Oph 2
(Casassus et al. 2023), and the seemingly warped proplyd 114-
426 in Orion (McCaughrean et al. 1998; Miotello et al. 2012).
Our results could point to applications (at least to an extent,
given the underlying simplifications and assumptions laid out
in Appendix A.1) in such systems and encourage further explo-
ration of this possibility with future work.

However, it is important to stress the limitations of both the
mechanism explored here and the applicability of our models
to the aforementioned systems. Possibly the most glaring differ-
ence between our model and the disks presented in Huang et al.
(2024) is the strength of the external irradiation flux, with our
fiducial model being subject to a flux of ~10° Gy. Meanwhile,
the disks in o~ Orionis are exposed to a significantly weaker flux
of ~10%3 G,. Although we would expect that some level of non-
axisymmetric perturbations will be present even at lower fluxes,
it is unclear whether the mechanism explored here can lead to
prominent substructures within the lifetime of the disk, espe-
cially when considering mass loss due to external photoevapo-
ration (e.g., Ansdell et al. 2017, for o Orionis).

To that end, we can qualitatively draw a parallel to our sup-
plementary model with the external source placed at a distance
of 1 pc from the disk (left panel in Fig. 3). In this cas, we found
that this reduction of the external flux to ~10° Gy yielded weak
perturbations in the gas surface density but no observable sub-
structures in the dust over 100 kyr. While this suggests that the
mechanism explored here is not necessarily the dominant driver
of the observed substructures in o~ Orionis, we note that a more
detailed exploration of the parameter space in addition to more
sophisticated modeling is needed to fully understand the rele-
vance of this mechanism for the observed systems, as our models
are not meant to be their direct analogs.

3.2. 3D effects and self-shielding

In this work we limited our models to a 2D, vertically inte-
grated framework, assuming that the external heating source
lies within the disk plane. While this approach enables a first
look at the dynamical impact of external irradiation, it repre-
sents a rather ideal situation where the top-down symmetry of
the disk is maintained. In practice, starlight from the external
source could impinge on the disk at an arbitrary angle (see, e.g.,
Ricci et al. 2008), shifting the location of the disk midplane as
one hemisphere is preferentially heated. This could then induce
significant vertical motion in the form of a warp in the disk,
complicating its dynamical evolution (see, e.g., Rabago et al.
2024; Kimmig & Dullemond 2024; Zhang et al. 2025) and driv-
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ing likely observable features (e.g., Kimmig & Villenave 2025).
In fact, it has been suggested that the seemingly warped structure
in the Orion 114-426 disk (Miotello et al. 2012) could be driven
by asymmetric external irradiation/photoevaporation. This pos-
sibility will be explored with followup work, using 3D radiation
hydrodynamical simulations.

Furthermore, Garate et al. (2024) found that disk substruc-
tures can delay dust loss under external photoevaporation
by enhancing dust trapping and shielding. Their perturbation
strengths of AZ,/Xg ~ 0.25 exceed ours (~0.1 at 100 kyr, see
Fig. 2), but our structures are expected to grow with continued
asymmetric heating (Ziampras et al. 2025a; Zhu et al. 2025).
This makes it plausible that similar feedback could operate in
our scenario.

4. Summary

In this work, we have explored the dynamical impact of exter-
nal irradiation on protoplanetary disks with 2D hydrodynamical
simulations, including dust—gas dynamics, radiation transport,
and an asymmetric heating term due to an in-plane nearby mas-
sive star. Our results can be summarized as follows:

— We have demonstrated, for the first time, that if external irra-
diation can drive even modest asymmetric external heating
of protoplanetary disks, this can lead to prominent dynamical
effects within the disk, including the formation of pronounced
spiral arms in gas, concentric rings and gaps in dust, and a
noticeably lopsided redistribution of mass within the disk.

— The mechanism behind these dynamics is a direct analog of
the shadow-induced spirals and rings studied in disks with a
misaligned inner component shadowing the outer disk. The
primary difference here is the disk itself is the source of the
shadowing against the external heat source.

— These dynamics could lead to observable signatures in mm
continuum emission, potentially related to those seen by
ALMA in strongly irradiated regions such as o Orionis,
although this connection remains tentative.

Our findings suggest that external irradiation, in addition to driv-
ing photoevaporative winds, can lead to asymmetric heating and,
if so, can then exert significant dynamical effects on the structure
of protoplanetary disks in a manner that cannot be captured by
axisymmetric models. This could have important implications
for both disk evolution and planet formation in strongly irradi-
ated environments, and it encourages further investigation with
future studies. In particular, given the complex radiative transfer
and dynamics of the disk—wind system, which we have simpli-
fied here, it remains to be proven in future works whether this
mechanism could be expected to be significant for real systems.

Data availability

Data from our numerical models are available upon reasonable
request to the corresponding author.
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Appendix A: Physics and numerics

Here we detail the physical and numerical framework of
our simulations, highlighting the differences with respect to
Ziampras et al. (2025a). We also describe our implementation of
external irradiation heating, as well as our initial and boundary
conditions.

A.1. Physics

We consider a razor-thin protoplanetary disk orbiting a star with
mass M, = 1 Mg and luminosity L, = 1L, such that the Kep-

lerian frequency at distance R is Qg = GM,/R3, with G the
gravitational constant. The disk mainly consists of gas with adi-
abatic index y = 7/5, mean molecular weight u = 2.353, surface
density X, vertically integrated internal energy density e, and a
velocity field ug, with a pressureless dust component with sur-
face density X4 and velocity uy. Via the perfect gas closure rela-
tion we can define the vertically integrated pressure P = (y—1)e,
the isothermal sound speed ¢ = +/P/Z,, and the temperature
T = uc?/R, with R being the perfect gas constant. The disk is
exposed to irradiation from an external source located at a dis-
tance d.x; from the central star, emitting a flux Fey with bolo-
metric luminosity Ley:.

Our physical framework largely follows that of
Ziampras et al. (2025a), with a few modifications that we
highlight in this section. In particular, we solve the Navier—
Stokes equations for both gas and mm-grain dust components,
coupled via a drag term in the Epstein regime (Weidenschilling
1977). We further include heating via viscosity and irradiation
(both internal and external), as well as cooling via surface
losses and a simplified treatment of the in-plane radiative flux.
With that in mind, the only differences between our current
framework and that of Ziampras et al. (2025a) are found in the
energy equation, expressed as

de

a = —yeVv - ug + Ovise + Oirr + Qcool + Q:—ad + Oexts

where Qyise, Qirr, and Qcoo1 are the viscous heating, internal
irradiation heating, and surface cooling terms, respectively (as
defined in Ziampras et al. 2025a). Here, Q] ; captures in-plane
cooling via a simple S-cooling approach

(A.1)

T-T
Qg = —Zeco ——2Qx,  To=90R;K, (A.2)
where T is the initial temperature profile of the disk given by
a balance between Qj; and Qc,1, and S follows the prescription

for in-plane cooling of Ziampras et al. (2023) with
g Oy, ) 160w’ !
n 3 )

s rad =

In the above, ¢, is the specific heat capacity at constant volume,
osp 18 the Stefan—Boltzmann constant, kg and «p are the Rosse-
land and Planck mean opacities, respectively, with kg = kp = «
given by the opacity model of Bell & Lin (1994), H = ¢,/Qx is
the pressure scale height and pmig = Zg/( V27 H) is the midplane
gas density. We note that this approach is mostly valid in the
context of temperature perturbations (e.g., Miranda & Rafikov
2020; Ziampras et al. 2023), which is the case in the model dis-
cussed here. Equation (A.2) then practically approximates radia-
tive losses as such perturbations decay, and Ty acts as an analyt-
ically available profile that corresponds to the equilibrium solu-
tion and effectively a temperature floor in the shadowed and illu-
minated disk sides, respectively.

(A.3)

3krpZ, JC KpPmid

Finally, Q. captures heating from external irradiation,
which we model as

Lexl
4rd?

ext

Qewt = = V21tH (V- Fex) | Fex = e"d, (A4)

with 7 the optical depth between the external source and a given
point in the disk, and Ley, = 2% 10° Ly, by default. Assuming that
dey = dexi X, that is, the external source is located in-plane along
the x-axis, and that it lies far enough such that the rays can be
considered parallel to each other when reaching the disk, we can
write T at a distance x = R cos(¢) from the central star as

T(x) = f kpdx'.
dext

The opacity x used here is once again computed using the
model of Bell & Lin (1994). This choice of an infrared opac-
ity is motivated by the fact that the external UV irradiation (to
which Bell & Lin 1994, would not apply) is attenuated in the
wind before it penetrates the disk. Heating of the disk itself
due to external irradiation hence comes from infrared emis-
sion from the warm photodissociation region (PDR) in the wind
(Rowan-Robinson 1980; Keyte & Haworth 2025; ?), where for
the sake of simplicity we assume that this corresponds to the full
bolometric luminosity of Ley = 2 X 10° L, from the external
source, here a nearby O-type star.

We stress that this approach is approximate — to the point of
simplistic—compared to detailed radiative transfer, photochem-
istry and thermal balance, but captures the presence of a non-
axisymmetric heating rate (here, from an external source) while
striking a reasonable balance between simplifying the compli-
cated thermochemistry at the PDR and maintaining a parame-
terizable setup that nevertheless yields reasonable temperatures
within the disk when compared to previous models (e.g.,
Haworth 2021). As it is therefore unclear whether the resulting
heating rate generally under- or overestimates the temperature
output from a fully self-consistent thermochemical calculation,
we believe that it is sufficient given the exploratory nature of
this work. Nevertheless, this work should be viewed as asking
what the dynamical impact is if an externally induced temper-
ature asymmetry is established, and the important next step is
to undertake full radiation hydrodynamics in a range of exter-
nal irradiation scenarios (e.g., UV-to-bolometric flux ratios) to
determine under what conditions such an asymmetry is gen-
uinely produced. At present, given that our estimate of the heat-
ing rate comes from thermal reemission, which is intrinsically
more isotropic than direct illumination, we expect that the level
of nonaxisymmetry of the heating rate corresponds to an upper
limit compared to a full, 3D radiative transfer model.

To compute 7 in practice, we first constructed a 3D model of
our disk on a Cartesian grid assuming vertical Gaussian strati-
fication (i.e., p(R,2) = pmia(R) e >#* with a vertically isother-
mal profile), performed ray tracing from the external source to
each cell to compute 7, and then interpolated the resulting 7(x, y)
heatmap back onto our 2D polar grid. This procedure is carried
out using a Python script once, at the beginning of each simu-
lation, assuming that the vertical structure of the disk does not
change significantly during the simulation runtime. As we will
see in Sect. 2, this approximation becomes less accurate for very
strong external irradiation due to both significant vertical expan-
sion of the disk and the development of non-axisymmetric struc-
tures that would feed back onto the optical depth calculation.
Nevertheless, as we intend for this work to be a first exploration
of the dynamical impact of external irradiation on protoplanetary

(A5)
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disks, we leave a more self-consistent treatment of the radiative
transfer due to the external source for future studies.

A.2. Numerics

We utilize the PLUTO code (Mignone et al. 2007) to solve the
above equations on a 2D polar grid (R, ¢), spanning R €
[5,500]au and ¢ € [0,2n], with Ngp x N, = 1048 x 1427
cells. Combined with a logarithmic radial spacing, this grid setup
results in roughly square cells with a resolution of 16 cells per
scale height at 100 au. We use the HLLC (Toro et al. 1994) and
LeVeque (2004) Riemann solvers for the gas and dust, respec-
tively, with a second-order Runge—Kutta time integrator and
piecewise linear spatial reconstruction, the FARGO algorithm
(Masset 2000; Mignone et al. 2012), and the implicit drag mod-
ule described in Ziampras et al. (2025b).

Our initial disk setup corresponds to a disk orbiting at Kep-
lerian speed with a tapered surface density profile

-1

R

%, (R) = 1400 (R—) e R/Ro Ry =100au, (A.6)
0

for a total gas mass of = 0.1 Mg, and a temperature profile
given by Eq. (A.2). The dust component corresponds to mm-
sized grains with an initially uniform dust-to-gas ratio of 0.009,
assuming that the dust-to-gas ratio in small, opacity-carrying
grains is 0.001. We impose a density floor of 10> g/cm? on both
dust and gas to avoid numerical issues in low-density regions,
although this has no impact on our results. We utilize wave-
damping (de Val-Borro et al. 2006) and outflow boundary con-
ditions at the inner and outer radial boundaries, respectively.
Finally, we set Loy = 2 X 10° Ly to mimic irradiation by a ' C
Ori-like source located at dex; = 0.1 pc, and integrate for 100 kyr,
or 100 orbits at 100 au.
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