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Abstract: We perform non-hydrodynamical 2.5D simulations to study the dynamics of material above
accretion disk based on the disk radiation pressure acting on dust. We assume a super-accreting
underlying disk with the accretion rate of 10 times the Eddington rate with central black hole mass
ranging from 107 up to 109 M�. Such high accretion rates are characteristic for extreme sources. We
show that for high accretors the radiatively dust-driving mechanism based on the FRADO model
always leads to a massive outflow from the disk surface, and the failed wind develops only at larger
radii. The outflow rate strongly depends on the black hole mass, and an optically thick energy-driven
solution can exceed the accretion rate for masses larger than 108 M� but momentum-driven outflow
does not exceed the accretion rate even for super-Eddington accretion, therefore not violating the
adopted stationarity of the disk. However, even in this case the outflow from the disk implies a
strong mechanical feedback.

Keywords: super-Eddington accretion disk; active galaxies; broad-line region; dust-driving
mechanism; radiation pressure; FRADO model

1. Introduction

The source of radiation power in Active Galactic Nuclei (AGN) is supplied by the
process of accretion of circumnuclear material onto a central supermassive black hole.
The black hole mass can range from 106 up to 1010M�. The Eddington luminosity, expressed
as LEdd = 4πGMBHmpc/σT, sets the limit of the maximum luminosity that a spherically
symmetric source of radiation can achieve when the force of radiation acting outward and
the gravitational force acting inward are balanced. The observed bolometric luminosity
for most of AGN is smaller than the Eddington value [1]. However, some sources with
super-Eddington accretion are reported, they usually belong to narrow-line Seyfert 1 (NLS1)
galaxies, e.g., [2,3], type A quasars [4], or weak emission-line quasars [5]. Other evidence
such as the existence of a supermassive black hole of 109M� at the redshift of around
seven [6], and tidal disruption events [7] also hint at the presence of super-Eddington
accretion in many situations. Super-Eddington sources were systematically monitored
within the SEAMBH project, e.g., [8–10]. A fraction of highly accreting objects selected
from SDSS quasar sample shows super-Eddington accretion, frequently accompanied by a
blue Hβ line component [11]. A study on the accretion rate in four samples of AGN [12]
claims that NLS1s always accrete at Eddington or super-Eddington rates with accretion
rates reaching up to 60ṀEdd for Schwarzschild black holes and 300ṀEdd for Kerr ones.
They deduce that all galaxies spend at least 0.2% of their life in the NLS1 phase. A very
recent radiative hydrodynamical simulation [13] found the super-Eddington phase as early
stages when the bulge forms and the black hole seed is fed by a massive gaseous disk.
The super-Eddington accretion phase was also recently detected in 12 objects within a
sample of 42 infrared-luminous galaxy mergers where the super-Eddington accretion is

Dynamics 2022, 2, 295–305. https://doi.org/10.3390/dynamics2030015 https://www.mdpi.com/journal/dynamics

https://doi.org/10.3390/dynamics2030015
https://doi.org/10.3390/dynamics2030015
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/dynamics
https://www.mdpi.com
https://orcid.org/0000-0002-7604-9594
https://orcid.org/0000-0001-5848-4333
https://orcid.org/0000-0001-6450-1187
https://doi.org/10.3390/dynamics2030015
https://www.mdpi.com/journal/dynamics
https://www.mdpi.com/article/10.3390/dynamics2030015?type=check_update&version=3


Dynamics 2022, 2 296

claimed to be an important channel for the black hole growth in infrared-luminous galaxies
at all redshifts [14]. In general, super-Eddington sources populate the extreme right tail
of the Quasar Main Sequence in the optical plane showing the highest ratio of the FeII
pseudo-continuum to Hβ equivalent width and the narrowest emission lines [4,15], and the
26 sources selected as extreme in this plane show the mean Eddington ratio of 21 [16].
These sources are potentially important for cosmology, since they may serve as standard
candles [17–19].

In the super-Eddington regime, most of the accreting matter in excess of the Eddington
rate flows out due to radiation pressure [20]. Super-Eddington accretion can produce
a significant amount of radiation and outflow from the disks which implies a strong
feedback from AGN. This is crucial in regulating the evolution and structures of their host
galaxies [21,22]. Therefore, it is important to investigate the flow dynamics in AGN when
the accretion rate is above the Eddington limit. There are many recent numerical simulations
aimed at studying the properties of super-Eddington accretion disks, see, e.g., [23–25].

In this short article, we aim at studying the dynamics of dust-driven disk winds in
the super-Eddington regime. Such winds are likely responsible for the formation of the
Broad Line Region, and its properties can be strongly affected by the super-Eddington
accretion in the disk. We present our simulation results from a 2.5D numerical non-
hydrodynamical version [26] of the Failed Radiatively Accelerated Dusty Outflow model,
so called FRADO [27]; which is based on radiation pressure from the disk acting on
dust developed at the surface layers of the cold disk [27,28]. The model was basically
developed to address the physics and dynamics of the broad line region (hereafter BLR)
in AGN. The distinct broad emission lines are generally detected in AGN [29–32], which
constitute about ∼10% of galactic nuclei. They are characterized by a high accretion rate
of the order of 1 M� yr−1 when compared with the prevailing quiescent sources, such
as the Galactic center [33,34] and M87, which accrete several orders of magnitude below
the Eddington limit. The strength of BLR lines points towards the large covering factor,
i.e., about 30% of the incident AGN disc photoionizing radiation is intercepted by the BLR
clouds. In comparison, the BLR absorption lines are rather rare, which implies the flattened
geometry that is likely directly linked to the disc structure. However, the BLR-emitting
gas does not lie entirely in the disc plane, since this would result in an insufficiently low
covering factor, see, e.g., BLR reviews [35,36]; this is the main motivation behind the
FRADO mechanism which assumes the origin of the BLR material within the accretion disk
itself, not in the circumnuclear material or stars, see, e.g., [37,38]. The model was successful
in predicting many observational features of AGN, such as the size of the broad line region,
etc., see [28,39,40] for more details.

The BLR region is very compact, which is the main reason why it took so long to re-
solve it spatially. Using the Very Large Telescope Interferometer (VLTI) with the instrument
GRAVITY, the broad emission line Paα was kinematically resolved out in the radio quasar
3C273 [41]. These interferometric infrared data clearly showed that the material associated
with the broad Paα line is orbiting the SMBH on sub-parsec scales. The spatial offset of
0.03 pc was inferred between the red-shifted and blue-shifted photocenters of Paα emission
line in the direction perpendicular to the previously detected jet. The associated velocity
gradient is consistent with the Keplerian rotation of the emitting BLR gas. The interfero-
metric data are well-fitted using the model of a thick disc of BLR cloudlets, which is in a
Keplerian rotation around the SMBH of M3C273 ≈ 3 × 108 M�. The determined BLR radius
is 150 light days ∼0.126 pc, which is in agreement with the previous reverberation-mapping
studies. Two more sources—NGC 3783 and IRAS 09149-6206—observed with the same
instrument [42,43] showed the same pattern using the broad Brγ line.

The BLR has been proposed to consist of low- and high-ionization line-emitting
regions [44]. The low-ionization emission lines (LIL, with an ionization potential . 20 eV),
where most of the Balmer lines such as Hβ, CII λ1336, and MgIIλ2800 and the pseudo-
continuum of FeII belong, are supposed to originate in the mildly ionized, higher density
regions (n > 1011 cm−3). The LIL-emitting material is then likely located close to or directly



Dynamics 2022, 2 297

in the extended parts of the accretion disc with no distinct inflow/outflow signatures. When
the accretion rate increases and approaches the Eddington limit, LILs do, however, exhibit
the presence of outflows (e.g., [11]). In contrast, the high-ionization lines (HIL), with an
ionization potential & 40 eV, for instance Lyα, CIV λ1549, HeII λ1640, and NV λ1240, are
associated with the highly ionized, lower density regions (n < 1010 cm−3). They form
an outflow beyond the disc, which is revealed via the blueward asymmetries and line
centroid shifts. However, a part of the HIL-emitting material is positioned geometrically
close to the central black hole, as is indicated by the reverberation mapping studies, which
indicate the existence of the analogous radius–luminosity relation as for the LILs, at least
for the CIV broad line [45]. In particular, the already mentioned blueward asymmetries
and blueshifted peaks with respect to the rest-frame of the HIL reveal the existence of disk
winds in AGN [46–48]. The properties of LILs show that gravitational and radiation forces
both affect the dynamics of the BLR [49]. The presence of disk winds is also consistent
with broad absorption features in the UV and X-ray domains of AGN spectra, which are
generally blueshifted [50,51]. We were also able to catch the outflow feature of the BLR
with the 2.5D FRADO model [26,52], and the blueshifted peak of the line profile as well [52].
However, in essence our model applies to the LIL part of the BLR, and the radial distance
from the black hole supports that [53], while the HIL line delays are considerably shorter.

We structure the paper as follows. In Section 2, we introduce the FRADO model and
present the results of simulations of the dynamics by 2.5D FRADO for the super-Eddington
case. We present the analysis of the outflow rate from the disk in our simulations in
Section 3, followed by discussion in Section 4 with the observational implications of our
results included. A summary of the study is then presented in Section 5.

2. Dynamics in 2.5D Frado Model

The basic analytical FRADO model developed a decade ago [27,28,39,40] addresses
the dynamics of dusty material lifted from the disk surface due to radiation pressure of
the accretion disk acting on dust. The motion of material is in the form of a failed wind,
described in one dimension, i.e., vertical direction, without the orbital motion included.
In this model, the material composed of dust and gas in the form of clumps developed
at the surface layers of the cold accretion disk [54,55], is launched by the local radiation
flux of the accretion disk itself. Once the clumps reach high altitudes, they are exposed to
strong irradiation from the central disk so that they lose their dust content. The remaining
gaseous clumps then follow a ballistic motion in the gravitational potential of the central
black hole and finally fall back to the disk surface.

We then developed the 2.5D (azimuthally symmetric) numerical version of the model.
It is a non-hydrodynamical single-cloud approach to the dynamics of clumps. Compared to
the 1D model, it is enhanced with a realistic description of the dust opacities [56] interacting
with the radiation field; and the intense central radiation is geometrically shielded for the
early lifted clumps, known as the shielding effect [48,57]. We previously introduced our
2.5D model, see [26] for more details, and tested it against the measured size of BLR [53],
and with calculation of emission line profiles [52]. The collisions with the disk surface based
on 2.5D FRADO model are also of interest since they can also give rise to non-thermal X-ray
and gamma-ray emission due to the particle acceleration to relativistic velocities in strong
shocks [58]. These works considered the values of luminosity up to the Eddington value.

Here in this work, therefore, we decided to perform the simulations for a super-
Eddington accretion disk with an accretion rate of 10 times the Eddington limit. For the
configuration of the model, one can refer to our main paper [26]. The clumpy material
initially at circular Keplerian motion around the central black hole and an initial zero
vertical velocity is lifted up due to radiation pressure acting on dust content of the clump.
The equation of motion of the clump can be qualitatively described as:

atot = −agrav + arad (r, Ψ, MBH, Ṁ, κext
λ , S, Tsubl.) (1)
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where MBH stands for the black hole mass, Ψ is the dust-to-gas mass ratio, κext
λ is the dust

opacity as a function of wavelength, Ṁ denotes the accretion rate, Tsub is the dust subli-
mation temperature, and S is the shielding-implied effective area of the disk contributing
to the radiative force on the clump, and r represents the position vector of the clump.
The second term, which is the radiative component of acceleration, is in play as long as the
dust temperature is below that of sublimation.

We then solve the equation of motion for a range of initial parameters with a fixed
accretion rate of 10 times the Eddington value, based on which we aim to study and analyse
how the model works in the super-Eddington regime. For this project, the modification of
the disk structure due to advection [59] is unimportant since we mostly concentrate on the
disk structure at larger radii.

For this purpose, we considered three values of the central black hole mass of 107, 108,
and 109M�. The initial dust content of the clumps is considered to be the same as the Solar
value, the accretion efficiency is set at 0.1, and the dust sublimation temperature is fixed at
1500 Kelvin.

Figure 1 shows the results of the simulations, in which only a fraction of trajectories
from a very dense simulated set of initial radii are displayed for the sake of better visibility.
Each line displays the path motion of a clump launched from a certain radius. The clumps
at the time of launching are in local circular Keplerian motion within the disk around the
central black hole, with no initial vertical velocity. A clump is then launched due to the local
disk radiation pressure, and it starts to move under the radiative dust-driving force and
gravitational force of the central black hole. Depending on the launching radius, the clump
may follow a closed trajectory path and return to the surface of the disk which is shown by
solid lines, or it can escape to infinity shown by dashed lines. The trajectories color-coded
in blue show the path of motion of dusty clumps, while those marked in red are reserved
for dustless ones. The launched clouds are initially dusty. Once reaching a certain height
above the disk (so called sublimation location), they are exposed to the intense central disk
irradiation, which results in the loss of their dust content. Those losing their dust follow a
ballistic motion under the gravitational influence of the central black hole.

Figure 1. The simulation result of the trajectories of clouds lifted from the disk surface with a central
black hole mass of 107 M� (left), 108 M� (middle), and 109 M� (right). The accretion rate of the source
is fixed at 10 ṀEdd. The blue and red colors mark the dusty and dustless clouds, respectively. Solid
and dashed lines represent the trajectory of failed and escaping clouds, respectively. The black solid
line represents the disk surface.

As can be seen from Figure 1, the clumps lifted from the disk within a range of radii
(we call it the escaping zone) can reach high enough velocities to escape the gravitational
potential to infinity in the form of a stream of outflowing material. Considering the models
calculated for the Eddington rate or lower, this escaping stream was never present for black
hole masses characteristic for NLS1, of the order of 107M� and for a solar metallicity [52].
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According to our model, sources with a strong outflowing stream of material should
exhibit a blue asymmetry in the line profile at viewing angles above 45 degrees. We can
compare this prediction with the exceptional source I Zw 1, for which the black hole mass
of 9.30+1.26

−1.38 × 106M� was determined using reverberation mapping [60]. This object does
not show such a blue asymmetry in Hβ line, although it is highly super-Eddington [60].
Therefore, we conclude that the viewing angle cannot be larger than ∼30 degrees, i.e., it
should be smaller than ∼40 degrees adopted by Huang et al. [60] in their mass derivation.
Unfortunately, there are no observational constraints for the viewing angle of this source.

The opening angle of the outflow, ∆θ, inferred from our simulation results, is 8.1, 10.9,
23.9 degrees for the three adopted black hole masses from the smallest to the largest value,
respectively. This clearly indicates that with an increase in the black hole mass, the outflow
covers a larger patch of the sky above the accretion disk.

We found that with the increase in the black hole mass, the onset of the escaping
zone, Rin

zone, shifts inwards as 32,507 rg7, 16,406 rg8, and 5836 rg9 (using the units of the
corresponding black hole gravitational radius). Its width, ∆Rzone, becomes drastically
broader as 3045 rg7, 5843 rg8, and 9193 rg9. The width of the escaping zone may imply that
the outflow becomes more massive as the black hole mass increases. We will confirm this
trend by estimating the amount of mass lost due to outflow from the accretion disk, which
is the subject of the following section.

It should be noted that, as we previously addressed [26], the interactions among clouds
in those trajectories crossing each other are rare so that the clouds may experience at most
one collision during a full orbit. Therefore, we can safely neglect the adjustment of a given
trajectory due to the adjacent trajectories without the loss of significance of our results.

3. Mass-Loss Rate Due to Dusty-Driven Outflow

As a result of our simulations, the clouds launched within the escaping zone move to in-
finity escaping the radial domain of computation in our simulations and form a fast funnel-
shaped stream of material inclined with respect to the disk equatorial plane. The formation
of the outflowing stream of material in our simulations is consistent with the empirical pic-
ture of AGN based on direct observational arguments [61–63]. This feature was previously
captured by others in non-hydrodynamical [57,64], and hydrodynamical [50,51,65–67] sim-
ulations. However, the inner radius of the escaping outflow was typically closer in to
the black hole due to the line-driving force. Such an outflow is a good description of the
HIL part of the BLR, where lines such as CIV and He II are formed, and outflow velocities
are faster, but the outflow is less massive than the dusty-driven outflow in the LIL part
of the BLR. The 2.5D FRADO is the only method which appropriately incorporates the
role of dust into the computations and gives rise to the formation of an outflow in the
dust-dominated region of the accretion disk [26,52,68].

The outflow can affect the accretion process due to mass loss, and the intensity of
the mass loss during the outflow is connected with the strength of feedback from the
source to the host galaxy. It is hence important to estimate the mass-loss rate from the disk
based on our simulations for the proposed grid of initial conditions. Our numerical model
predicts the dynamics, i.e., the velocity field, but not the density field. We thus consider
two extreme assumptions about the launching wind, i.e., optically thick and optically thin
approximation for the launched material, which soon later forms the clumps, see [28,68]
for more details. These two assumptions provide us with an upper limit and a lower limit
for the mass-loss rate, respectively. In the optically thin approximation, similar to stellar
winds, it is assumed that the momentum of radiation is fully transferred to outflow. In this
conservative case, most of the energy of the radiation field is not used, so it sets the lower
limit of the mass-loss rate. Such a regime in stars is characteristic of hot stars, e.g., O and
B stars from the main sequence. The other case corresponding to the upper limit of the
mass-loss rate assumes that the whole radiation energy is transferred to the optically thick
clumps through multiple scatterings. Such a regime in stars offers a better approximation
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for the winds from cool, evolved stars such as stars on an asymptotic giant branch (AGB)
as well as from Wolf–Rayet stars.

Figure 2 shows the results of the radially integrated mass-loss rate inferred from the
computations normalized by the accretion rate of the source set initially to 10 times the
Eddington limit. The two solid lines in blue and green set the upper and lower limits
of the mass-loss rate for optically thick and optically thin approximations, respectively.
As can be seen from the figure, the massive outflow for the optically thick approximation is
comparable to what is seen in broad absorption line quasars [69–71]; however, the accretion
rate in such sources is not likely that much high. This is the extreme upper limit for the
mass-loss rate but the material at large radii of the accretion disk is expected to be not fully
but moderately thick. There is a logical restriction for the amount of outflowing material
represented in the figure as the Forbidden Area expressing that the outflow rate cannot be
larger than the accretion rate.

Figure 2. Mass−loss rate divided by the accretion rate of the source for the optically thick (blue line)
and the optically thin (green line) approximations. The accretion rate of the source is super-Eddington
and is set to 10 ṀEdd. The region marked as Forbidden Area means the outflow rate cannot exceed the
accretion rate of the source itself.

Figure 3 shows the mass-loss rate against accretion rate of the source; the full table of
results for a range of black hole masses, accretion rates, and metallicities will be available
(M. H. Naddaf et al., on BAL quasars, in preparation). The outflow for the super-Eddington
accretion rate can be massive but it is important to note that the considerable outflow does
not start sharply when the Eddington ratio is crossed, as illustrated in Figure 3. This is
because the outflow is driven by the radiation pressure acting on dust, so the electron
scattering (used in the definition of the Eddington rate) is not relevant here. In addition,
the dust to electron scattering opacity is a function of the radial as well as vertical location
of the cloud, since the opacity is calculated locally at each cloud position by convolving the
locally available radiation flux, including its spectral shape, with the wavelength-dependent
cross-section for dust scattering and absorption, as described in detail in Naddaf et al. [53].
The radial distance of the cloud determines the local disk temperature close to the disk
surface while the cloud height determines the radial extension of the disk seen by the
cloud, and this includes the amount of UV radiation from the central regions. Additionally,
the outflow starts at the calculated position of the disk surface which also depends both
on the Eddington rate and on the black hole mass. Net outflow, finally, comes from the
radial integration of the local outflow rate and is measured in g s−1 cm−2. This is why
the dependence includes, for example, also the black hole mass, and not just the accretion
rate or the Eddington rate—both parameters are important. The trend, however, is always
monotonic—higher mass and/or higher Eddington rate lead to a stronger outflow. For the
Eddington ratio of 0.1 and the black hole mass of 108–109M� only failed wind develops,
and this is why our dependency shown in Figure 3 starts at the Eddington ratio of 1.0.
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Figure 3. Normalized mass−loss rate for the optically thick (in blue) and the optically thin (in green)
approximations; dashed and solid lines correspond to black-hole masses of 108 M� and 109 M�,
respectively. The accretion rate of the source is expressed in Eddington units. The region marked as
Forbidden Area means the outflow rate cannot exceed the accretion rate of the source itself.

We performed the simulations for the models with a dust content equivalent to solar
metallicity, therefore, much higher mass-loss rates can be expected if a larger value of
metallicity is initially adopted, see, e.g., [68]. The metallicity in AGN is reported in many
studies to be much higher than that of the solar value [72–76]. This would imply (within
the framework of our model) that the outflow from the cold disk due to radiation pressure
on dust can easily exceed the accretion rate of the disk itself, which would violate the
assumption of a stationary disk with a constant accretion rate.

4. Discussion

We performed computations of the outflow from an AGN accretion disk under the
action of the radiation-pressure force. We show that for super-Eddington sources considered
in this paper the outflow is likely very strong, higher for systems with higher black hole
masses. We basically considered the solar metallicity of the wind material, but supersolar
metallicity would yield even more vigorous outflow. Such an outflow can exceed the
assumed inflow rate, at which point our model, assuming a stationary disk with a constant
accretion rate does not provide a self-consistent description of the process anymore.

In principle, we could modify the model to account for the outflow of the BLR material
(and the inflow since some clumps return to the accretion disk!) by solving a continuity
equation iteratively. We would require in most cases much higher accretion rates at the
outer edge of the disk than what is finally accreting onto a black hole since most of the
material escapes without returning to the disk. However, such iterations are not easy to
perform since the rise of the accretion rate in the first iteration shifts the entire escaping
zone outwards, completely redistributing the velocity fields. It is not clear that the method
will easily converge, it will be certainly very time-consuming, and it is currently beyond
the scope of the current article.

On the other hand, it is important to make such an effort in the future. The observed
outflows in AGN can be very massive but their launching radii are not well constrained.
The best studied of the AGN outflow velocity fields come from CO kinematics, e.g., [77].
However, occasionally, we see there are signs of fuelling resolved at 10–20 pc, rather than the
outflow, for a review, see [78]. Less luminous sources such as Seyfert 2 galaxy NGC 1433 are
better resolved and mapped with the ALMA down to tens of parsecs [79], which shows the
outflow rate of the order of 7M�y−1 but possibly connected to starburst and/or jet driving,
and the outflow velocities are small (∼200 km s−1) in comparison with expectations from
our model (>103 km s−1). Perhaps more promising in the context of FRADO launching
are constraints from the UV and X-ray observations. For example, X-ray studies of winds
in MCG-03-58-007 with XMM-Newton and NuSTAR by Braito et al. [80] revealed wind
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velocities of the order of 0.07 to 0.2 c, which are varying in time, thus clearly originating
closer to the nucleus, in the accretion disk. The source is, however, the heavily absorbed
Seyfert 2 galaxy, thus no information on the BLR and on the true source of bolometric
luminosity are then available. However, it may point towards the strong outflow being
non-stationary, which would make the future modelling rather complex. Furthermore,
constraints from the Broad Absorption Line (BAL) quasars may be useful, if these sources
are indeed viewed along the outflowing stream (M. H. Naddaf et al., in preparation).

5. Summary

We presented the results of non-hydrodynamical simulations of the dynamics of
winds in super-Eddington accretion disks based on the FRADO model for a range of
masses of the central supermassive black hole, specifically ranging from 107 M� up to
109 M�. We found that the radiation pressure acting on dust can lead to the formation of
funnel-shaped massive winds from the surface of the accretion disk. We calculated the
amount of outflowing material in such cases and found that the strength of the outflow and
consequently the strength of the mechanical feedback from the source to the host galaxy
becomes progressively larger with the increase in central black-hole mass. The simulations
were performed for the dust content of an AGN equivalent to the solar metallicity, hence
more vigorous outflows can be expected for the cases with supersolar metallicities, which
is highly likely in AGN.
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