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Marzena Śniegowska2 and Conor Wildy2

1. Nicolaus Copernicus Astronomical Center, Polish Academy of Sciences, Bartycka 18, 00–716 Warszawa, Poland

2. Center for Theoretical Physics, Polish Academy of Sciences, Al. Lotnikow 32/46, 02–668 Warszawa, Poland

3. Astronomical Institute, Czech Academy of Sciences, Prague, Czech Republic

4. Key Laboratory for Particle Astrophysics, Institute of High Energy Physics, Chinese Academy of Sciences, China

5. National Radio Astronomy Observatory, Charlottesville, VA, United States

Broad Emission Lines are the most characteristic features of active galaxies but
the mechanism of the line formation is still under debate. In 2011 we proposed
that the Hβ lines are formed in a Failed Radiatively Accelerated Dusty Outflow
(FRADO). In this paper we investigate this mechanism in more detail. We calcu-
lated the motion of dusty clouds taking into account the dust evaporation which
arises when they are additionally illuminated by the central source. Our model
explains the location and extension of the Broad Line Region as well as its large
turbulent motion superimposed on Keplerian rotation. However, an enhancement
of the dust opacity or additional mechanisms are necessary to push the material
high enough above the disk.

1 Introduction

Radio-quiet Active Galactic Nuclei (AGN) frequently exhibit Broad Emission Lines
in IR/optical/UV bands. These lines are thought to originate from the centrally
irradiated Broad Line Region (BLR) clouds moving above an underlying accretion
disk. Additionally, the Nuclear Star Cluster (NSC) may also affect this region.

The existence of BLR clouds high above an accretion disk poses a challenge to
the models: a persistent mechanism must operate in order to supply the gas/dust
into the disk atmosphere and maintain it against gravity. Several possibilities have
been explored: based on radiation pressure from an underlying accretion disk and
stars of the NSC, effects of stellar winds and mechanical action by NSC stars passing
across the accretion disk, and electromagnetic levitation of electrically charged dust
grains. Here we summarize our recent work on BLR, and we examine several aspects
of the problem in which the dust phase plays an important role.

2 Broad Line Region as Failed Radiatively Accelerated Dusty Outflow

Close to the SMBH, dynamics of BLR clouds is dominated by the Keplerian motion
but modified by the radiation pressure. At small height z, above an accretion disk,
the local radiation field is the dominant force providing the BLR acceleration in the
vertical direction. At sufficiently large accretion disk radii the atmosphere contains
dust which causes the increase of the radiative force (Czerny & Hryniewicz, 2011). In
the absence of other forces, the cloud velocity in the vertical direction perpendicular
to the disk plane is obtained analytically (Czerny et al., 2015, 2017).
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Fig. 1: Left: FRADO model: the inner radius is fixed by the disk temperature equal to
the dust sublimation temperature. Right: The inner BLR zone is a mixture of dusty and
dustless clouds, outer BLR zone is filled with dusty clouds.

Near the black hole and high above the disk plane, the plasma becomes exposed
to an enhanced irradiation by the central source. This leads to the destruction of
the dust. Upward acceleration of the dust is terminated by the grain sublimation
and evaporation, and with vanishing force the wind fails, and the material returns
back to the disk (Fig. 1). FRADO is thus proposed as the mechanism producing
BLR (Czerny & Hryniewicz, 2011; Czerny et al., 2016).

3 Emission Line Profiles

Clouds are viewed by a distant observer at the inclination angle i with respect to
the symmetry axis. Fraction of the incident flux from the central parts of accretion
disk is transformed into the spectral line emission. The description of the dynamics
of the clouds in the vertical direction combined with the rotational Keplerian speed
allowed us to calculate the predicted line profiles (see Fig. 2). Here we neglected
the possibility of the shielding of the outer clouds by the inner clouds, and the total
radial emissivity of the clouds is assumed to be equal to the disk surface. Other
assumed normalization leads to less developed line wings (Czerny et al., 2017).

4 Conclusions

FRADO model reproduces the position of the BLR consistent with the results from
the reverberation methods, and it roughly predicts the typical values of the optical
spectral line FWHM. However, an efficient rise of the material takes place only if
we increase the dust IR opacity to an artificially high value, κP of the order of 800 g
cm−2. We can identify several aspects of the model that needs to be refined and
may lead to lower the required unrealistic opacity.

Firstly, the description of the BLR cloud dynamics used here is purely local, and
the opacity description by a single value is also oversimplified. Secondly, our compu-
tations do not address the self-gravitation effects in the disk, and the possibility that
NSC could play a significant role in creating and/or maintaining the BLR clouds, ei-
ther by starburst activity or by supplying the material via direct encounters with an
accretion disk/torus (Vokrouhlicky & Karas, 1998, e.g.). Third, the disk atmosphere
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Fig. 2: The predicted emission line profiles from the FRADO model for selected values of
the dust sublimation temperature, Tdust, dust opacity, κP. Third panel shows the effect of
the assumption that only the dustless clouds are efficient emitters of the lines.

is likely strongly magnetized; this can play an important role in BLR if the specific
charge of plasma particles reaches non-negligible values (Dorodnitsyn & Kallman,
2017).

The leading mechanims in the dynamics of BLR clouds are still an open ques-
tion. FRADO model is based on the effect of radiation pressure acting on a dusty
disk atmosphere. In its basic formulation, the scenario depends only on the global
parameters of an AGN, so it has a great predictive power. Still, it appears that an
astrophysically realistic description will have to incorporate precize description of
the opacities and additional ingredients, such as the effects of self-gravity, magnetic
fields and dust charging processes.
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