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The Dynamical Effects of a Large-Scale Ordered Magnetic Field on Slim Disks *

PING Chong(平冲), MA Ren-Yi(马任意)**, LU Ju-Fu(卢炬甫)
Department of Astronomy and Institute of Theoretical Physics and Astrophysics, Xiamen University, Xiamen 361005

(Received 15 February 2013)
The dynamics of slim disk under the influence of a large-scale ordered magnetic field is investigated. The global
solutions show that the radial velocity increases and the disk temperature decreases with enhancing magnetic
field. The fraction of mass loss becomes smaller when the accretion rate is higher. The ratio of the jet kinetic
power to disk luminosity is less than 0.1, which indirectly supports the argument that radio-loud narrow-line
Seyfert 1 galaxies share similarities with blazars.

PACS: 97.10.Gz, 98.54.Cm, 98.62.Nx DOI: 10.1088/0256-307X/30/5/059701

Recent observations by Fermi gamma-ray space
telescope have shown that radio-loud narrow-line
Seyfert 1 galaxies (RL NLS1) can constitute a new
class of MeV–GeV gamma-ray sources.[1] Such high-
energy photons indicate the existence of relativistic
jets in some of the RL NLS1s,[2,3] and agree with pre-
vious studies about the similarities between RL NLS1s
and blazars.[4−6] Since large-scale ordered magnetic
fields have been widely accepted to power and col-
limate jets,[7,8] the accretion disks of RL NLS1s are
probably threaded by large-scale magnetic field lines.

It is well known that the accretion rate of NLS1s
are quite high, close to or even at the super-Eddington
rate.[9−11] Therefore, it is interesting to examine the
effects of a large-scale ordered magnetic field on the
dynamics of a slim disk.

For a slim disk around a neutron star, the effects of
the magnetic field have been studied by Lai in 1998[12]
and Lee in 1999.[13,14] In their studies, the field lines
are closed and bound to the central neutron star. For
black holes (BHs), the dynamical effects of a large-
scale magnetic field on standard accretion disks have
been extensively studied.[15,16] In recent years, the ef-
fects on optically thin advection dominated accretion
flow have been investigated by several authors.[17−22]

In contrast, the magnetized slim disk has been less
studied. Numerical simulations have been developed
to study the global structure of slim disks.[23,24] How-
ever, such simulation is extremely time consuming and
it is not easy to use it to model observational data.
Therefore, a slim disk with a jet or outflow driven by
radiation and a magnetic field is worthwhile studying.
In this Letter, as a first step, we ignore the contribu-
tion of the radiation and investigate the influences of
magnetic fields on a slim disk with a jet.

The basic equations of mass, radial and azimuthal
momentum and energy are as follows:[21]
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In the above equations, 𝑟 is the radius in units
of 𝑟𝑔 ≡ 2𝐺𝑀/𝑐2, 𝑣𝑟, 𝑣𝜑, 𝑇, 𝜌, 𝑙, ℎ, 𝑙𝑘 and Ω𝑘 are
the radial and azimuthal velocities, temperature, den-
sity, angular momentum, height, Keplerian angular
momentum, and angular velocity, respectively. 𝐹𝑧 is
the radiative cooling rate per unit surface area and for
an optically thick case reads 𝐹𝑧 = 8𝜎𝑇 4/3𝜅𝜌ℎ, with
𝜅 = 0.4 + 0.64 × 1023𝜌𝑇−7/2 g−1cm2.[26] Here 𝑀̇(𝑟)
is the accretion rate and 𝑚̇𝑤(𝑟) is the mass loss rate
per unit area at radius 𝑟. Σ ≡

∫︀ ℎ

−ℎ
𝜌𝑑𝑧, 𝑊 ≡

∫︀ ℎ

−ℎ
𝑝𝑑𝑧

and Π𝑟𝜑 ≡
∫︀ ℎ

−ℎ
𝜏𝑟𝜑𝑑𝑧 are the vertical integration of

the density, pressure, and 𝑟−𝜑 component of the vis-
cous stress, respectively. For simplicity, the effects of a
large-scale magnetic field on the dynamics of the disk
are included by three terms, i.e., 𝑔𝑚, 𝑇𝑚 and 2𝑚̇𝜀.
The meaning of these terms will be introduced later.

To complete or to simplify the equations, more re-
lations are needed. Firstly, the hydrostatic condition
is used to substitute the momentum equation in the
vertical direction. Secondly, the 𝛼-prescription of the
viscous stress is adopted, i.e., Π𝑟𝜑 = −𝛼𝑊 . Thirdly,
the equation of state is given by 𝑝 = 𝑝rad+𝑝gas+𝑝𝑚 =
𝑎𝑇 4/3 +𝑅𝜌𝑇/𝜇+ 𝑝𝑚, with 𝑅 being the gas constant
and 𝜇 the mean molecular weight (𝜇 = 0.6 in the
following). Moreover, the Paczyński–Wiita potential
Ψ = −𝐺𝑀/(𝑟 − 𝑟𝑔) is employed.

Since our knowledge about the magnetic field is
very limited, we have to make some assumptions about
the strength and configuration of the field. The pres-
sure of the large-scale ordered magnetic field in the
disk is assumed to be a tiny fraction of the total pres-
sure, i.e., 𝑝𝑚 = 𝛽(𝑃rad + 𝑝gas) with 𝛽 ≪ 1. In the
region outside the disk, the poloidal field strength is
assumed to be self-similar, i.e.,

𝐵𝑝(𝑟) ∼ 𝐵𝑝𝑑

(︁ 𝑟

𝑟𝑑

)︁−𝜁

, (5)
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where 𝑟𝑑 is the radius of the field line footpoint at the
disk surface and 𝐵𝑝𝑑 is the poloidal field strength at
the footpoint.

The radial magnetic force is simplified to

𝑔𝑚 =
𝐵𝑟𝐵𝑧

2𝜋Σ
, (6)

where 𝐵𝑟 and 𝐵𝑧 are the radial and vertical compo-
nents of the magnetic field at the disc surface.[12,13]
The magnetic torque exerting on the accretion flow is
represented by[20]

𝑇𝑚 = 2𝑚̇𝑤Ω(𝑟)(𝑟2
A
− 𝑟2), (7)

where 𝑟
A

is the radius of the Alfvén point in the mag-
netic flux tube, which threads the disk at radius 𝑟. If
the ionized gas is assumed to be frozen by the mag-
netic field till the Alfvén point, then 𝑟

A
= 𝑣

A
/Ω , where

𝑣A is the Alfvénic velocity. For simplicity, 𝑣A is de-
scribed by a parameter 𝑣

A
= 𝜉𝑣𝐾(𝑟𝑑). Following the

previous work,[27] we take 𝜉 ≃ 2. Following Li and
Cao,[20] 𝑚̇𝑤 is expressed as
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where the Lorentz factor 𝛾𝑗 =
√︀
1− (𝑣

A
/𝑐)2. In

the second equation 𝛾𝑗 ≫ 1 is assumed for a rel-
ativistic jet. Since the jet is powered by the disk,
the energy loss rate per unit area can be written as
2𝑚̇𝑤𝜀 = 2(𝛾𝑗 − 1)𝑚̇𝑤𝑐

2, where the internal energy is
ignored since the disk temperature is low compared to
the kinetic energy.

In general, take the outer boundary as a standard
accretion disk, for a given accretion rate at the outer
boundary, 𝑀̇0, and parameters such as 𝛼, 𝛽, 𝜁, the
global transonic solution can be found by solving the
set of accretion equations.

In our model the magnetic field is modeled with
two parameters: 𝛽 and 𝜁. The former describes the
strength of the field, while the latter describes the ge-
ometry of the disk. Their influences on the disk are
shown in Fig. 1. There are four curves in each panel,
which represent the following cases: (i) the case with-
out the magnetic field (black long-dashed lines), (ii)
the case with the magnetic field of given strength and
geometry, i.e., 𝛽 = 0.01, 𝜁 = 2 (red solid lines), (iii)
the case with a stronger field, 𝛽 = 0.05 and 𝜁 = 2
(blue short-dashed lines), and (iv) the case with dif-
ferent geometry 𝛽 = 0.01 and 𝜁 = 3 (green dotted
lines).

From Fig. 1, the following results can be obtained.
Firstly, with the existence of the magnetic field, the
Mach number is larger, the disk temperature is lower,
while the specific angular momentum changes almost
ignorably. These results are easy to understand. Due
to the torque exerted by the magnetic field lines,
the angular momentum is removed more efficiently.

Therefore the viscous torque reduces and the radial ve-
locity increases. Since the mass loss rate is very small
compared to the accretion rate, the specific angular
momentum changes only slightly. Secondly, when 𝛽
decreases or 𝜁 increases, the influences of the field be-
come less significant. This is due to the model in which
the mass loss rate depends on 𝛽 and 𝜁 as expressed
by Eq. (8). Thirdly, the mass loss due to the jet is
dominated by the inner region.
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Fig. 1. Dynamical effects of the magnetic field for 𝛼 = 0.3
and 𝑀̇0 = 𝐿Edd/𝑐

2. The long dashed line corresponds
to the case without a magnetic field, the solid line cor-
responds to 𝛽 = 0.01 and 𝜁 = 2, the short dashed line
corresponds to 𝛽 = 0.05 and 𝜁 = 2, and the dotted line
corresponds to 𝛽 = 0.01 and 𝜁 = 3. In the upper right
panel, the Keplerian angular momentum is also shown,
which is almost the same as the angular momentum of the
disk without a magnetic field.

For smaller viscous parameter 𝛼, the influence of
the magnetic field is stronger. This is because the rela-
tive contribution of the magnetic torque on the disk is
larger since the viscous torque is smaller. In contrast,
for a higher accretion rate, the influence of the mag-
netic field is much less significant. This is because the
height of the disk increases with the accretion rate, as
a result the fraction of the mass loss from disk surface
is relatively smaller for higher accretion rate, which
leads to less significant effects.

More detailed calculations show that the mass loss
rate (𝑀̇jet) increases with accretion rate, but the rela-
tive mass loss rate (𝑀̇jet/𝑀̇0) decreases with increas-
ing accretion rate, as shown in Fig. 2. It should be
noted that radiation pressure is ignored in the present
model. If the radiation pressure is taken into account,
as shown by the numerical simulations, the mass loss
rate can be 10% for 𝑀̇0 = 100𝐿Edd/𝑐

2,[23] which is
much higher than our results. The contribution of
radiation should be included in a future work.

The ratio between the kinetic power of a jet and
the disk luminosity is also calculated as shown in
Fig. 3. At a lower accretion rate the ratio decreases
with accretion rate, while at a high accretion rate the
ratio increases with accretion rate. Since the jet power
is proportional to 𝑀̇jet, which changes monotoni-
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cally with accretion rate, the variation of 𝑃jet/𝐿disk is
mainly due to photon trapping. At a lower accretion
rate, photon trapping is not significant, and the disk
luminosity is proportional to accretion rate. However,
at a higher accretion rate, the disk is optically thick
enough that photon trapping becomes important, and
the disk luminosity gets saturated.[28] Therefore, at
a lower accretion rate the jet kinetic power increases
more slowly than the disk luminosity, while at a higher
accretion rate, the jet kinetic power increases faster
than the disk luminosity.
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Fig. 2. Relative mass loss rate with 𝛼 = 0.3. The solid
line corresponds to 𝛽 = 0.01 and 𝜁 = 2, the dashed line
corresponds to 𝛽 = 0.05 and 𝜁 = 2, and the dotted line
corresponds to 𝛽 = 0.01 and 𝜁 = 3.
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Fig. 3. The ratio of jet kinetic power to disk luminosity
with 𝛼 = 0.3. The line types are the same as Fig. 2.

It can also be seen from Fig. 3 that the intrinsic jet
power is only a small fraction of the disk luminosity.
This result supports the argument that an RL NLS1
is similar to blazars, in which the jet axis is aligned
to the eyesight. If the radiation pressure is included,
this result still holds except the case that radiation is
so strong that most gas is pushed away rather than
accreted to the BH.

In Ref. [20], the wind power and mass loss rate of
the advection dominated accretion flow were studied.

Their results show that most of the gas is lost by wind
and only a small fraction, about a few per cent, is ac-
creted into the BH. However, in our results, only a
small fraction of the gas is lost. This is because only
jets with a Lorentz factor much greater than unity are
considered in the present study. In our results the jet
power is less than 10% of the disk luminosity, while
in Ref. [20] the wind power is 1–1000 times of disk
luminosity. This is because our disk is much more lu-
minous than advection dominated accretion flow, in
addition to the difference in mass loss rates.

In summary, we have investigated the effects of the
large-scale ordered magnetic field on the dynamics of
a slim disk. It is found that the field can make the
gas cooler and fall to the BH faster. Our calculations
also show that at a high accretion rate, the influence
of radiation must be considered so as to be consistent
with the numerical simulations. Moreover, our results
indirectly support the opinion that the viewing angles
of RL NLS1s and blazars are similar. The influence of
radiation pressure will be addressed in a future work.
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