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From disk winds to 
relativistic jets
RMHD acceleration / collimation
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“Disk as boundary “ - extended for RMHD
+ follow flow from sub-escape velocity to super-fast
+ can give insight into the disk → jet connection
- limited jet → disk information

Overall goal & method

‣ Study in detail the acceleration and collimation of 
disk-winds in the relativistic regime

‣ Obtain steady state solutions stable for 1000 
rotations
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Method:

+ realistic boundary close to the “jet base”
+ optimized outflow boundary to study self-collimation

We improve on: 
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Accretion Disk Corona

3

‣ Assumptions:

‣ Axisymmetric Ideal (R)MHD

‣ Hot (ADAF): ε =cs2/vφ2≃1/6 - 2/3.

‣ (radial-) Hydrodynamic equilibrium

‣ Large-scale poloidal fields (Blandford & Payne)

‣ Need:

‣ Initially: force-free (Hourglass & Split monopole), steady-state

‣ (sub-) Kepler rotation profile of the field-lines ΩF.

‣ Gravity to maintain radial equilibrium
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Numerical setup
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Relativistic jet formation 5

therefore neglect general relativistic effects in our simu-
lation domain.

Gravity can be added to PLUTO as a non-relativistic
”body force”, however, there are in principle a various
approaches to relate mass density to gravity. We apply
a softened gravitational potential

φ = − GM

R + rS
(18)

with a softening length of rS = 1/3 which may be related
to the to the Schwarzschild radius of a non-rotating black
hole6. To the Euler equation we add the acceleration

a = −Γ∇φ = −Γ
GM

(R + rS)2R
r. (19)

Omission of softening would lead to numerical errors (due
to the unresolved steep gradients in the potential close
to the origin), piling up to produce artificial acceleration
along the spine of the jet close to the axis. Softening is
clearly a compromise avoiding the singularity (by limit-
ing the required resolution) on some (little) cost of re-
alism. Another choice could be the well-known pseudo-
potential by Paczynsky & Wiita (1980) which has just
the negative softening φPW = −GM/(R − rS). For the
cylindrical geometry of our choice, the singularity would
become even more problematic, complicating the setup
a great deal.

3. MODEL SETUP FOR THE MHD SIMULATIONS

We perform axisymmetric special relativistic MHD
simulations of jet formation for a set of different mag-
netic field geometries and mass fluxes. In the following
we discuss the numerical realization of our problem.

3.1. Boundary conditions
Given the 2.5 dimensional nature of the problem, three

geometrical boundaries have to be prescribed. These are
the inlet boundary along z = 0 from which material is in-
jected into the domain (inflow) and the two outer bound-
aries at r = rend and z = zend where we expect mate-
rial to leave the computational domain (outflow). The
boundary condition along r = 0 follows from cylindrical
symmetry. Since we target at reaching steady state flows
over large time-spans, we check that the outflow bound-
aries have minimal effect on the outcome by varying the
size of the domain. Figure 2 gives an overview of the
different regions.

3.1.1. Injection boundary

Pursuing the aim to follow the acceleration of an disk
wind from as close to the accretion disk as possible,
we start with a sub slow-magnetosonic wind. We are
hence free to choose four constraining boundary condi-
tions without overdetermining the system (see Bogovalov
(1997) and Appendix B for more details).

Our choice is to fix the toroidal electric field component
Eφ = 0. This suppresses the evolution of the bound-
ing poloidal magnetic field and is realized by requiring
vp||Bp. The field line iso-rotation is kept constant in

6 The capital R =
√

r2 + z2 denotes the spherical radius
throughout this work.
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Fig. 2.— Sketch of the different regimes of our grid and boundary.
In both directions we set 20 equidistant cells in [0, 1]. Then follows
a stretched grid until we add five equidistant cells one unit-radius
before the outflow boundary. For r ∈ [0, 1], the hydrostatic corona
is fixed to minimize the influence of the central region on the disk-
wind.

time and follows a Keplerian rotation law ΩF ∝ r−1.5.
Unless specified otherwise, the boundary condition starts
out initially in a force-free state with zero toroidal field
ΩF = vφ(r)/r corresponding to a disk in hydrodynamic
equilibrium. This is an essential ingredient as - within
stationary ideal MHD - ΩF just equals the mid-plane an-
gular velocity of the material ω(r). Relaxation of the in-
finite conductivity constraint would, however, lead to an
inequality ΩF (r) ≤ ω(r) owing to the diffusion of mag-
netic field. For these reasons ΩF should closely follow the
expected disk rotational profile and should be limited by
the maximal velocity in the mid-plane, typically at the
inner edge of the disk located at r = 1.

A radial force-equilibrium along the whole boundary is
enforced by balancing the centrifugal and pressure sup-
port against gravity via the sub-Keplerianity of the ro-
tation √χ = vφ(r = 1)/vK , where vK is the circular
velocity that alone sustains against gravity at r = 1.
A more convenient parameter is the disk scale height
ε ≡ h/r ' c2

s/v2
φ = (γ − 1)(1 − χ)/χ. We investigate

two cases - a hot corona with ε = 2/3 and a version with
ε = 1/6. If we interpret r = 1 as the innermost stable cir-
cular orbit (ISCO) around a black hole, vK is a measure
of the black hole spin. In the case of a Schwarzschild
black hole it is vK ' 0.6c while we choose the scaling
velocity vφ(r = 1) = 0.5c for convenience.

The inner disk-edge is numerically difficult to model
because of the transition to the inflow of the disk-wind
and the steep gradients in gravity. Within r < 1, the
so-called plunge region, a physical solution would allow
for (radial and vertical) accretion onto the central ob-
ject. Since the dynamics in this area would then require
a general relativistic treatment which we cannot provide
in this context, we simply minimize the dynamical effect
of this region by freezing the hydrostatic solution initially
present in the domain. Other authors have assumed a
thin funnel flow along the axis (e.g. Krasnopolsky et al.
(1999)) or added an internal sink-cell (like Casse & Kep-
pens (2002)) to circumvent this problem The transition

> PLUTO 3.0 RMHD module, hll, constrained 
transport, RK3 time-integration
> Cylindrical symmetry, 2.5D
> Domain: 300x600 rS 
> 512x1024 stretched cells
> Current-free outflow boundary
> Softened gravitational potential

⇒ Poynting & Kinetic energy flux 
determined by the jet-solution alone!

Inner corona assumed hydrostatic for 
stability
Sub-slow magnetosonic wind: 4 boundary 
constraints at the inlet: Eφ, ΩF, ρ, p
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Time evolution

5

Disk wind 
simulation with:

vK=0.5c

ε=1/6

βi=0.2

white: field lines;  green: electric current;  blue: light surface
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Steady state solutions
‣ Collimating light surface

‣ Butterfly shaped electric 
current circuit 

‣ slow magnetosonic in throat
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Color gradient: logarithmic rest-frame density; white: field lines; 
red arrows: velocity vectors; green: characteristic surfaces
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Light cylinder: Balance of 
electric forces - relativistic

sub-Alfvèn: Gravity against 
thermal & poloidal pressure - 
(magneto-) hydrodynamic 

Collimating forces

7

Leading terms in the trans-field direction along rfp=2

Chiueh+ ‘91, Appl+ ‘93

Trans-field forces: κ
B2

p

4π

(
1−M2 − r2ΩF 2

c2

)
=

(
1− r2ΩF 2

c2

)
∇⊥

B2
p

8π
+∇⊥

B2
φ

8π
+∇⊥p +

(
B2

φ

4πr
−

ρhu2
φ

r

)
∇⊥r −

B2
pΩF

4πc2
∇⊥

(
r2ΩF

)
+ Γρ∇⊥φ

E =
rΩF

c
Bpn

Alfvèn: Pinch against 
centrifugal force - 
magnetocentrifugal
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Accelerating forces
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Leading terms in the parallel-field direction along rfp=2

Parallel-field forces:

Launching: Thermal 
pressure / centrifugal force 
(for cool cases)

sub Alfvènic: Toroidal 
magnetic pressure 

super Alfvènic: Poloidal 
magnetic tension 
no electric contribution!

B2
p

4π
∇||M

2 =

κ||
B2

p

4π

(
1−M2

)
−∇||

(
p +

B2
p

8π
+

B2
φ

8π

)
−

(
B2

φ

4πr
−

ρhu2
φ

r

)
∇||r − Γρ∇||φ
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T ≡ Γ
γ

γ − 1
p up

K ≡ (Γ− 1)ρ up

M ≡ ρ up

G ≡ φρ up

S ≡ −rΩF

4π
BφBp

Jet acceleration in a nutshell

9

µ = Γ (σ + 1)

σ = S/(K +M)
Cold limit:

But keep in mind:

ΓF ∼ µ1/3

(Michel ‘69, Beskin+ ‘98)

What dominates disk energetics?

µ ≡ S +K +M+ T + G
M

K < T < −G < S < M

(μ conserved)

Energy fluxes along fl rfp=2

⇒ Γ →
(σ→0)

µ
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Energy conversion

10

Quantities along fl rfp=2

Efficient acceleration,
sub-equipartition (σ<1) already at inlet!

vK=0.5c

ε=2/3

βi=1

σz=0<1
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Poynting dominated flows
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Quantities along fl rfp=2

specify μ via: Bφ ∝ −1/r
vz = vinj vφ(r)

Bφ,i=2Bp,i

vinj=0.1

vK=0.5c

ε=2/3

βi=0.2

σz=0=5
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‣ We investigated the Blandford-Payne mechanism around compact 
objects (RMHD + Gravity).

‣ Physical inlet boundary modeled as disk corona

‣ Much efforts put into optimizing outflow boundaries to prevent artificial collimation

‣ Hot disk coronae produce mildly relativistic collimated flows. 
Pointing flux dominated cases gain up to Γ=6.

‣ Collimation (3°<θM<7°) by pinch forces before entering the relativistic 
regime.

‣ Collimating light surface: Relativistic core confined by classical disk 
wind.

‣ Outflow from outer disk: Promising candidate for X-ray absorption 
winds. (Further investigation needed)

‣ Submitted to ApJ:

Conclusions
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ACCELERATION AND COLLIMATION OF RELATIVISTIC MHD DISK WINDS
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ABSTRACT
We perform axisymmetric relativistic magnetohydrodynamic (MHD) simulations to investigate the

acceleration and collimation of jets and outflows from disks around compact objects. Newtonian
gravity is added to the relativistic treatment in order to establish the physical boundary condition
of an underlying accretion disk in centrifugal and pressure equilibrium. The fiducial disk surface
(respectively a slow disk wind) is prescribed as boundary condition for the outflow. We apply this
technique for the first time in the context of relativistic jets. The strength of this approach is that it
allows us to run a parameter study in order to investigate how the accretion disk conditions govern the
outflow formation. Substantial effort has been made to implement a current-free, numerical outflow
boundary condition in order to avoid artificial collimation present in the standard outflow conditions.
Our simulations using the PLUTO code run for 500 inner disk rotations and on a physical grid size of
100x200 inner disk radii. The simulations evolve from an initial state in hydrostatic equilibrium and an
initially force-free magnetic field configuration. Two options for the initial field geometries are applied
- a hourglass-shaped potential magnetic field and a split monopole field. Most of our parameter runs
evolve into a steady state solution which can be further analyzed concerning the physical mechanism at
work. In general, we obtain collimated beams of mildly relativistic speed with Lorentz factors up to 6
and mass-weighted half-opening angles of 3-7 degrees. The split-monopole initial setup usually results
in less collimated outflows. The light surface of the outflow magnetosphere tends to align vertically -
implying three relativistically distinct regimes in the flow - an inner sub-relativistic domain close to
the jet axis, a (rather narrow) relativistic jet and a surrounding sub-relativistic outflow launched from
the outer disk surface - similar to the spine-sheath structure currently discussed for asymptotic jet
propagation and stability. The outer sub-relativistic disk-wind is a promising candidate for the X-ray
absorption winds that are observed in many radio-quiet AGN. The hot winds under investigation
acquire only low Lorentz factors due to the rather high plasma-β we have applied in order to provide
an initial force-balance in the disk-corona. When we increase the outflow Poynting flux by injecting
an additional disk toroidal field into the outflow, the jet velocities achieved are higher. These flow
gains super-magnetosonic speed and remains Poynting flux dominated.
Subject headings: accretion, accretion disks – ISM: jets and outflows – MHD – galaxies: active –

galaxies: jets – relativity

1. INTRODUCTION

Astrophysical jets emanate from sources spanning a
huge range in energy output or length scale - among them
young stellar objects (YSO), stellar mass compact ob-
jects as X-ray binaries or µ-quasars, or the powerhouses
of some active galactic nuclei (AGN) which host a super-
massive black hole. In particular for radio-loud quasars,
for which synchrotron emission dominates the radio spec-
trum, relativistic jets are a generic feature. Due to the
omnipresent angular momentum conservation, mass ac-
cretion to all of these objects features a disk structure
around the central mass. It is commonly believed that
jets are launched as disk winds, which are further accel-
erated and collimated by magnetic forces (see Blandford
& Payne (1982); Pudritz & Norman (1983); Camenzind
(1986b); Beskin (1997); Heyvaerts & Norman (2003); Pu-
dritz et al. (2007). Relativistic jets may gain further en-
ergy by interaction with the black hole magnetosphere
(Blandford & Znajek 1977; Ghosh & Abramowicz 1997;

Electronic address: porth@mpia.de, fendt@mpia.de
1 Fellow of the International Max Planck Research School for

Astronomy and Cosmic Physics at the University of Heidelberg
(IMPRS-HD)

Komissarov 2005).
The magnetohydrodynamic (MHD) self-collimation of

non-relativistic jets has been proven in general by time-
dependent simulations (Ustyugova et al. 1995; Ouyed &
Pudritz 1997) and have been investigated in further de-
tail considering additional physical effects as magnetic
diffusivity by Fendt & Čemeljić (2002), a variation in
Ouyed & Pudritz (1999), non-axisymmetric instabilities
in the launching region (Ouyed et al. 2003), or a variation
in the mass flow profile or the magnetic field geometries
(Fendt 2006; Pudritz et al. 2006), or the influence of a
central magnetic field (Fendt 2009; Matsakos et al. 2008).

In the case of relativistic jets the efficiency of MHD
self-collimation is under debate. The main reason is the
existence of electric fields which are negligible for non-
relativistic MHD and which are commonly thought to
have a net de-collimating effect on the jet. Essentially,
Chiueh et al. (1991) have demonstrated the current car-
rying relativistic jet can be highly collimated. However,
the actual structure of these jets still remains unclear -
mainly due to the need for simplifying assumptions to
solve the corresponding set of MHD equations.

So far, a variety of theoretical models have been devel-
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Time evolution
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Disk wind 
simulation with:

vK=0.5c

ε=2/3

βi=1

θi=85°

white: field lines;  green: electric current;  blue: light cylinder
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Time evolution

14



MPIA HeidelbergOliver Porth
 HIGH ENERGY PHENOMENA IN RELATIVISTIC OUTFLOWS II  - Buenos Aires 2009

Time evolution
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T/P=25 T/P=50 T/P=250 T/P=500
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Time evolution

‣ Simulation reaches quasi steady 
state in domain after t/P≃200, 

MHD integrals conserved ≃1%

‣ Main energy flux in terms of 
rest-mass (heavy wind)

‣ Thermal and gravitational flux 
negligible
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Dynamical parameters & Energy fluxes out of domain
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Field line constants
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Constants along field line rfp=2 
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Jet acceleration in a nutshell
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µ = Γ (σ + 1)

σ = S/(K +M)
Cold limit:

⇒ Γ →
σ→0

µ

But keep in mind:

ΓF ∼ µ1/3

(Michel ‘69, Beskin+ ‘98)

What dominates disk energetics?

µ ≡ S +K +M+ T + G
M

K < T < −G < S < M

1. Increase S 
2. Decrease M

M ! ρ cs !
√

p
√

ρ

1.: Generate Poynting flux in the disk 
 → Poynting jets, Tower jets

2.: lower the disks sound-speed:

(μ conserved)
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Energy conversion
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Energy fluxes along fl rfp=2

T ≡ Γ
γ

γ − 1
p up

K ≡ (Γ− 1)ρ up

M ≡ ρ up

G ≡ φρ up

S ≡ −rΩF

4π
BφBp

µ ≡ S +K +M+ T + G
M

No constraints on energies: Partitioning & conversion 
alone by jet-dynamics


