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Outline

• Introduction to astrophysical jets

• Nonlinear astrophysical jet simulations

- Magnetically collimated outflow forms

- Outflow is unstable for slow-rotation accretion 
disk and stable for high-rotation disk

• Cylindrical linear eigenvalue calculations which 
investigate the effect of rotation on jet stability



Introduction to Astrophysical Jets



Astrophysical jets are collimated by 
helical magnetic fields.

6cm image (courtesy of Chris Carilli)

Jet in Cygnus A

Galactic Nucleus

Collimated 
Plasma Jets

Radio Lobes

• In simplest terms, astrophysical jets are collimated plasma outflows from massive objects.

• Some active galaxies, young stars, and x-ray binaries form jets.

• The hoop stress of helical magnetic fields in the jets provide collimation of the outflow.

• Both theory and experiment show that pinched plasma configurations are susceptible to 
the current driven kink instability. 



How does the kink instability 
effect jet evolution?

The Rogowski coil was hand-wound with a calibrated NA

=9.913!10!3 m2, and the signal is integrated via a passive
integrator with RC=8 ms. An attenuating Tektronix P6015

high voltage probe measures Vgun.

F. Control and data acquisition

Triggering of the various power supplies !bias coil, gas
valves, and coaxial gun", the data acquisition system, and the

FIG. 3. !Color". CCD images of plasma evolution: !a" low "gun regime in which a central plasma column forms !shot 1210", !b" intermediate "gun regime in
which the central column becomes helical !shot 1233", !c" kink growth !shot 1247" with 0.25 #s interframe time, and !d" high "gun regime in which the plasma
detaches from the gun before a column forms !shot 1181".
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Laboratory Jet Simulation Being 
Reconfigured by a Kink Instability
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Figure 14. False-colour images of the 5-GHz emission of the main jet of

NGC315 at a resolution of 0.4 arcsec FWHM,with simple models of the fil-

ament superposed. The locations where the radio jet brightens abruptly and

the start of rapid deceleration from the model of Canvin et al. (2005) are

marked. ‘X’ marks the location of the inner X-ray knot discussed in Sec-

tion 3.2.1, and the radio knots of Figure 2 are also indicated. (a). The black

curve traces a spiral with a projected wavelength of 3.1 arcsec lying along

the surface at 60 per cent of the width of the jet envelope. The white curves

show the projection of this surface and the outer boundary for the models

of Canvin et al. (2005). (b). The black curve shows the locus of observed

positions for components ejected with a speed of 0.8c, as described in the
text, and the white curves show the projected maximum width reached by

the componsnts. The adopted jet inclination is 38 degrees for both curves.

half way out from the jet axis. If a similar velocity profile applies

closer to the nucleus, the maximum velocity shear could indeed

occur roughly where we detect the radio and X-ray filament.

The filament could be a magnetic structure, sustained by the

velocity shear, that becomes bright where it is exposed to the same

relativistic electron distribution that causes the brightening of the

diffuse radio emission in the jet. This is consistent with the fila-

ment representing a similar fraction of the jet emission in both the

radio and X-ray (Sec. 3.2.2) and is also consistent with the strong

longitudinal polarization seen in the filament (Sec. 3.1), but theo-

retical work is required to test its viability. A specific mechanism

— field-amplification by the dynamo action of the turbulence in

the shear layer — is described by Urpin (2006). In that case, the

filament would be a basically longitudinal feature, distorted by mo-

tions within the shear layer. The seed field might then either be

internal to the jet or a magnetic structure in the interstellar medium

of NGC315, entrained into the shear layer where the jet brightens.

5.3 The filament as a helical structure?

If the filament is a coherent, quasi-helical structure in three dimen-

sions, rather than a superposition of random, non-axisymmetric

knots which merely appears helical in projection, then we might

constrain its properties further.

The jet envelope is relatively symmetric about the jet axis.

Within this, the appearance of the filament suggests a series of

knots in a helically-wound structure with roughly two periods of

oscillation across the axis (from A to D, then from D to the region

FGH; Fig. 14). The oscillation amplitude is a roughly constant frac-

tion of the jet width. The filament can be traced as far as knot I, after

which the structure becomes less ordered. It is tempting to interpret

knot E as a cusp where the filament is close to the line of sight. The

black curve in Fig. 14a shows the projection of a spiral curve whose

radius is 0.6 of the jet width and whose phase has been adjusted to

form such a cusp at knot E; the wavelength along the jet is 1.7 kpc,

which projects to 3.1 arcsec on the plane of the sky.

A simple projection of this sort is only appropriate for a sta-

tionary pattern. The flow speed must be relativistic, in order to

avoid seeing comparably bright structures in the counter-jets of this

and other FRI sources with non-axisymmetric knot structures. If

the pattern (as well as the flow) moves relativistically, then aber-

ration will change its observed shape. To quantify this effect we

calculated the locus traced by blobs of emission launched from a

precessing injector placed 4 arcsec in projection from the nucleus

along the jet axis and travelling ballistically as in models of SS 433

(Hjellming & Johnston 1981). The black curve in Fig. 14b shows

an example for a precession angle of 3.5 deg, a velocity of 0.8c, and
a period of 2500 yr. 7 The curve is close to sinusoidal with no cusp.

Although this is a toy model taking into account only the kinemat-

ics, the lack of a cusp is a robust result as the moving pattern is ob-

served close to edge-on in its rest frame (v/c ≈ cos θ). The curve
does not match well the appearance of the filament, making it diffi-

cult to understand the filament as a coherent structure moving with

the underlying relativistic flow. Interpreting the NGC315 filament

as a three-dimensional helix-like structure is therefore problematic

despite its apparently oscillatory appearance.

The filament may have some similarities with the kpc-scale

jet in M 87 (Owen et al. 1989), where Lobanov, Hardee & Eilek

(2003) model alternations of bright features from side to side as

the superposition of two filaments, with oscillation wavelengths

∼ 0.4 kpc and amplitudes of order the width of the radio jet. A low
contrast, two-stranded, filamentary structure has also been seen in

the radio and optical in 3C 66B (Jackson et al. 1993), but no corre-

sponding X-ray structure was found by Hardcastle et al. (2001).

Quasi-periodic oscillatory structures have been seen on

parsec scales in other jets (e.g., Lobanov & Zensus 2001;

Hardee, Walker & Gómez 2005), although it is unclear whether

they are narrow compared with the jet width, as in the

NGC315 filament. One interpretation of these structures (e.g.,

Abraham & Romero 1999; Tateyama & Kingham 2004) has been

that they result from the ballistic motions associated with pre-

cession of the injection direction when individual knots travel on

straight-line trajectories, as in the simple model discussed above.

7 Light-travel-time effects cause the velocity projected on the plane of the

sky to be v sin θ/[1 − (v/c) cos θ] for velocity v along the jet axis.
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• The kink instability sources free energy in the magnetic field and 
relaxes the plasma column into a helical structure.

• Recent observations show that some jets may have a large scale 
helical structure.



Nonlinear MHD Jet Simulations



Our jet model treats the accretion disk as a boundary 
condition for the numerical simulation.

!

Accretion Disk Boundary

Magnetic Field
Line

t = 0

t > 0

!v

• Lower boundary of computational domain is 
treated as an accretion disk by applying a 
Keplerian profile to v!.  (Ustyugove, Lovelace,  
Ap. J., 541, 200)

•  The initial magnetic field is chosen such that 
there is no net magnetic flux through the disk 
boundary.

• The NIMROD code is used to simulate this 
model by evolving the visco-resistive 
Magnetohydrodynamic (MHD) equations.

• The MHD model treats the plasma as a 
conducting fluid.

• Time Units:  To - Period of the inner disk

vθ(r, θ, z = 0) =
√

GM r

(r2 + r2
i )3/4



t = 0.0 To

The disk rotation twists up the magnetic field 
generating a collimated jet.



t = 0.0 Tot = 0.7 To

The disk rotation twists up the magnetic field 
generating a collimated jet.



t = 0.0 Tot = 0.7 Tot = 2.1 To

The disk rotation twists up the magnetic field 
generating a collimated jet.



t = 0.0 Tot = 0.7 Tot = 2.1 Tot = 7.3 To

The disk rotation twists up the magnetic field 
generating a collimated jet.



The kink instability initially generates a helical 
structure in the jet.

t = 7.33 To t = 8.27 To t = 8.99 To | !B|



The turbulence tangles magnetic field 
lines at the end of the jet. 

t = 22.15 To t = 38.00 To t = 51.69 To t = 63.37 To t = 74.39 To

Magnetic Field Lines Colored by Alfvén Velocity



The jet is stable for fast rotation of the 
accretion disk.

Vi = 0.5 Vi = 4.0

Axial Component of the Fluid Velocity

Jet is stable for 
a fast-rotation
accretion disk

Jet is unstable 
for a slow-
rotation 

accretion disk.



Rotation stabilizes the jet for 
the fast disk case.

• Accretion disk rotation injects 
angular momentum into the jet.

• The jet transports this angular 
momentum as it expands

• A faster rotating disk produces a 
faster rotating jet.



Analytic Linear 
Eigenvalue Calculations



Motivation for a Linear Theory

• In the nonlinear simulations, it is difficult 
to determine what effect is stabilizing the 
kink mode.

- Complicated geometry

- Nonlinear effects

- Diffusive effects

• We consider a cylindrical equilibrium 
plasma which models the jet far from its 
base and end.

• We linearize the ideal MHD equations.

• We systematically scan rotation to 
examine its effect on stability.

Equilibrium 

Plasma

!v = r Ω θ̂

!B



We linearize the nonlinear MHD equations.

∂n

∂t
+∇ · (n "v) = 0 (1)

ρ
∂"v

∂t
+ ρ ("v ·∇"v) =

1

µo
(∇× "B)× "B −∇p (2)

∂ "B

∂t
= ∇× ("v × "B) (3)

∂p

∂t
+ "v ·∇p = −γ p∇ · "v (4)

1



We linearize the nonlinear MHD equations.

• All fields quantities in the MHD equations are written as an equilibrium plus
a perturbation to the equilibrium

!B = !Bo + !B1

• During initial instability growth the perturbed fields are much smaller than
the equilibrium.

• Any terms which are products of the perturbed fields are dropped from the
equations.

!B · !v = ( !Bo + !B1) · (!vo + !v1)

= !Bo · !vo + !B1 · !vo + !Bo · !v1 + !B1 · !v1

≈ !Bo · !vo + !B1 · !vo + !Bo · !v1

(33)

6
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4 Linear Eigenvalue Calculations

Lagrangian reference frame

• Displacement vector, !ξ

!v1 =
∂!ξ

∂t

• Momentum equation

−ρoω
2!ξ − 2iρoω!vo · ∇!ξ + ρo!vo · (!vo · ∇ξ) = !F (!ξ)

!F (!ξ) = −∇p1 +
1

µo

!Jo × !B1 +
1

µo
(∇× !B1)×Bo +∇ · (ρo

!ξ !vo · ∇!vo)

• Induction equation
!B1 = ∇× (!ξ × !Bo)

• Pressure equation
p1 = −(!ξ · ∇po + γpo∇ · !ξ)

Eulerian reference frame

• Lagrangian displacement vector, !ξ

!v1 =
∂!ξ

∂t
+∇× (!ξ × !vo)

• Momentum equation

−ω2
D
!ξ − 2iΩωD(ẑ × !ξ) + rΩ2(∇ · !ξ)

[(
3 +

mΩ

ωD

)
r̂ + i

ωD

Ω
θ̂

]
=

1

ρo
F̃ (!ξ)

F̃ (!ξ) =
1

µo

(
!Bo · ∇ !B1 + !B1 · ∇ !Bo

)
−∇

(
p1 +

1

µo

!B1 · !Bo

)

• Induction equation

!B1 = ∇× (!ξ × !Bo) +
ΩBoz

ωD
(∇ · !ξ)(rkθ̂ −mẑ)

• Pressure equation

p1 = −|!ξ|dpo

dr
− γpo

(
1 +

mΩ

ωD

)
(∇ · !ξ)

3

We linearize the nonlinear MHD equations.



We linearize the nonlinear MHD equations.

• The perturbed fields are assumed to depend on space and time as

ξ ∝ e−iωt+imθ+ikz.

• The equations are reduced to a set of coupled first order ODE’s

A(r,ω)
d

dr

(
rξr

P̃

)
= B(r,ω)

(
rξr

P̃

)
,

P̃ = p1 + B1Bo/µo.

• The complex eigenvalue problem is solved numerically using a shooting method.

4
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Rigid rotation stabilizes the kink mode.

Kink Growth Rate as a Function 
of Rotation Frequency

• The growth rate of the kink mode is 
calculated as a function of the 
equilibrium rotation frequency.

• Growth rates calculated in the 
Lagrangian frame and Eulerian frame 
agree.

• Further analysis shows that the 
Coriolis force is responsible for the 
stabilization.



Conclusions

• Nonlinear jet simulations which wind up a coronal magnetic field via accretion 
disk rotation form magnetically collimated jets.

• The jet is unstable for a slow-rotation disk and stable for a fast-rotation disk

• Linear eigenvalue calculations show that the Coriolis force stabilizes the kink 
instability in a rotating cylindrical plasma.

• Jet rotation may stabilize magnetically collimated astrophysical jets allowing 
them to extend to such dramatic length scales without distortion.

• This work is an example of discovery through simulation.

Rotational 
stabilization 
observed in 
simulation

Started out 
looking to study 

the kink 
instability in jets

Analytic theory for 
Coriolis 

stabilization of the 
kink instability
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