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Where does the magnetic 
field come from?

• The Cosmic Battery (C, Kazanas 1998, ApJ)

• The Cosmic Battery Revisited (C, Kazanas, Christodoulou 
2006, ApJ)

• Simulations of the Poynting-Robertson Cosmic 
Battery in Resistive Accretion Disks (Christodoulou, C, 
Kazanas 2008, ApJ)
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• The Cosmic Battery (Contopoulos, Kazanas 1998)
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• The Biermann Battery (Biermann 1950)
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• Vorticity and magnetic fields
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The Cosmic Battery

Contopoulos & Kazanas 1998



• The Biermann Battery (Biermann 1950)

• The Cosmic Battery (Contopoulos, Kazanas 1998):

• Rotation of solar coronal layers (Cattani, Sacchi 1966)

• Rotation of protogalaxies with respect to the cosmic 
microwave background radiation (Harrison 1970; Mishustin, 
Ruzmaikin 1972)

• Ring currents and poloidal magnetic fields in nuclear regions 
of galaxies (Lesch et al. 1989)

• A Cosmic Battery Reconsidered (Bisnovatyi-Kogan, Lovelace, 
Belinski 2002)

• Disk accretion onto a black hole at subcritical luminosity 
(Bisnovatyi-Kogan, Blinnikov 1977)
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Numerical simulations
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Numerical simulations

Contopoulos, Kazanas & Christodoulou 2006

Equation (5) is an elliptic equation with well-defined boundary
conditions [the field distribution !(r; !)jsurface on the surface of
the disk] that allows us to determine the magnetic field configu-
ration in the disk’s atmosphere.

As we argued above, the magnetic field loops get wound up by
the disk’s differential rotation up to a critical amount of wind-
ing, at which all loops break into two disconnected open parts.
Under the ideal force-freeMHD conditions that we have assumed
for the disk magnetosphere, this critical configuration contains
a certain distribution I (!) of poloidal electric current along the
magnetic field. It is easy to check that I(!) is a monotonically
growing function of !, since in that case the Lorentz force (: <
B) < B"f̂ acts to open up the magnetic loop. The exact functional
form depends on the detailed disk-magnetosphere interaction.We
chose the following simple form:

I !ð Þ ¼ $k! 2$ !

!max

! "
; ð9Þ

known to us from a different problem of magnetospheric field
line opening, the problem of the axisymmetric pulsar magneto-
sphere (Contopoulos et al. 1999). The constant of proportionality
k is determined by the requirement that all magnetospheric field
lines open up to infinity because of the disk differential rotation,
and !max is the maximum value of the magnetic flux function
on the surface of the disk.6 Our choice considerably simplifies
the numerical calculation, but it is obviously not unique. As we
show below, such a distribution of poloidal electric current does
indeed lead to a largely open magnetospheric configuration.

Inside the disk, the azimuthal field winding is limited by field
diffusion as described by the poloidal component of equation (1).
One can easily check that in the region outside rin where # is of
the same order as rvr, the azimuthal field is limited to a value of
the order of vK /vr times its poloidal value. Outside the disk, the
azimuthal field winding is limited by the opening up of the cor-
onal loops to a value of the same order as its poloidal value (e.g.,
Aly 1984). We thus expect a small discontinuity in the azi-
muthal field in a transition region across the surface of the disk.

The problem is now fully specified, and the numerical sim-
ulations proceed as follows:

1. At each time step, we evolve the magnetic field in the
interior of the disk through equation (1).

2. We obtain the distribution of !(r; !)jsurface.
3. This distribution is used as a boundary condition for the

calculation of a force-free ideal MHD magnetospheric equi-
librium via equation (5).

4. The above sequence of steps is repeated for each subse-
quent time step.

Before we proceed with the results of our numerical inte-
grations, we would like to note that the magnetic field configu-
rations in the disk and magnetosphere are closely coupled. It is
obvious that the field generated in the disk is the source of the
magnetospheric field. What is not obvious, however, is that, in
the presence of magnetic field diffusion, themagnetospheric field
also acts back on the disk’s magnetic field: the opening up of
the magnetospheric field generates field bending and field ten-
sion on the surface of the disk, and as a result, the field diffuses
into the interior of the disk, in the direction that will release
the magnetic tension. This back-reaction of the magnetosphere
onto the disk’s magnetic field had not been taken into account
by Bisnovatyi-Kogan et al. (2002) in their criticism of our orig-
inal paper. This effect is a central element in our cosmic battery
mechanism.

3. NUMERICAL INTEGRATION

We work in renormalized variables for which distances, times,
and magnetic fields are rescaled, respectively, to the inner radius
rin, the dynamical time tin % rin /vK;in at the inner radius, and the
magnetic field BP-R % tinL$TvK;in /(4%cer3in) that is generated at
the inner radius within a dynamical time, viz.,

r

rin
! r;

t

tin
! t;

B

BP-R
! B: ð10Þ

As was discussed above, our simulation setup allows us to
study any accretion disk model in conjunction with any magnetic
diffusivity distribution in the disk. The main elements of the
cosmic battery mechanism can, however, be demonstrated clearly
by using the following simple flow pattern:

v" ¼
r 3; r < 1; 60& < ! < 120&;

r$1=2; r ' 1; 60& < ! < 120&;

0; otherwise;

8
><

>:

vr ¼ $0:1v";

v! ¼ 0:

We emphasize once again that the flow pattern dictated by the
specific accretion disk model is independent of the Poynting-
RobertsonYgenerated magnetic field, as long as the latter remains

6 The magnetic field is generated in the disk interior, and the total amount of
magnetic flux crossing the surface of the disk is zero; hence, !(r; !)jsurface has a
maximum value!max at a certain distance and decreases again to zero farther out.

Fig. 1.—Poloidal magnetic field structure after 100 dynamical times for
various values of the Prandtl number Pr and & ¼ 0:1. The disk extends between
60& < ! < 120& and is surrounded by a force-free atmosphere. Magnetic field
lines that enter the atmosphere are wound up by the disk differential rotation and
open up. A poloidal electric current distribution as defined by eq. (9) is estab-
lished in the magnetosphere.
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below equipartition values. This allows us to decouple the mag-
netic field evolution from the flow kinematics.

The anomalous magnetic diffusivity ! is calculated from
equation (3) at all distances. We assume that inside r ¼ 1 the
accretion disk terminates and the velocity profiles are differ-
ent from those for r > 1. The behavior given above corresponds
qualitatively to settling on a stellar surface, although one could
also produce the appropriate behavior for accretion onto a black
hole. As the flow rotation decreases to match that of the under-
lying object, the shear decreases, and the flow becomes laminar
(in the case of a black hole, the flow again becomes laminar within
three Schwarzschild radii because matter is in free fall there).
Laminar flow implies the decay of the MHD turbulence that led
to the anomalous disk magnetic diffusivity, and therefore we re-
cover perfect field-plasma coupling, i.e., ! " 0 inside r < 1. This
turns out to be important in obtaining the increase inmagnetic flux
found in CK98.

The poloidal magnetic field evolution in the disk is determined
by the "-component of equation (1) written in dimensionless
form as

@!

@t
¼ v"

r
þ rvrB# $ Prrvr

@

@r
rB#ð Þ $ @Br

@#

! "
; ð11Þ

which was integrated for 100 dynamical times. In Figure 1, we
plot the resulting poloidal magnetic field configurations for vari-
ous values of the magnetic Prandtl number Pr assumed constant
throughout the disk. The proportionality constant in the expres-
sion for the magnetospheric poloidal electric current (eq. [9]) is
set equal to k ¼ 2:5 because we found that for smaller values a
large fraction of closed magnetic field loops remain in the mag-
netosphere. For small values of the magnetic Prandtl number,
the magnetic field near the inner edge of the disk grows for
about one accretion time ('$$1 in dimensionless time units)

and reaches an asymptotic value of the order of $$1 (Fig. 2).
The total magnetic flux accumulated around the center is also of
the same order. The field O-point in the disk is displaced from its
original position around r ¼ 1 to near the inner radial boundary of
our computational domain. In the high-diffusivity limit, magnetic
field diffusion wins over accretion, the field O-point moves

Fig. 2.—Evolution of the magnetic flux! contained within r ¼ 1 on the disk
midplane for various values of the Prandtl number (Pr ¼ 0:001, 0.01, 0.1, and 1
for the solid, long-dashed, short-dashed, and dotted line, respectively). In all
cases, the flux accumulation saturates.

Fig. 3.—Same as Fig. 1, but now we set ! ¼ 0 inside r ¼ 1. We see here the
effect first discovered in CK98, namely, that for values of the magnetic diffusivity
higher than a critical value the accumulated magnetic field grows without limit.

Fig. 4.—Same as Fig. 2, but for ! ¼ 0 inside r ¼ 1. For low values of the
Prandtl number, the mechanism saturates as before. Above a critical value of the
Prandtl number Pr " 1, however, we observe unlimited steady field growth.
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Numerical simulations

Program “EXCELLENCE” 2012-2015

• The Poynting-Robertson effect in GR: Monte 
Carlo ray-tracing (Koutsantoniou, Contopoulos 2013)

• Kinematic integration of the induction equation

• 2D/3D GR resistive MHD simulations with 
Cosmic Battery source term

• Where is the ISCO? (Contopoulos, Papadopoulos 2012, 13)



Evidence so far indicates that the production of Poynting-flux 
dominated relativistic jets requires a steady large-scale dipolar 
field near the black hole 

      (McKinney, Tchekhovskoy, Blandford 2012)

Jet formation

The large-scale dipolar field required for jet formation is 
produced through the Poynting-Robertson drag on plasma 
electrons at the inner edge of the accretion disk around the 
central black hole

           (Contopoulos, Kazanas 1998)



Observational evidence
•  Extragalactic jets:  

• The Invariant Twist of Magnetic Fields in the Relativistic 
Jets of Active Galactic Nuclei (C, Kazanas, Christodoulou, 
Gabuzda 2009, ApJ)

• Evidence for Helical Magnetic fields in kpc-Scale AGN Jets 
and the Action of a Cosmic Battery (Gabuzda, Christodoulou, 
C, Kazanas 2012, JPCS)

• X-ray Binaries

• Formation and destruction of jets in X-ray binaries (Kylafis, 
C, Kazanas, Cristodoulou 2012, A&A)

• The HID in X-ray binaries (Kazanas, Kylafis, C 2013)
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Contopoulos, Christodoulou, Kazanas, Gabuzda 2009, 2012



O
ut

er
 je

t: 
el

ec
tr

ic
 

cu
rr

en
t 

aw
ay

 fr
om

 
ce

nt
er

O
ut

er
 je

t: 
el

ec
tr

ic
 

cu
rr

en
t 

aw
ay

 fr
om

 
ce

nt
er

O
uter jet: electric 

current aw
ay from

 
center

O
uter jet: electric 

current aw
ay from

 
center

Contopoulos, Christodoulou, Kazanas, Gabuzda 2009, 2012



Inn
er

 je
t: e

lec
tri

c 

cu
rre

nt
 to

ward
 ce

nt
er



Kronberg et al. 2011

Outer jet: electric current 

away from center



The Cosmic Battery
in X-ray binaries:

the Hardness-Intensity 
Diagram (HID)



Spectral transitions

Grebenev et al. 1993



Fender 2001

Spectral transitions



Belloni 2010

The HID
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Jet formation and destruction

black hole binary jets 5
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Figure 1. (continued)

15 days
no radio detection



black hole binary jets 5
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Figure 1. (continued)

Jet formation and destruction



Kylafis, Contopoulos, Kazanas, Christodoulou 2012; Koutsantoniou, Contopoulos 2013

FPR = − LσT

4πr2c

vφ
c

∼ − [σBT 4rh]σT

4πr2c

τ ∼ rB

cE
=

rB

cFPR/e

∼ hours if h ∼ r

∼ weeks – months if h � r

B ∼ 107 G h ∼ 0.1r L ∼ 0.1LEdd M ∼ 10M⊙

Jet formation and destruction



• AGN MHD disk winds with B~1/r, n~1/r   
(Fukumura et al. 2012)

• Not compatible with disk solutions (Fereira, Li ‘90s) 

• The magnetic field is not advected in, it diffuses out 
(Sikora, Begelman 2013; Lovelace et al.)

Other observations
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