


FORCE-FREE MAGNETOSPHERE
Anatoly Spitkovsky

1. The problem --> Magnetospheric setup

2. The solution  --> Structure of the magnetosphere
3. More problems --> Getting the light curves
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THE PROBLEM

Really simple question:

You have a spherical conductor with dipolar
magnetic field. Conductor rotates.VWhat
happens in the limit of strong field and very
small work function on the surface!?



Where does the plasma come from? ¢ - QBs°/c , , . ‘ A A

Polar cap is a space-charge limited accelerator.
Accelerated primary particles radiate curvature *
radiation, and pair produce in the strong field. |

' E*B. .|
Pair cascade shorts out E*B 2 -

Y ocimy 10" Vooionsesy ~107" & ~10*

A. Harding

RIEE

Amns & Schareman 79, Muslimoy, & Harding 03
After pair formation front - enough
Electrostatic accelerator, non-MHD region plasma to use MHD.




TWO PATHS

Yes, but not
No! everywhere, Yes!
and not
always

Charge separated MHD / force-free

magnetosphere Contopoulos et al 1999 +

as in Golderich & Julian '69 many others
Michel et al 1980s+

Reality
Your Name (2009)
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TWO PATHS

Assume abundant plasma with
small inertia (force-free), but
with current & charge:
vy 1 if
mn—w=pE+iszO
ot C

“Pulsar equation” (Michel ‘73; Scharleman &Wagoner 73):

°W 9°W l+x> oW  I(W)I'(P)

—+

x> 9z> x(1=x>) ax = R:(1-x?)

Yes!

MHD / force-free

Contopoulos et al 1999 +
many others



TWO PATHS

Assume abundant plasma with
small inertia (force-free), but
with current & charge:

“Pulsar equation” (Michel ‘73; Scharleman &Wagoner ‘73):

°W 9°W 1+x°> oW I(P)I'(P)
+ == = b=

x>  9z> x(1=-x7) ox R(1-x?%)

Properties:

Closed-open configuration;
Corotation of the closed zone,
extending upto 1Rlc

(other solutions also possible
[Timokhin 05])
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Contopoulos et al 99, 05, Gruzinov 05, Timokhin 05



TWO PATHS

Assume abundant plasma with

small inertia (force-free), but | Ceormons |
with current & charge: _ 4
a —— i Ty 37 {
mn ?\/V = pE + i X B o O PROTONS
ot C

“Pulsar equation” (Michel ‘73; Scharleman &Wagoner ‘73):

°W 9°W l+x> oW  I(W)I'(P)

—+

x> 9z> x(1=x>) ax = R:(1-x?)

Properties:
Despite no time variability -- loses

energy! Poynting flux in the wound
up toroidal field

Contopoulos et al 99, 05, Gruzinov 05, Timokhin 05



TWO PATHS

Assume abundant plasma with
small inertia (force-free), but
with current & charge:

“Pulsar equation” (Michel ‘73; Scharleman &Wagoner ‘73):

°W 9°W l+x> oW  I(W)I'(P)

—+

x> 9z> x(1=x>) ax = R:(1-x?)

Properties:
Despite no time variability -- loses

energy! Poynting flux in the wound
up toroidal field

Toroidal field means there is
poloidal current!
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Full RMHD equations become stiff for high magnetization

/ | J | / ) o J g o/ J

mn@2=pﬁ+ix§~0
ot C

Derive dynamical set of equations by ignoring particle inertia but retaining
plasma charges and currents.

ExB ¢B(B-VxB-FE-VxE)

— C —
'=—(V-E +
>J ar ¢ B AnB*

Perpendicular Parallel
current current

Gruzinav 99, Blandford 01

Where is plasma? Assumed to flow with ExB velocity, but velocity along the
field is undefined. Plasma provides only charges and currents, no inertia.

Hyperbolic eqs. Use electromagnetic solvers to advance the system in time.














http://www.astro.princeton.edu/~anatoly/
http://www.astro.princeton.edu/~anatoly/
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INDEPENDENT CONFIRMATION
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Torque is always aligning, but varies with angle (max at 45 degrees)
Alignment time (neglecting dissipation in NS) is 10x spin-down time.



IMPLICATIONS
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Komissarov & Lyubarsky

Simulations of PWN require
latitude-dependent energy

injection, which is naturally
provided by the model with
/ reconnecting reversing fields

in the equatorial zone.

Bq) o sinH(l — ﬁ)
\ .717 /









[t is tempting to associate the current sheets in the magnetosphere with
the emission regions of high energy photons, normally thought to be
generated in gaps.

Light Geometrically, it seems that
] 8 the current flows in the
inferred region for the gaps.

Let’s see if it makes any
quantitative sense.

null charge surface
QB=0—

A."Harding




EMISSION MODELING

1. Pick field (static dipole, retarded dipole [Deutch], force-free)
2. Find the polar cap (field lines touching L.C)

3. Decide which (open) field lines emit

4. Assume uniform emissivity (with cuts in radius)

5. Trace field lines emitting photons along field line

6. Add aberration and time of flight effect

7. Bin photons on the sky -- > sky map + light curves

8. Repeat until satisfied

Choices
that have
freedom to Extensive literature and examples by

choose Romani, Harding, Dyks, Cheng, et al.

parameters



EMISSION MODELING

Aberration is the crucial piece of the light curve modeling. Need
to include it self-consistently. Deutch field is known in the Lab
frame, not in corotating frame -- this changes the light curves

Before:

After:




EMISSION MODELING

Aberration is the crucial piece of the light curve modeling. Need
to include it self-consistently. Deutch field is known in the Lab
frame, not in corotating frame -- this changes the light curves
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EMISSION MODELING

a)-b).spatial plot; e). sky map intensity
c)-d). projection to sky map;

AG-R60-90-95
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Vacuum (Deutch), 60 degree inclination, flux  Color circles at every 0.25 Rlc along

tube starting at 0.9 of the polar cap radius. fieldlines.



EMISSION MODELING

a)-b):spatial plot; e). sky map intensity

AG-F60-90-90
c)-d): projection to sky map;
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Force-free, 60 degree inclination, flux tube

starting at 0.9 of the polar cap radius.



EMISSION MODELING

Near caustic gone

All caustics come
from near L.C

Vacuum Force-free



EMISSION MODELING

a)-b):spatial plot; e): sky map intensity

AG-F60-80-90 S
c¢)-d): projection to sky map;

a)-b):spatial plot; e): sky map intensity
c¢)-d): projection to sky map;

AG-F60-85-90

2

Color scale for e):

Force-free, 60 degree inclination, flux tube starting at 0.8 and 0.85 of the polar cap radius.



EMISSION MODELING

a)-b):spatial plot; e): sky map intensity

AG-F60-30-90 S
c¢)-d): projection to sky map;

a)-b):spatial plot; e): sky map intensity
c¢)-d): projection to sky map;

AG-F60-95-90

2

Color scale for e):

Force-free, 60 degree inclination, flux tube starting at 0.9 and 0.95 of the polar cap radius.



EMISSION MODELING

a)-b):spatial plot; e): sky map intensity

AG-F60-95-90 S
c¢)-d): projection to sky map;

1 2

Color scale for e):

a)-b):spatial plot; e): sky map intensity
c¢)-d): projection to sky map;

AG-F60-100-90

1 2

Color scale for e):

Force-free, 60 degree inclination, flux tube starting at 0.95 and 1.0 of the polar cap radius.



EMISSION MODELING

a)-b):spatial plot; e): sky map intensity

AG-R60-80-95 S
c¢)-d): projection to sky map;

a)-b):spatial plot; e): sky map intensity
c)-d): projection to sky map;

AG-R60-90-95

Vacuum, 60 degree inclination, flux tube starting at 0.8 and 0.9 of the polar cap radius.



EMISSION MODELING

a)-b):spatial plot; e): sky map intensity

AG-R60-95-95 S
c¢)-d): projection to sky map;

a)-b):spatial plot; e): sky map intensity
c)-d): projection to sky map;

AG-R60-100-75

Vacuum, 60 degree inclination, flux tube starting at 0.95 and 1.0 of the polar cap radius.



EMISSION MODELING

Why such a big difference if the field is close
to dipolar near the star?

1) Larger polar cap

2) Weakening of vacuum caustics with
increasing flux

3) Caustics form near LC due to the
“monopole pileup”.




EMISSION MODELING

Why such a big difference if the field is close
to dipolar near the star?

1) Larger polar cap

2) Weakening of vacuum caustics with
increasing flux

3) Caustics form near LC due to the
“monopole pileup”.

Skymap
for split

monopole
field.
Fieldlines
maps onto
itself
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Force-free lichtcurves
DICCxIEeNTENTCUEVeS
Other
possibilities:
outer gap

model? In force-
free know the
charge density,
so can predict

the null charge

surface
accurately:.

Adding pitch
angle near LC




EMISSION MODELING

obs-1 5 obs-BO -45 _60 = =

MMMMMM

0
180 270 0 90 180 270 0 180 270 0 90 180 270 0 90 180 270 0 90 180 270 360

“Annular gap” light curves
without pitch angle



EMISSION MODELING
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“Outer gap” light curves with
force-free field












CONCLUSIONS

Magnetospheric shape with plasma effects is now known under the force-free
framework.

Spin-down of arbitrary inclination rotators can be calculated. Braking index
still 3. Torques are alignment-causing. Is there signal in the data?

Light curves with force-free field show different caustics than vacuum field.

Force-free models can only say where the currents are, not what happens to
them -- need more physics. Need prescription for emission.

Is time-dependence important?



