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Compact rotating objects (BHs and Neutron Stars) are the engines of some of the most relevant phenomena in High Energy Astrophysics,
from Pulsar (PSR) to GRB. Today, thanks to the development of numerical tools for GR-MHD we are able to models these systems and
relate their observed properties to the otherwise unobservable engine. The observed features and dynamics in Pulsar Wind Nebulae
(PWNe) can be directly related to the wind structure and ultimately to the PSR magnetosphere. The character of the prompt emission, of
the afterglow, the presence of an associated supernova (SN), and the environment, all characterize and constrain the possible central
engine of Long and Short Gamma Ray Bursts (GRBs). For GRBs the two leading models are the “collapsar” and the “millisecond proto-
magnetar.” I will briefly review the various criteria that any model must satisfy, and I will illustrate the key ideas behind both the
collapsar and millisecond magnetar, with their strengths and weakness, especially in the light of the recent observation of the so called
"late activity".
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The pulsar magnetosphere

Unipolar inductor (AGN, GRB, Magnetar)
EM extraction of rotational energy.
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The FF limit

[qu)ZQ/M ﬁ }/oo NO_1/3 O,OO N0_2/3j

Conversion of magnetic energy is logarithmic after the fast p.
No collimation for a relativistic wind

Force Free Pulsar Equation
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Wind models

Force-free (Contopulos et al 1999, Gruzinov 2005, Spitkovsky 2006 + ...... )
RMHD (Bogovalov 2001, Komissarov 2006, Bucciantini et al. 2006 + ........ )

Lorentz factor ~ sin(0)
Energy flux ~ sin2(0)
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Striped Wind - More Geometry

Tt Spitkovsky
ikl

Bogovalov
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The global wind

Spitkovsky
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Energy Losses
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Striped -Wind

Sironi & Spitkovsky
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Interaction
I

PWNe




Pulsar Wind Nebulae

PWN  PWNe are hot bubbles (plerions)
of relativistic particles and
magnetic field emitting non-
thermal radiation (synchrotron -
|IC) from Radio to y-ray.

 Originated by the interaction of
the ultra-relativistic magnetized
pulsar wind with the expanding
SNR (or with the ISM)

« Crab Nebula in optical: central
amorphous mass (continuum) +
external filaments (lines)

SNR PULSAR
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Cartoon

N. Bucciantini: Accretion and Outflows in Lyon 2014

12



Cartoon
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Cartoon
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Cartoon

The cavity is swept by
the PRS wind
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Cartoon
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Cartoon
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Crab Nebula - a prototype

0.3 in): v -1.0 & .
Lifetime: X-rays -- few years, y-rays -- Sy &y (mdio);v " (X-1ay); Dreak
months. Need energy input! 5 ,
Crab pulsar: E, =5x10" erg/s, 10-20% 3 T R

|
I

. optical

efficiency of conversion to radiation.

“X-ray

Max particle energy > 3x10" eV,
comparable to pulsar voltage.
Nebular shrinkage indicates one
accelerating stage:
require 107 —10" e* /s, radio mystery b8 10 emaquiNeY b
PSR also injects B field into nebula (=10 G)

LOG FLUX (Jy)

% 10 12 11 16 18 20
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Polarization - magnetic field

T e N o) Wi )
. &

_ !06‘6.')" ‘ !06-;;:
Vela, Dodson et al 03 G106.6+29, Kothes et al 06

N. Bucciantini: Accretion and Outflows in Lyon 2014

14



Polarization - magnetic field

gl
\\‘
Vela, Dodson et al 03 G106.6+29, Kothes et al 06
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Fine structures

Crab

» Crab nebula (Weisskopf et al., 2000; Hester et al., 2002)
* Vela pulsar (Helfand et al., 2001; Paviov et al., 2003)
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TS structure and flow pattern

* The wind anisotropy shapes 0=0.03
the TS structure. Downstream
flow - equatorial collimation
due to the TS shape:

* A: ultrarelativistic pulsar wind
* B: subsonic equatorial outflow
« C: supersonic equatorial funnel

D: super-fastmagnetosonic flow

a: termination shock front

b: rim shock

c: fastmagnetosonic surface
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TS structure and flow pattern

The wind ani ; Napes 0=0.03
the am

flo n

dug

D: rIm shoc
c: fastmagnetosonic surface
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Formation of polar jets by hoop stresses

- The global nebular flow changes with o

* Flow is diverted to the axis when equipartition is reached
- For high magnetization (o > 0.01) a supersonic jet is formed

« Equipartition must be reached inside the PWN

0=0.003 0=0.01 0=0.03
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Modeling a striped wind case

« Initial magnetic field with a narrow equatorial neutral sheet
 Dissipation in a striped wind
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Comparison with Observations

Main torus

Inner ring (wisps structure)
Knot

Back side of the inner ring

No jet - Axisymmetric assumption

I / ot
N ' o i

= / Rlng
Torus
Hester et al. 1995 Komissarov & Lyubarky
2004
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Comparison with Observations

Camus et al.
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Comparison with Observations

Camus et al.
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Time variability - wisps

*Wisp moving outward
*Year long limit cycle
Variability in the knot
*Bubble in the jet v~ 0.6 c

PSR B1509Y-558

Q3204 n.:z e ==t ".‘b
Variability in the knot structure e w .
Jet feature moving at 0.6 c '

S aremin

Local instabilities or global modes? -
Slane 05, DelLaney 06
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MHD variability - Flow
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MHD variabllity - Flow

o 1000 2000 3000
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MHD variabllity - High Energy

Time series
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Interaction
II
GRBs




Long GRBs
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Long GRBs
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Long GRBs

Bursts of Gamma-Rays

Trigges 140E

N Uniform Distribution
Cosmological Origin

Ep ~ 100-200 KeV

500

200

0

107 10 10°
Fluence, 50-300 keV (ergs cm?)

10

100 1000 10000
Break Energy (keV)
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Long GRBs
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Lorentz factor

F lmiyf

0y
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Lorentz factor
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Jets and SN connection
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Jets and SN connection
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Constraints on the central engine
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Collapsar

Hawley et al.
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Collapsar

4 )

The core of a rotating massive star collapses to a black hole
Material far from the axis does not fall straight in but form an
accretion disk
Dissipation in the disk convert kinetic energy into heat
Magnetic field power accretion (MRI)

A jet is launched

Hawley et al.

N

Energy can be extracted in various ways:

Neutrino heating in the polar region
Wind from the disk (Blandford-Payne)

Angular momentum from BH (Blandford-Znajek)

)

N. Bucciantini: Accretion and Outflows in Lyon 2014 30



Properties of collapsar

Barkov & Komissarov 2008
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Faster is better

250

LI B R B

]
o
o
I
S
Il
(=]

150

100

Jet Energy (x10) erg
(20
Il
o)
N S ST (N ST TN T [ Y S S Y S S T S MV

50

LI S L B B O L B B

T

L P I
0.6 0.8

Kerr Parameter a

i

0.2 0.4

(=]

-4000 -2000 O 2000 4000 -4000 -2000 O 2000 4000

-4000 -2000 0 2000 4000 -4000 -2000 0O 2000 4000

Nagataki 2012

N. Bucciantini: Accretion and Outflows in Lyon 2014 32



The milisecond-magnetar
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The milisecond-magnetar
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The milisecond-magnetar

Magnetar .
N .

- Chandra X-Ray
. .

Faintest Cluster Members are O7 (Clark et al 2014)

. Westérlund |
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Extracting the energy via winds

Scheck et al
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Extracting the energy via winds

Scheck et al
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PNS spin-down

M sun/ S

5= 1mstm

Mass Loss Rate -

_ Energy Loss F\’ote_é

Ang.Mom. Loss Rate j
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PNS spin-down

M sun/ S

p= Tms, B=10"G

Energy Loss Rate

Mass Loss Rate -

Ang.Mom. Loss Rate j
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PNS spin-down

M sun/ S

p= Tms, B=10"G

Energy Loss Rate

Mass Loss Rate -

Ang.Mom. Loss Rate j
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PNS spin-down

M sun/ S

p= 1mstm

Mass Loss Rate -

_ Energy Loss Rote_é

Ang.Mom. Loss Rate j
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Interaction with the progenitor

4000 5000 6000
2 3
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Properties of the Jet

Case A

Case B
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Porth et al 2013

Timescale and
energetics?
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MHD SN - Elongation

t—t,=67.8ms

Octant symmetry

Mosta et al 2014

/l\ Specific entropy 1°-
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Full 3D
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MHD SN - Elongation
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MHD SN - Elongation

{1, = 67.8ms G t—1, =120.0ms —1,=186.4ms |8 )
/l\ Specific entropy 19~ TS Bipolar structure are
[k; baryon™] [ = . q
65 BN L AT | ‘ found but no evidence of
m jets in 3D
=
s nu-SNe have energy <
& 1e51 erg
o /)
Octant symmetry Full 3D Full 3D
Mosta et al 2014
Entropy
Situation is going to be
similar for Collapsar BH- =
AD systems g
MHD CC

Magnetic “towers”

l

Mosta et al 2014
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Summary and conclusions

Pulsar are prototypical relativistic accelerators.

In the last 10 years our ability to model the structure of the pulsar/NS
magnetosphere, and the properties of its FF outflows has been greatly
enhanced

There are still open questions regarding the way particles are extracted
and accelerated in the inner magnetosphere.

PWNe can be used to understand the interaction of a relativistic outflow
wit a confining environment, and the formation of relativistic bubbles

There are still important open question on how non-thermal particles in
those systems are accelerated.

Pulsar wind theory is also at the base of the Millisecond magnetar model
for GRBs.
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Summary and conclusions

Pulsar are prototypical relativistic accelerators.

In the last 10 years our ability to model the structure of the pulsar/NS
magnetosphere, and the properties of its FF outflows has been greatly
enhanced

There are still open questions regarding the way particles are extracted
and accelerated in the inner magnetosphere.

PWNe can be used to understand the interaction of a relativistic outflow
wit a confining environment, and the formation of relativistic bubbles

There are still important open question on how non-thermal particles in
those systems are accelerated.

Pulsar wind theory is also at the base of the Millisecond magnetar model
for GRBs.

Thank you
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