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Outline of the talk:

m Motivation & comparison to thermal acceleration
m Steady magnetic acceleration
m The ¢ problem & possible solutions

m A new solution: impulsive magnetic acceleration

¢ A single shell accelerating into vacuum
¢ A single shell expanding into an external medium

o Many shells: acceleration + internal shock efficiency

m [mplications for GRBs



Relativistic Magnetic Acceleration:

m Relativistic (v=c) outflows/jets are very common 1n
astrophysics & involve strong gravity at the source:
PWN (NS), GRBs, AGN (SMBH), u-quasars (BH/NS)

m Most models assume a steady flow for simplicity,
despite observational evidence for time variability
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Relativistic Magnetic Acceleration:
Is the acceleration magnetic?
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PWN (NS), GRBs, AGN (SMBH), u-quasars (BH/NS)

m Most models assume a steady flow for simplicity,
despite observational evidence for time variability
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Relativistic Magnetic Acceleration:

m Magnetic acceleration of jets: energy is transported
to large distances form the source by Poynting flux

m|Option 1§ The 1nitial magnetic energy is converted
into the kinetic energy of plasma, which 1s then
dissipated 1n mternal shocks & produces radiation

m Option 2: The flow remains highly magnetized far
from the source & magnetic reconnection events
directly accelerate particles that produce radiation



Thermal vs. Magnetic Acceleration:

< Most of the acceleration is 1n the supersonic regime

Key difference between thermal and magnetic steady

state acceleration of relativistic supersonic flows:

m Thermal: fast, robust & efficient

m Magnetic: slow, delicate & less efficient



Thermal acceleration: conical flow

V=C
Relativistic EoS: 4
Mass conservation: =) Jok= 1/r'T A o 12

Energy conservation: l

Bernoulli equation: (1-|—4p/pc2)r: const for a

conical

[ Tow
F:p/pocp—lB OCF1/3I”2/3 =) m

Very fast acceleration !!!




Ideal MHD acceleration: conical flow

for a conical flow

Ideal MHD
(flux freezing): VTSN

Mass conservation: [N => REIVNES
Energy conservation: FAR(al:aty s =Ry

Bernoulli equation: [{EXa)iERCOI!

o<

Fluid element 9
volume: VNI

Its magnetic field:

Its electromagnetic energy:

L= const

No acceleration!!!




Ideal MHD acceleration: non-conical
flow (toroidal magnetic field) Y

vdr
Vv \Y;
r
flow between

flux surfaces: S
[CEIRVIZIDN B = 'B'o< 1/
Mass conservation: BIN/SEREUIN] => I

SYCWRVREWEICIR AT (pc” + B /47)c = const

Bernoulli equation: [(EXe) IERVIIHET 6




_ ) r/or should decrease for acceleration!!!
= CO Cll”/5l’ (stream lines must diverge faster than conical)
m Power-law stream lines: z = z,(7/r)* = r/or = ry/or,

= no acceleration

—
1 — - dr
m Varying a = o(r): i v I
rlor= (1, /61— a'r,0” In(z/2,)]” 'y r
decreases if o’ = da/dr, <0 Z, z

Can this be satisfied? It requires causal contact

across the jet
/ Denser

equidistant >
9 > near the

here > )
\ axis here




Ideal MHD acceleration: numerical +
analytic results (Komissarov 2009; Lyubarsky 2009)

® Unconfined flows quickly lose lateral causal contact,
become quasi-spherical (locally conical) & stop accelerating
when I' ~6,'° & 6., ~06,*3> 1 (Goldreich & Julian 1970)

® Weak confinement: p, , < z7“ with a. > 2 = lose lateral

causal contact, become conical & stop accelerating later:
causal contact:

Oy~ (GOejet)z/3

~c 130 -2/3
1_‘oo Oy eje’[

= Strong confinement: p, . ¢ 7 * with a <2 ay 1n causal
/4
contact [' oc z%* andreach ' ~c,, 6~ \




The o-problem: for a “standard”
steady 1deal MHD axisymmetric tlow

m [ ~0,°&0c,~c,”°>1 for a spherical flow; 6,=B,*/4mp,c?

¢ However, PWN observations (e.g. the Crab nebula) imply
o < | after the wind termination shock — the ¢ problem!!!

¢ A broadly similar problem persists 1n relativistic jet sources

= Jet collimation helps, but not enough: I, ~ 6,20, =", 6.~
(GOejet)Z/3 & 1_‘ejet S 01/2 (Nl fOI' 1_‘oo = 1ﬂmax ~ GO)
m Still6,_ 21 = inefficient internal shocks, I'_0. . > 1 in GRBs

oV jet

= Sudden drop in external pressure can give I' 0., > 1 but still

o, = 1 (Tchekhovskoy et al. 2009) = 1nefficient internal shocks



Alternatives to the “standard” model

B Axasymetsy: non-axisymmetric instabilities (e.g.
the current-driven kink instability) can tangle-up
the magnetic field (Heinz & Begelman 2000)

oIt <32 > = 06<qu > = ,3<BZ2 > FAEIVOINE then the magnetic
field behaves as an ultra-relativistic gas:
— magnetic acceleration as efficient as thermal

m Ideal MHD: a tangled magnetic field can reconnect
(Drenkham 2002; Drenkham & Spruit 2002)
magnetic energy — heat (+radiation) = Kinetic energy

m Steadystate: effects of strong time dependence
(JG, Komissarov & Spitkovsky 2011; JG 2012a, 2012b)



Impulsive Magnetic Acceleration:

a single shell expanding into vacuum
(JG, Komissarov & Spitkovsky 2011, MNRAS; 411, 1323)

® Impulsive magnetic acceleration (Contopoulos 1995,
“plasma gun” - unsteady source; Lyutikov 2010; Levinson 2010)

m Highly magnetized cold plasma shell expanding into vacuum

BO vacuum (USGfUl
E , case
@)
‘ study)

Initial value of
magnetization o=
parameter:

B,

>> 1
47p,c’



1. Self-similar rarefaction wave

m Solution at t = 1 when
the rarefaction just | magnetic
reaches the wall (¢ = 1) field

m Self-similar solution:
simple rarefaction wave

m At the boundary with
vacuum: I' = 20,

m However, the mean 1 Lorentz
value is: Iy = (o) | factor
m (E/M)~<{cl)=const~0,
& this fast acceleration
requires causal contact:
[=u<u ,=06"?~(c,/T)"
— ' < (00)1/3 U= FB initial width = 1; awallatx = -1; s, = 30

magnetic
pressure




2. After separation from the wall:

B A second rarefaction wave forms

= Solution at t = 20 after the shell [iE ‘T Lorentz
has separated from the (c = 1): ié factor

m the shell width, energy, mass &
momentum hardly change

m The Lorentz factor {I'); grows

are transferred to the plasma

m Once the shell separates from
the wall I' -, remains constant (no
external force) while <I'); grows
since the front part carries most

, initial width = 1;
of the energy in the lab frame awall atx = -1; s, = 30



Impulsive Magnetic Acceleration: I' oc R

Useful case study:

Initial value of B’
magnetization oM L -
parameter: 4mp,c

>> |

By vacuum

G, Komissarov
" | Spitkovsky 2011)

1. Mg ~06,° by R,~ A, ' ' A
2. Iy o< RS between R,~A, & R.~6,*R,, and then (I'); = 6,
3. AtR > R_the sell spreads as A o< R & 6 ~ R /R rapidly drops
m Complete conversion of magnetic to Kinetic energy!

m This allows efficient dissipation by shocks at large radii

PO

“wall”




1%t Steady then Impulsive Acceleration

m Our test case problem may be directly relevant for giant
flares in SGRs (active magnetars); however:

® [n most astrophysical relativistic (jet) sources (GRBs, AGN,
u-quasars) the variability timescale (t,= R, /c) 1s long enough
(>R, /c) that steady acceleration operates & saturates (at R,)

®m Then the impulsive acceleration kicks in, resulting in ¢ < 1

Log(l)4
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Impulsive Magnetic Acceleration: single
shell propagating in an external medium

n-Magnetized “thih shell’
eceleration




Impulsive Magnetic Acceleration: single

shell propagating in an external medium
acceleration & deceleration are tightly coupled (JG 2012)
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Dynamical Regimes: EE I /
& ~  regimell ke
I. “Thin shell”, low-c: strong e e Loy regime I
reverse shock, peaks at > T IS s AT s
) . , regime I
I1. “Thick shell”, high-o: weak log(co) 10(00)
or no reverse shock, T ..~ Txrp regime il p—
I11. like I, but the flow
becomes independent of 6, o {1020 G = cont
[V. a Newtonian flow (if p_, 1S = 1us<k<a
very high, e.g. inside a star) g -
IT". if p,, drops very sharply e

regime II’

log(o
S L%

o, =B /4np,c’
fO ZIOO/IOext(RO) > pext =AR_k

regime lll
1/(8-2k) o A
r::r ~ (fOGO) reginx%\,




Many sub-shells: acceleration, collisions
(JG 2012b)

Flux freezing
(ideal MHD):

® ~ BT A = constant

total energy _

(1+o)l
rest energy

acceleration (I /D & 0 constant shell width A shell width A grows

m For a long lived variable source (e.g. AGN), each sub shell
can expand by 1+A /Ay = 6,= (B /EBpy—1) '~ A/Ay,
m For a finite # of sub-shells the merged shell can still expand



A. Infinite pulse train & no energy losses

m Initial quasi-steady acceleration saturates at Iy, 6, Ay, A,

® [n planar symmetry: linear momentum 1s conserved = final
(JG, Komissarov & Spitkovsky 2011, Komissarov 2012)

m > E /M ~T_ /T—1~0c,"2> 1 i.e. magnetic energy

max

1s converted mostly to thermal energy as the shells collide
® Planar symmetry: no thermal acceleration (I' & A% = const)

® In a conical flow (more realistic!): I'oc A2 oc r oc 7
thermal energy 1s quickly converted into bulk kinetic energy

m Bernoulli eq.: ['(1+0) = const, ideal MHD: Eg,,A = const =
6, = [Agay/ Dot (1HA, /A oo] T ~ Ay/A
[ /T'y=({+0cy)/(l+c,)~ c,/(1+A,/A

gap

gap)



B. Infinite pulse train & radiative losses

m Radiation carries both energy & momentum so even in
planar symmetry plasma linear momentum 1s not conserved

m Energy budget: a fraction f_ ; of the total energy 1s radiated

rad

=1 (1+c,.)={0-1 I |(1+0,), but still Eg,,A = const =
6., = [(1+1/op) (1A /Ag)(1—1,q) — 1

C.2.
— A
[Agap/A rad(1 A /AO)] /Agap 1/,
— (1+GO)(1_fad) _ GO/(1+Agap/AO) Erad =~
[ /Loog~ L —f,q— LI(1+A,, /Ay E

fad< ) [(I_I_GO)(I_I_A /Agap)] d/g

I rad



N sub-shells: external medium interaction

(JG 2012b)

m [ eading sub-shell sweeps-up the
external medium and clears the
way for subsequent sub-shells

m [ater sub-shells have a longer time
to accelerate and collide with other
sub-shells before being influenced
by the external medium

¢ cnables a low-o thick shell
(strong reverse shock, T,..~ Tirp)

4 cnables the outflow to reach
higher Lorentz factors

shocked external
medium



Conclusions:

B Magnetic acceleration is generally slower, more delicate
& less efficient than thermal acceleration

B The o-problem: some deviation from a “standard” steady,
ideal MHD axisymmetric flow 1s required by observations

M Strong time dependence in highly magnetized relativistic
outflows can efficiently convert magnetic to kinetic energy
& lead to efficient internal shock dissipation in the flow

B GRB, AGN, u-Q: quasi-steady = 1mpulsive acceleration

B [nteraction with external medium: unmagnetized thin shell
(strong reverse shock, peaks at T, > T rg) Or magnetized
thick shell (weak/no reverse shock; afterglow T,.. ~ Terp)

B Sub-shells can lead to a low-magnetization thick shell &
enable the outflow to reach higher Lorentz factors
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