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Polar field reversals in the Sun

Magnetic Butterfly Diagram
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11-year cycle for the polarity of the magnetic field in the sun
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ABSTRACT

Neutron stars with unusually strong magnetic dipole fields, By, ~ 10'“~10'° G, can form when condi-
tions for efficient helical dynamo action are met during the first few seconds after gravitational collapse. Such
high-field neutron stars, “magnetars,” initially rotate with short periods ~1 ms, but quickly lose most of their
rotational energy via magnetic braking, giving a large energy boost to the associated supernova explosion.
Several mechanisms unique to magnetars can plausibly generate large (~ 1000 km s ') recoil velocities. These
include magnetically-induced anisotropic neutrino emission, core rotational instability and fragmentation,
and/or anisotropic magnetic winds.

Magnetars are relatively difficult to detect because they drop below the radio death line faster than ordinary
pulsars, and because they probably do not remain bound in binary systems. We conjecture that their main
observational signature i1s gamma-ray bursts powered by their vast reservoirs of magnetic energy. If they
acquire large recoils, most magnetars are unbound from the Galaxy or reside in an extended, weakly bound
Galactic corona. There is evidence that the soft gamma repeaters are young magnetars.

Finally, we note that a convective dynamo can also generate a very strong dipole field after the merger of a
neutron star binary, but only if the merged star survives for as long as ~ 10-100 ms.

Subject headings: gamma rays: bursts -— magnetic fields — pulsars: general — stars: neutron
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THE spatial and luminosity distribution of vy-ray bursts as observed

LETTERS TO NATURE -l 992 by the BATSE instrument on the Compton Gamma Ray Observa-

tory"? provides support for the revival of the idea™* that the burst
sources are at cosmological distances”. I present here a new model
for y-ray bursts at cosmological distances, based on the formation

M“Ilsecond pulsars W|th of rapidly rotating neutron stars with surface magnetic fields of
extremely strong magnetic the order of 10'° G. Such objects could form by the gravitational

_ § collapse of accreting white dwarfs with anomalously high magnetic
fields as a cosmological

fields in binaries, as in magnetic cataclysmic binaries. Once
formed, such rapidly rotating and strongly magnetized neutron

source Of 'Y-ray burSts stars would lose their rotational kinetic energy catastrophically,
on a timescale of seconds or less: rotation of the magnetic field
V. V. Usov creates a strong electric field, and hence an electron—positron

plasma, which I show to be optically thick and in quasi-thermody-
namic equilibrium. This plasma flows away from the neutron star
at relativistic speeds, and X-ray and y-ray emission at the photo-
sphere of this relativistic wind may then reproduce the observa-
tional characteristics of a y-ray burst.

Physics Department, Weizmann Institute of Science,
Rehovot 76100, Israel

The rotational kinetic energy of a neutron star with moment
of inertia I =10* g cm? is

E...,=3I0°=5x10°%erg for 2=10*s"" (1)

which i1s enough to explain the total energy released during the

burst if the y-ray bursts are of cosmological origin®~.
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possible formation scenarios of magnetar

* turbulent dynamo amplification in a rapidly rotating proto-neutron star
(Thompson+93)

» fossil field hypothesis (magnetic flux conservation) (Ferrario+06)

* Chiral Plasma Instability (Yamamoto 16)

<- - magnetic helicity
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Energetic subclass of supernovae

Murphy+19
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— First detection of neutrinos coming from
Large Magellanic Cloud (49 kpc ~ 16x104 light years) outside our Galaxy

- Betelgeuse (possibly in 105 years, 168 pc) - a possible candidate for detection of GWs
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Multi-D effect: convection and hydrodynamic instability

Great progress of CCSN simulations
IS enhancement of neutrino-heating

accreting flow
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1D calculation

Time evolution of mass shells and shock wave
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Multi-D effect: convection and hydrodynamic instability

Great progress of CCSN simulations
IS enhancement of neutrino-heating

accreting flow
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Initial condition of B-field

possible formation scenarios of magnetar collapse B

» turbulent dynamo amplification in a rapidly rotating PNS (Thompson+93) - -

» fossil field hypothesis (magnetic flux conservation) (Ferrario+06)

* initial B-field: 1010 (weak field model), 102 (strong field model) G
log Ibl [G]

Bo.r=1000k 30km \
magnetic flux conservation: B ~ 10 @ 7= m
| o ( 101G ) ( 'PNS >

1012 G (strong field model): -> 10!5 G (r < 30km) < - - magnetar class

1010 G (weak field model): -> 1013 G (r < 30km)

/2\ » The impact of the magnetic field on the explosion

| in our weak field model is passive
P e fedmodslspassve,

\

%ﬁ\/.\/\ \

o 1 2 3 4 Future work: realistic configuration and field strength
Obergaulinger+l4 X [103 km]




(a) s27.0B12PPM5 (b) s27.0B12PPM5
tpb = 14 M8 tpp = 160 ms
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» magnetic field lines: a split-monopole-like
configuration (tpb=14ms)

prl * non-radial component of B-field due to
the convection (t,,=160ms)

~200 km N \\’ |

* field amplification in the post shock
H - .|- , /"/) 3 \ B . .
surface (s210Kks) ||| |+ region due to compression and
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\‘?u R s iv down flow region between bubbles
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o (s-rgka = = O * magnetic loops: remnant of the
lso/-en’rropy “ . ey .
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Time evolution of shock radius

1200 | | | | | 250 | | | | |
(a) PM5 — (b)
P S ) .
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‘ = o shock radius: smaller
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- _ 12 0 Lk _ - |
i) 00 BO — 1010 G B() 10 G > | /”,
0 B i~ o (
§ initial magnetic field strength % 100 L \MI Amplitude of -
400~ =2 s27.0B10PPM5  — oscillation is lgrger.
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200 £ $27.0B12PLM2 ——
M M —
0 | | | | | 0 | | | | |
0 100 200 300 400 500 600 100 150 200 200 300 300 400
Time after bounce [ms] Time after bounce |ms]

M decreases at around tp,=250ms.
Shock wave evolves fast in strong magnetic field Pe

model compared to weak magnetic field model. Since the ram pressure for the shock surface in
the upper stream also decreases, it is reasonable

that the shock revival occurs around the sudden
drop of the mass accretion rate.
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diagnostic explosion energy:

integral of the energy over all
zones that have a positive sum of
the specific internal, Kinetic,
magnetic and gravitational energy

The diagnostic explosion energy
of the strong field models (red
lines) is larger than that of the
weak field models (blue lines) in
each progenitor models.

The diagnostic explosion energy
of the fast explosion model is
large.

Explosion energy is smaller than
~105! ergs during our calculation
runs.
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possible formation scenarios of magnetar

B

‘Bmean ‘ave [G]

collapse

* turbulent dynamo amplification in a rapidly rotating PNS (Thompson+93)

N -

e fossil field h
1016 E :

1015 =
1014 ;
1013 -

10"

10

ypothesis (magnetic flux conservation) (Ferrario+06)

30km

'PNS

Bo r—1000km
102G

Bpng ~ 101° G(

(o)

supernova remnants + magnetars in our galaxy
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! ! L1 L L1
o o * typical explosion energy (105! erg)
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Magnetars may not require rapid rotators with highly aspherical and energetic jefts,
but simply the normal neutrino-driven explosion as the central engine.



Anisotropic velocity
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Systematic 3D MHD simulations

B-field at PNS surface

0 100 200 300 400 500
Time after bounce [s] Nakamura+ JM, 2024



possible formation scenarios of magnetar

B

‘Bmean ‘ave [G]

collapse

* turbulent dynamo amplification in a rapidly rotating PNS (Thompson+93)
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Magnetars may not require rapid rotators with highly aspherical and energetic jefts,
but simply the normal neutrino-driven explosion as the central engine.
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Meridional distributions of mean components of the magnetic field

(a) By mean/10'* [G]

z (km]

The position of the belt overlaps with the convectively stable region beneath the PNS surface.

(b) Bg.mean/10 [G]
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s27.0B12PRMS5 | >
ob = 600 s

s27.0B12PPM5

2

/Q Y (6,6) By (r, 0, 6)d

convectively stable
region (r=22km)

Large scale modes become dominant
\ / compared to the small scale modes.



rotating model




onset of neutrino-driven convection after shock revival

\I




Dependence of the rotation

shock evolution

evolution of explosion energy

400 | | | | | | | 5 x 10°° | | | | | | |
— 350 $27B12 wo=0 - $27B12
~ wo = 0.1 [rad/s] —
S | 4x10%0 r ; -
= 300 Y, wo = 0.3 [rad/s] —
= 95()
« B0 3 x 10°Y
- L.
2 200 "
= 150 , 5 2% 107 | -
A2
5 5 wo = 0.1 [rad/s] — L1070 _
= wo = 0.3 [rad/s] —
0 | | | | | | | 0 | | | |
50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400

Time after bounce |ms] Time after bounce [ms]

Magnetic pressure driven explosion occurs in
rotating models. The magnetic field is fully
amplified due to the effect of turbulence.

Explosion energy in faster explosion
model is larger.
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Amplification of the magnetic field

plasma B = P,.s/Puag Kinetic helicity Hx = (v'-w') 4
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v(r,0,¢) = v)(r,0) +v'(r,6,9) ,
B(r,0,¢) = (B)(r,0) + B'(,0,¢) .

induction equation:

B
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Amplification of the magnetic field

averaged plasma 3 = P,/ Puag

Kinetic helicity Hx = (v'-w’)4
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Amplification of the magnetic field

plasma B = P,.s/Puag Kinetic helicity Hx = (v'-w') 4
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Amplification of the magnetic field

plasma § = Pyas/ P dynamo number P =V x (a(B)) + mA(B)
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Amplification of the magnetic field

plasma (B = Py,us/ Prag
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Growth rate of the magnetic energy
‘ shock revival

1050 = I | | |
1049 — T = — —
B-field in the gain region -
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x exp(20t), 1/0 = 3 ms
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Time after bounce |ms]
Magnetic pressure amplified due to a-effect is

responsible for fast explosion in our rotating model.

Mean magnetic field is amplified
by «a -effect.

In addition, turbulent magneftic
field is also amplified via
a-dynamo action of mean
magnetic field.

Induction equation for turbulent
magnetic field:

0B’
ot

= VX xX(B))

mean magnetic field
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Chiral MHD simulations in the context of CCSN (Masada+18, JM22)
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