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Conditions under which magnetic reconnection “shines”

* The emitting plasma is likely to NaX
be highly magnetized | N (e
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Relativistic reconnection is a magnetic particle accelerator
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Relativistic reconnection efficiently liberates magnetic energy
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How can we claim that: B,.. = Ui, /Upys = 0/L =~ 0.17

The global dynamics can set L to be arbitrarily large, right?



PIC simulations reveal a dynamic
“plasmoid-dominated” current layer

Harris sheet initial condition
(used/adapted for all local
simulation studies in this talk)




Layer-tearing keeps X-points open, promoting fast reconnection

(See, e.g., Shibata & Tanuma 2001, Uzdensky+ 2010)

A segment of the overall layer cannot
get too slender before tearing into two
new layers separated by a plasmoid

|

f ' iy, ;f:‘ﬁ ‘\‘7- -~ @ ). ® - 4 aﬁ
@ @ e - 2

NS




Layer-tearing keeps X-points open, promoting fast reconnection

(See, e.g., Shibata & Tanuma 2001, Uzdensky+ 20170) L
<

Reconnection rate
dictated by smallest
marginally unstable
elementary layers
E wrth one X pomt

A segment of the overall layer cannot
get too slender before tearing into two
new layers separated by a plasmoid

|

Allows effective aspect ratio, 0 /Lerr = Brec = 0.1,
/ma@f&@f?@é@%e_mer to adjust independently of starting layer length L




Conditions under which magnetic reconnection “shines”

* The emitting plasmais likely to

be highly magnetized ol /\/\ T ﬁ
, \?\\ Crabd %

(Chandra)
* The observed spectrum of

radiation is highly nonthermal
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Relativistic reconnection is a nonthermal particle accelerator
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(b) Energy spectra around the X-type region

Why nonthermal? (See Zenitani & Hoshino 2001, Uzdensky 2022) NS
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Nonthermal particle acceleration in reconnection:
a robust feature of two decades of research
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Conditions under which magnetic reconnection “shines”

Crab flares presented
’ by Buehler et al. 2012: <+ ~ 8hours

* The emitting plasmais likely to
be highly magnetized

* The observed spectrum of
radiation is highly nonthermal

— Brightness 2>

* The variability is extremely fast
(Ctyqr <L)

~ 1 light-month




Kinetic beaming in reconnection
generates rapid variability

-B,, Ereconn

Kinetic Beaming:

Acceleration preferentially
focuses high-energy particle
beams (Cerutti+ 2012;
Mehlhaff+ 2020)
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Relativistic particles emit parallel

to their velocities!

Synthetic synchrotron
lightcurve; Cerutti+ 2013



Plasmoid motion in reconnection generates rapid variability

Sironi+ 2016
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Large, medium, and small plasmoids yield
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Overall spectrum of
observed timescales
probably has
contributions from both
the plasmoid chain
(hierarchical/fluid-level)
and kinetic beaming



Conditions under which magnetic reconnection “shines”

Crab flares presented by

’ Buehler et al. 2012: — ~ 8hours
* The emitting plasmais likely to
be highly magnetized p
)
* The observed spectrum of go “
radiation is highly nonthermal i i
gty g
* The variability is extremely fast 10 MeV  10° MeV
(Ctyar < L) 7 ‘.‘...,.'-!:1.;;.4‘—* |

* Synchrotron radiation above
160 MeV is observed

log,o €F (€) 2

~ 1 light-month

Photon energy € 2



Radiative cooling limits particle/photon energies

Example: Synchrotron radiation

Component of magnetic field

* Arelativistic electron radiates synchrotron power:
_2.2..,2p2
perpendicular to particle velocity Psyn — §Te cy BJ_

\ )

* The radiation reaction force, f,,q = Psyn/c, balances the
force, f,.c = eE, from an electric field E when

3eE
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* This limits synchrotron radiation to photon energies below
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Diagram by
Emma Alexander

Exceeding €,,,,, requires
going beyond ideal MHD

160 MeV

_ Inideal MHD, |E| = |-2 x B| s B,
I Fine structure constant aps = e?/hc ¢




In reconnection, particles can exceed the synchrotron burnoff limit

Particle energy distribution

10:31E T I
T 100
5 F
— z g 10295_ -
% 1025 _g
-§0 Ereconn &E 107 E
1078
X-points are precisely regionswhere E > B, =0 to” 10®
10°
Chernoglazov+ 2023
Particles near X-points focused toward midplane o

(recall kinetic beaming effect)

radiation above €g,,, = 160 MeV | spectrum e, e,

I
10° 10t 102 103 104
%]

|
|
|
|
Allows particles to surpass nominal y,,,, and _ :
10-* 4 Synchrotron I
yn
2

e [mec



Conditions under which magnetic reconnection “shines”

That is, when the plasma:

* The emitting plasma is likely to * |stoo magnetized
be highly magnetized
radiation is highly nonthermal

* The variability is extremely fast
(Ctyqr <L)

e |stoo variable

* The observed spectrum of l * |stoo nonthermal

* Synchrotron radiation above * Emits too energetic photons
160 MeV is observed

One example of a new frontier of radiative reconnection research




Radiative effects require an upgraded PIC framework

(X, p) of individual particles

Update (x, v) of all
particles from E, §,
and radiative

cooling

Compute p andfon
grid from (x, V) of
particles

(p, f) — Maxwell’s
equations — (E, §)




Radiative effects require an upgraded PIC framework

(X, p) of individual particles
AND photons

| Update (x, v) of all

/ | SN (QED)
T T ® particles from E, B;

° = — update photon (X, p) Emit photon quanta
é N ®—- and cool particles;

U \,v
/ At / produce pairs
—

Compute p andfon
grid from (x, V) of

(p, f) — Maxwell’s
equations — (E, §)

particles




Radiative electron-

positron-photon
reconnectionis a
new astrophysical
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Nonlocal energy transport can regulate radiative reconnection

* Photons transport some of
dissipated energy back
upstream

Norig — Nprod * Pairs born upstream can
f Norig + Nyrod dominate mflow plasma
» energy density and pressure

e Reconnection decides its own
upstream plasma state!

See also Hakobyan+ 2019;
Schoeffler+ 2019, 2023
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Fermi has ushered in a new era of gamma-ray pulsar science

* Now ~300 known gamma-ray pulsars (only 11 pre-Fermi)

* How to explain the gamma-ray efficiency and pulse profiles?

/ Pulse Phase
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Pulsar: a rotating conductor embedded with a magnetic dipole
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Pulsar: a rotating conductor embedded with a magnetic dipole

Outside the light cylinder,
| ' corotation impossible
' ﬂ_ = field lines must open
A |
R i ' Perfectly conductin I
econnecting y g
| surface forces field |
I l
| I
| !
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current sheet
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Reconnecting
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lines into rotation

/ns N\
( | j R.LJ‘ %"?I

Open field-line
“wind” region “wind” region
Corotating

| Magnetosphere

l

I

I

’ Open field-line
J

|



One decade of pulsar simulations: alighed rotators

B Chen & Beloborodov 2014

Bransgrove+ 2023




One decade of pulsar simulations: oblique rotators

Hakobyan+ 2023
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Edge-on view

Richard-Romei+ in prep.
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Reconnection controls the energetics
90°

Richard-Romei & Cerutti 2024
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Reconnection powers the observed radiation, especially gamma-rays

One gamma-ray synchrotron pulse each
.g . y. y P Gamma-rays can exceed 160-
time line-of-sight crosses beam of . e
: : : MeV ideal-MHD limit!
energetic particles in the current sheet
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M87* Sgr A* Cyg X-1
(EHT) (EHT) (artist’s impression; NASA) N










Primer: Blandford-Znajek jet-launch mechanism o
3) Magnetic helix forms,

Three ingredients: expands outwards as a
(1) magnetic field, (2) plasma, (3) BH spln relativistic force-free jet

Blandford & Znajek 1977 %b
/-
———
Ap Y fe <
KJJ G i)
Y

The more flux, the more power
2
Pjet X Ppy

/ 5

2) Frame-dragging throws

Spinning T - ( field lines into rotation
(EIEX) TN TR AR RN
1) Accreting plasma delivers
magnetic flux to BH N

Davis & Tchekhovskoy 2020

N AN



Reconnection throttles magnetic flux on BH, regulates jet power

Flux cannot accumulate indefinitely onto BH. In MHD, Byec ypp = 0.01 is too low

Magnetic reconnection triggers periodic flux by a factor of 10.

eruptions, regulating jet power. (Pjo; & ®gy) Need kinetic simulations to
accurately determine jet power!

But recall Matteo

Ripperda+ 2022 Bugli’s talk yesterday!




GRPIC: a new* method built
on a familiar architecture (c = 1 on this slide)

Based on the 3+1 formalism:

(X, P) of individual particles 2 T
AND photons ds® = gwdx dx

| : = (BiB' — a®)dt? + 2f;dx'dt + h;jdx‘dx/
! t ./ a = “Lapse function”; B* = “Shift vector”
Il

— —Faia + u]alﬁ] e %Ujukaihjk

. jl
(hijDJ-I_eijk R Bk)

i
S

e Preserves structure of Update (x%,u;) of all

[/

2 RS classic explicit PIC particles and

algorithm photons from B,§

Emit photensand

/ 7 produce pairs

_

< <l
)

Il

N

=)

i~

Calculate E, ﬁ; Compute p and J; on grid
(p,];) = Maxwell’s from (x*, v' = dx'/dt) of
equations — (B, §) particles

*Parfrey+ 2019, Chen+ 2025
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1 L ey 1
Galishnikova+ 2023 \ “\
. 200 I 1 \\\ e—1/300 7
BH acquires less flux \ \
o > \ N
when modeled using g hem /10
. 100 \ el -
PIC 2 weaker jet —  GRPIC - s
------ GRMHD  “~__
0 | | | S ~=—m e
0 200 400 600 800 1000

.4-3‘ ‘ \/ v t’ TQ/C
\\\\ Crinquand+ 2022

Simulations with pair production:
vigorous reconnection helps supply
magnetospheric plasma and powers
bright synchrotron emission




Accretion disk coronae as high-energy analogs
to the solar corona

See, e.g., Shakura & Sunyaev 1973,
Liang & Price 1977, Galeev et al. 1979




Accretion disk coronae as high-energy analogs
to the solar corona

See, e.g., Shakura & Sunyaev 1973,
Liang & Price 1977, Galeev et al. 1979
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Accretion disk coronae as high-energy analogs
to the solar corona

See, e.g., Shakura & Sunyaev 1973,
Liang & Price 1977, Galeev et al. 1979




Accretion disk coronae as high-energy analogs
to the solar corona

[See, e.g., Shakura & Sunyaev 1973, }
9

Liang & Price 1977, Galeev et al. 197 10+ keV

-~

1 keV




Reconnection couples jet power to coronal X-ray emission

10° 10! 102 1072 1071 10°

1. Most dissipation on jet wall

2. Magnetic reconnection
feeds on/whittles down jet

3. Jetwaning/extinction
correlated with X-ray flaring

25

Mehlhaff+ 2025
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* How much energy magnetic reconnection dissipates and where
Can calculate: . jetpower

* QObservable signatures
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Prospects: hybrid methods to better focus numerical resources

Reconnecting
current sheet

|

Open field-line
“wind” region

Do we really need PIC to model all of this?

dL
A

VN

Corotating

Perfectly conducting
surface forces field
lines into rotation

|

|
|
I
l
I
!

Soudais &

(The whole domain is force-free except the current sheets)  Cerutti 2024

Reconnecting
current sheet

|

K

Magnetosphere

|
|
|
|
>
|

Open field-line
“wind” region



Force-free/PIC hybrid: a whole magnetosphere for the price of

the current sheet Soudais &
| Cerutti 2024
l R |
N |
Do PIC here : | Do PIC here

! | |
I l
| // \\ |

} | \ | }
. /S |
| T I

Everywhere else do force-free electrodynamics:
]FFE:E 52 4n(3'(VXB)_E'(VXE))§



Force-free/PIC hybrid: a whole magnetosphere for the price of

the current sheet Soudais &
Cerutti 2024

Time =245 P

04N
FFE Region




Force-free/PIC hybrid: a real Fermi pulsar

L,/L (>100MeV)

Plus a systematic verification that PIC results obtained with smaller
simulations do indeed scale up as expected to real system sizes

Fermi pulsars
—4$= This work
10° 4
10—1 a
10~2 -
1073 -
104

L (erg/s)

102 10%  10% 10% 10 10 10%

Soudais &
Cerutti 2024
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But problem-dependent.
Lots of trial-and-error.



Prospects: the GPU revolution and multiscale PIC simulations

Ax N > Lsim

+<—Kinetic scales—>« Leftover space >

/

Need to fit all intermediate scales (e.g., BH/NS radius, photon mean-
free-path, particle cooling length, etc.) in here

>

Crudely, on CPUs, state-of-the-artis N = 10*in2D or N = 103 in 3D

Often enough for 2 intermediate scales in 2D, or 1 in 3D: both with little
remaining wiggle room for parameter scans

GPUs could open up today’s maximum box size to tomorrow’s parameter scans

Tomorrow’s maximum size may allow one extra intermediate scale in each dimension



Prospects: new discoveries are certain thanks to next-generation
observatories coming online in the near-to-long term

* Pointed instruments provide
enhance sensitivity in energy
space (CTAQO), time (ngEHT)
and spatial resolution (ELT)

* Survey instruments (Vera
Rubin, NewAthena) will capture
transients; strong synergy with
upcoming gravitational wave
observatories (LISA)

Mahlmann & Beloborodov 2025



Prospects: strengthened ties to solar

. .. -=== Bow shock
and space physics communities? Magnetopause, a = 0.60
» - Downwind-facing.  Wind-
Historically, high-energy astrophysics has & 7"‘~-..@F) side ' facing
stolen from solar and space physics, but it’s B I (WF) side

hard to know what we’ve missed.

What about the other way?
Could global kinetic models of high-
energy sources build useful intuition for
lower-energy objects (e.g., planetary bow
shocks), even if, there, the simplifications
m; = m, and uy = ¢ don’tapply?

Zhong+ 2024




Conclusions

* Local simulations show that magnetic reconnection:
* Dissipates energy efficiently
* Powers nonthermal particle acceleration
* Produces rapid variability
* Radiates profusely at high energies

Global simg@tiq;?s highlight how reconnectio
regulates "@v’as)i'ects of NS/BH magnetosp

ke |

Thank you!

discoveries to come
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