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Detection of Crab pulsar up to 1 TeV

MAGIC - Aliu et al. 2008, 2011
Veritas - Aleksic et al. 2011
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MAGIC 40 GeV — 1 TeV (Ansoldi et al. 2016) Both peaks detected!
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Vela pulsar — H.E.S.S. |

2004 — 2016: 60 hours in stereoscopic mode
3->7TeV!! 5.66 (Djannati-Atai 2018)

10-110 GeV (Abdalla et al. 2018)
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Continuation of Fermi spectrum (curved sub-

exponential) or power law?

Curvature favored by H.E.S.S. Il at > 3.0c

20 TeV? (Djannati-Atai 2022)

Counts

Additional component distinct
from GeV spectrum?

H.E.S.S.
>3 TeV
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E2dN/dE [ergs~'cm™?]

B1706-44 — H.E.S.S. Il and Geminga - MAGIC

Spir-Jacob et al. 2019
10-70 GeV
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Global particle-in-cell (PIC) models

Chen & Belodorodov 2014, Philippov & Spitkovsky 2014, Cerutti et al 2016, Kalapotharakos+ 2018)

Most particle acceleration occurs in and near the current sheet and separatrices




PIC simulations — Current and Electric field
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Brambilla et al. 2018

As pair injection rate from NS
surface increases — region of
accelerating electric field shrinks to
current sheet
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Rescaled accelerated particle energy

Kalapotharakos et al. 2018

Follow dynamics of particles with
“real” E and B in parallel within PIC
code

dr _ g E 240

dt mec? 3REme.c




Brambilla et al. 2018

Particle trajectories

Surface injection

A, D — positrons at Y-point and in current
sheet

B, C, E — positrons and electrons flowing
out above polar cap

Electrons falling back to the neutron star
(see also Cerutti et al. 2015, Philippov et
al. 2017) ’




Simulation of radiation

Current sheet

Primaries

Harding & Kalapotharakos 2015
Harding et al. 2018, 2021

Pairs get pitch angles through
resonant absorption of radio
photons when

eg = ver(1 — Bcosh)

Petrova & Lyubarski 1998

Force-free magnetic field
0.2to 2 RLC

Connect to vacuum retarded
dipole below 0.2 R,

E x B B
v=|—— +f=|c
B*> + Ej B



Polar cap pair cascades

WSS S5

w O D P
S po

CR

NS SURFACE

Pair cascades above the PC are necessary
for coherent radio emission
Cascades are time-varying

Timokhin 2010, Timokhin & Arons 2013

Use Timokhin & Harding (2019) estimate of
particle energy from non-steady gaps

Vaap == 3.2 x 107 P~1/7 B pi/77

Weakly dependent on P and B
Sensitive to p.

Pair cascades multiplicity

M, ~103 - 3X105

Timokhin & Harding 2015




Pair multiplicity

Timokhin & Harding 2019 Curvature radiation plus resonant inverse Compton

P=33 ms, £=0.25 P=330 ms, £=2
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N(E)/dE

Polar cap pair spectra
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1010

Centered PC
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Geminga
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]0218+4232

Spectra in offset PC
extend to lower energies

Higher B, higher cutoff

MSP pairs have higher
energy — lower B field
requires higher photon
energy to produce pairs
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Resonant absorption of radio photons

Resonance condition

Bg
B’ = ~¢&g (l — ﬁ,uo) =28 x 10°
co.cuz (1 — Bryg)
Resonant absorption rate
abs U ~ \abs
(dﬂ) :D"__{_ p-L' (d_’)) , ')<AR
dt p Y= 1\dt
d~ _ eE| 2e* B2 2
dt  mc 3m3c? +
B 26’.2’)‘4 N (ﬁ)abs B (d_,))SSC
3p° dt dt
3
dp. _ 3c, 2 gL (dpl(w))a"s
dt 21 3m3e’ v dt



N(E)/dE

Inverse Compton emission

N(&s,7)
degdtdQg
Pair cascade spectrum (polar cap)
38 Vela

10 Crab

P Geminga
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Jones (1968)

Synchrotron emissivity

1 esr(&,7s,Q
_f dﬁ: Slzg »Sz )
¢ (r<-rs)

Synchrotron photon density

(anisotropic)

Need two trajectories for each
particle: one to create the SR
emissivity, one to compute the pair
SSC and primary IC emission

Primary IC uses this same SR
photon density




Spectral energy distribution of the Vela pulsar

10"

10°

F, [mdy]

107°F

1 0—10

v Spitzer
A
¢ Chongro
otm+PL
ama _
_______ OSSE

\‘“\ . EGRET
“Hoxs,

RXTE COMPTEE%%D
\

HST+NTT+VLT
+ Gemini

\ Fermi-LAT

| 1 1 1 1 | |

Mignani et al. 2017
—

\

10° 10'° 10"

| 102°.
v [Hz]




Modeling TeV+ emission from Vela

Harding, Kalapotharakos, Venter & Barnard 2018

Near force-free magnetosphere

* PC pairs produce synchrotron
radiation (SR) optical/UV at lower
altitude

* Primary particles (mostly
positrons) produce synchro-
curvature (SC) and scatter
optical/UV to produce 10 TeV ICS

emission

* Pairs scatter optical/UV to produce
SSC hard X-ray emission
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Source and model parameters

Pulsar P d Radio Flux «a Rl Rhigh J/Jcs M, Tradio
(s) (kpc) (mJy) (em™) (em™) (Rio)
Vela 0.089 0.25 5000 75° 0.04 0.2 18 6 x 10° 0.1/0.2
Crab 0.033 2.0 700 45° 0.04 0.4 5.0 3 x 10° >0.8
B1706—44 0.102 23 25 45°/30° 0.04 0.2 20 6 x 10* 0.08
Geminga 0.237 0.25 1000 75° 0.04 0.15 10 2 x 10* 0.1
J0218+4232 0.0023 3.1 100 60° 0.5 5.0 150 3% 10° 0.38
L J L ]
low low 5 Adjusted to match hard X- Adjusted to match
Ryc = ek /mc R<Ric ray and Fermi SED optical/soft X-ray SED

R high eE”high/mc2 R>Rc

acc

Crab: constant pitch angle v = 1073 for pairs, v = 10 for primaries at r > 0.8 R ¢

All others: pitch angle determined by resonant absorption of radio cone beam at r 4o



Pairs

r.,.=0.8—-0.9
r... =0.88 —0.91, Crab

Injection for j/jg, <O
lowe = 1.5—4.78

Initial y from PC pair
spectra
Initial yw =0

Particle injection

K

/

ovc

Primaries

Fove = 0.9 —0.96
rove = 0.91-0.94, Crab

Initial y = 200
Initial y =0




MeV/s/cm?

Modeling TeV+ emission from Vela

Harding, Venter & Kalapotharakos 2021
(same as Harding et al. 2018)

10t

Pair spectrum for centered
dipole field

Matches optical but
primary ICS well below

H.E.S.S. limit
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MeV/s/cm?

Modeling TeV+ emission from Vela

P=0.089s,B,=4x102 G, d=0.25 kpc
o =759, pair M, =6x 103

* Detectable component from primary ICS around 10 TeV!
* Pair SR matches optical spectrum

101 1 1 1 1 1
Pair SR .
. Pair SSC ¢ = 462 Pair spectrum for offset
1071 - §=50" ----- " | dipole
Primary SC £=700 -—.-.-
1073 - - :
OSSE Pair SR has more UV
COMPTEL .
10-54  RXTE S | | photons —— higher flux
optical S for primary ICS
-7 _ H.E.S.S.-II . ) i
+0 e \ .
.23 v Pulsed emission ~ 10 TeV
10-° 1 | IPrimics i i _ ]
1 requires higher particle
1.
10-11 Pair SSC ||| - energy .. .
72N —> GeV emission is CR
. S e N :
10_13 1 1 1 - 1 . 1 1 \ |I‘ 1
10-° 1077 10> 1073 107! 10! 103 10° 107

Energy (MeV)

Harding, Venter & Kalapotharakos 2021




Vela model light curves
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Vela model light curves
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Fermi P2/P1 increases
with energy — higher y
particles produce P2

P2 only at > 3TeV - ICS
from highest y particles

Large model y-ray/radio
phase lag due to
azimuthally symmetric
emission in current sheet
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MeV/s/cm?

Vela P1 and P2 spectra
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Vela P1/P2 evolution with energy
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Harding, Venter & Kalapotharakos 2021

Lorentz factor of particles in curvature
radiation-reaction limit:

1/4
_(3E||P3) /
YCRR e

High energy cutoff

3/4 1/2
Ecr < E."*py/

Maximum curvature radius of particle
trajectory is higher for P2 allowing
particles and photons at higher energy




R-dependent spectra
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MeV/s/cm?

TeV+ emission from Crab pulsar

o = 459, pair M, =3 x 10° Harding, Venter & Kalapotharakos 2021
100 +— . .
1 Pair SR £ = 60° ? * SR from pairs near
-1 ] Pair SSC 05

107 5 (=720 ----- COMPTEL current sheet

] - ' RXTE-HEXTE
1072 J primary sC RXTE-PCA * Synchro-curvature

] BeppoSAX-LECS from primaries in
1073 5 Fermi h

§ | MAGIC current sheet
1074 5 %" HAWC e SSC from pairs up
10-5 ; to ~1 TeV

* ICS from primaries
107° 5 scattering pair SR
1077 gl \ up to ~30 TeV
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MeV/s/cm?

TeV+ emission from Geminga

P=0.237s,By= 3x10% G, d=0.25kpc

o =759 £ =559 pair M, = 2 x 10*

Harding, Venter & Kalapotharakos 2021
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MeV/s/cm?

TeV+ emission from B1706-44

— — 12 -
P B 0.102's, B =6.2x10°°G, d = 2.3 kpc Harding, Venter & Kalapotharakos 2021
Pair M, = 6 x 10%

1072 - Pair SR Chandra Pair emission at low
. Fermi . .
Pair 55C e altitude (like Vela) — but
1o-4 Primary SC CTA South lower radio luminosity
— 0 — 0 o 2
a.=45% =53 Lower pair SR flux in UV
10-64 | ——- a=30° C=60° .
——> lower primary ICS
1078 - H.E.S.S. Il detection
explained by primary SC
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Bl706—44 model light curves light curves
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MeV/s/cm?

TeV+ emission from MSP J0218+4232

Harding, Venter & Kalapotharakos 2021
Acciari et al. 2021 (MAGIC/Fermi paper)

P=0.0023s,By;=8x 108G, d = 3.1 kpc
a =600, { = 65% pair M, = 3 x 10°
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higher energy
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GeV/VHE emission

GeV emission
* Recent PIC simulations point to particle acceleration and emission in current sheet
* Curvature radiation explains P1/P2 decrease and most spectra above 50 GeV

TeV+ emission from primary IC:

* Particle energies at least 10 TeV -> GeV emission in curvature radiation regime

» High flux of optical/UV emission

e 20-30 TeV particles produce both Fermi HE cutoff from CR and > 20 TeV IC emission

SSC emission from pairs:

e High pair multiplicity

* High B, — mostly Crab-like pulsars

* Lower pair energies — SR SED peak below 1 MeV — to avoid KN reduction




Future modeling and outstanding questions

* Variation of E|| - radial and azimuthal dependence from MHD and PIC
simulations

* Pair spectra from 2D time-dependent PC cascades

* More accurate photon-photon attenuation of TeV+ emission

* Does emission above 10 TeV necessarily imply particle Lorentz factors > 107?

* Can SR or IC produce P1/P2 decrease with energy?




