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Detection of Crab pulsar up to 1 TeV

MAGIC - Aliu et al. 2008, 2011
Veritas - Aleksic et al. 2011

MAGIC 40 GeV — 1 TeV (Ansoldi et al. 2016)

Both peaks detected!

100 < E < 400 GeV

—— Fermi-LAT P1
—o— Fermi-LAT P2
—o— MAGIC P1
—o— MAGIC P2
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Vela pulsar — HESS ||

10 — 100 GeV (Abdalla et al. 2018)

[PSR 80833-45 (Pz)]

I H.E.S.S.II error box
Energy scale syst.
4+ Fermi ECPL

1
- H.E.S.S. I PL
4 FermiPL > 10 GeV
_ E

Continuation of Fermi
spectrum (curved sub-
exponential) or power law?

Curvature favored by HESS Il
at >3.0oc

Energy [GeV]

Fundamental difference with Crab —
VHE emission only seen in peak 2

o HES.SA

O Fermi-LAT)




Vela pulsar — HESS Il

2004 — 2016: 60 hours in stereoscopic mode

3->7TeV!l 5.66 (Djannati-Atai 2018) 20 TeV!? (Rudak 2018)

H.ES.S. —
>3 TeV Additional
PRELIMINARY
component
distinct from GeV
spectrum?

OFF  Fermi-LAT
> 30 GeV




B1706-44 - HESSII

Spir-Jacob et al. 2019
10-70 GeV
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Geminga - MAGIC

Lopez et al. 2019

P2 > 30 GeV

P1: 026 o

P2:518 o

P1.P2: 353 o

EXC: 770

BKG: 17489
E/B%: 4.41




Broadband spectra of young pulsars

Data from Kuiper & Hermsen 2015

* No correlation between
GeV and X-ray emission flux

* Younger pulsars have higher
X-ray flux relative to GeV
flux
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Crab 1.2 kyr
B1509-58 1.6 kyr

B T J0205+6449 5.4 kyr
] ]
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Vela 11 kyr
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Broadband spectra of young pulsars

Crab 1.2 kyr
B1509-58 1.6 kyr
J0205+6449 5.4 kyr
Vela 11 kyr

109 107 104
Energy (MeV)

Less than 2 decades
spread in GeV luminosity

More than 5 decades
spread in X-ray luminosity




Spectral models for young pulsars

Harding et al. 2019

* Much less spread in GeV
than in X-ray emission
with age

e X-ray emission possibly
correlated with pair
multiplicity and B¢

=== Primary CR
— Polar cap

10~ 10=%2 10° 102 10¢%
Energy (MeV)




Broadband spectra of millisecond pulsars

Kuiper et al. 2003

PSR B0531+21 (Crab)
PSR B1937+21

PSR B1821—24

PSR J0218+4232

| . |
100 107
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High-energy emission models

A

Dyks & Rudak 2003

. : \Two-pole caustic
Muslimov & Harding 2004 c <
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7 Cheng et al. 1986
Romani & Yadigaroglu 1996

Petri & Kirk 2003

Contopoulos et al. 2010
Li & Spitkovsky 2010
Kalapotharakos et al. 2014




Particle-in-cell simulations

Aligned rotator - Chen & Beloborodov 2014 Obligue rotator - Philippov et al. 2015

Positron density
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PIC models

(Kalapotharakos+ 2018)

in-cell simulations

Global particle

Most particle acceleration occurs in and near the current

sheet and separatrices
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Current and E, with injection rate
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As pair injection
rate increases —
region of
accelerating
electric field
shrinks to current
sheet

Philippov & Spitkovsky 2018

Photon density
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High energy light curves

Kalapotharakos et al. 2018
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B field — and resulting particle energies — scaled up to
realistic pulsar fields

1
05

phase(P)




High energy light curves

Kalapotharakos et al. 2018
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Fermi pulsars have high pair injection
near force-free magnetosphere




Polar cap accelerators

SPACE CHARGE "GAP"
T.>T,

VACUUM GAP
T,<T,




Polar cap pair cascades

Pair cascades above the PC are
necessary for coherent radio

T 7 emission
7\7‘ A Cascades are time-varying
+
r V < T Y+B— et Timokhin 2010, Timokhin & Arons 2013
et \/ e*

Pair cascades produce an

abundance of charged particles to
f et supply charges to magnetosphere

M, ~103 - 3X105

Timokhin & Harding 2015




Pairs from polar cap cascades

Timokhin & Arons 2013

Sub-Goldreich-
Julian currents — 0
<Jllg <1

NO pair cascades

Super- Goldreich-
Julian currents —
g >1

Pair cascades

Anti-Goldreich-
Julian currents -
g, <0

108

Pair cascades

Credit: Andrey Timokhin




Time-dependent pair cascades

Timokhin 2010, Timokhin & Arons
2013
Steady state cascades requires
finely-tuned current

not compatible with global
models

SCLF gap

Electrons
Positrons
Photons

Arbitrary current produces
time-variable bursts of pairs
and photons

Vacuum gap

From Andrey Timokhin



Time-averaged pair yield

. No charges from NS Il. Free charge flow from NS

+

Type | gaps

(vacuum)

Cascade on-time:
Teas™ hgap/c

fK ~ hgap/RO ~ 10_3

Average multiplicity:

(My) < 103

Fi
- . bulk of pair-producing
[+ particles

Type Il gaps

(Space-charge limited flow)

Cascade on-time:
TcaSNRO/C

fo~ 0.5

Average multiplicity:

(M) ~ 105

0 0.1 0.2




Numerical full pair cascade simulation

Timokhin & Harding 2015

Crab pulsar

At peak of cycle:
M, =8 x 104
(each polar cap)

Full cascade code:
CR and IC of primaries
Magnetic pair
production with high B,

N : N - threshold modifications

EftE) BNy SR of pairs:

ENE \ = . Ml | Asymptotic quantum SR for

n>20

Exact QED SR for n < 20

* Recursive routine
handles large
generation #s
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Numerical full pair cascade simulation

Timokhin & Harding 2015

Cascade photon
spectra turn over at E
< 100 MeV
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Maximum pair multiplicity

Timokhin & Harding 2015

Pe=10cm

pe=10"cm

pe=10%cm
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P=33 ms, £=0.25
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CR of primaries
plus SR from
pairs

Multiplicity most
sensitive to
primary particle
energy and field
curvature

Maximum
multiplicity ~ 10°°
at B~ 1012 G

Weakly
dependent on
pulsar period
since

€)~5%x107 p*7

c,7

in cascades




Maximum pair multiplicity

Timokhin & Harding 2019

_—>

x*
0,1,2
neutron star —

Curvature radiation plus resonant inverse Compton

ﬁ initial
P final

pair creation

generation #

SR turns perpendicular pair
into more pairs

RICS turns parallel pair
momentum into more pairs




Maximum pair multiplicity

Timokhin & Harding 2019 Curvature radiation of primaries plus SR and resonant

inverse Compton of pairs

T=5x10°K T=3x10°K

Inclusion of RICS for pairs increases cascade pair
multiplicity by only a factor a of ~ 2




Pairs from Y-point and current sheet

Most photons produced around Y-point and current sheet
Counterstreaming photons produce pairs by y—y process

Philippov & Spitkovsky 2018

Photon density




VHE: Synchrotron self-Compton emission?

Essential ingredients: 1) Energetic particles
2) High synchrotron emission level

Pair cascade spectrum (polar cap)

Geminga

__ PSR B0833-45 (Vela)
PSR J0205+6449 (3C58)

F __ PSR B0531+21 (Crab)
lllll] 1 IIIlIII] 1 IIlIIII] 1 IIlIIIII 1 IIlIIIII 111111l ] : — PSRB1509_58

10’ 10? 10° 10* 108 10° [ 1 1 | 1 !
E (mc2) - 10° 102
E [MeV]

Energetic pair spectrum and high non-thermal X-rays produce high level of SSC

SSC emission from middle-aged pulsars will be much lower




Simulation of radiation

Harding & Kalapotharakos 2015

Resonant absorption of
radio photons when

g = Y&r(1 — BcoshH)

Petrova & Lybarski 1998

Force-free
Current sheet FgEF{sld[oRil=Ile
0.2to 2 R

Connect to vacuum
retarded dipole
below 0.2 R¢




Synchrotron self-Compton emission

do(e', 7,0
de'dQ’

N (&s,7
ﬁ= Cf dE ni (E)fd-Q. fdg ny(gl Q)

Synchrotron emissivity

Pair cascade spectrum (polar cap) \

-» €ESR (S'F'Q)

) (1 — fcosB)

- 1
e (6,7, 0) = = [ di; :
1035'_ ] 14 C f _ (TZ_TS)
- Synchrotron photon density
(anisotropic)
N 1030 | A
=] _ Need two trajectories for each
%* 105 L y particle: one to create the SR
' p— ' emissivity, one to compute the
ra y . 5
ool Vela ; SSC/IC emission
[ | —— B1821-24 .
—— B1937+21 , _
[ Primary IC uses this same SR
1015 .
10" 10>  10° 10* 10° 10° 107 photon density

Energy (mc?)



Particle trajectories on polar cap

Open volume coordinates: ry,., /o

Pair injection for j/j5, >1 and <0
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Particle dynamics - primaries

Crab, primary
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SSC emission from Crab pulsar

Harding & Kalapotharakos 2015 a =45% C=60° M, =3 x10°

Prim CR High
rl _ 6
o SR Bc=1x106G

Prim SSC 1 |} Lr=2200 mly kpc?
Pair SR

1E-3

Small
Rc=1.5x10%cm

All good for SR and
SSC
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Photon flux (MeV/s/cm?)
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SSC from Crab-like pulsar BO540-69

a=45% =700 M,=3x10°

RXTE-HEXTE
RXTE-PCA
Fermi

!

| | |
Pair SR
Pair SSC
Primary SR
Primary CR

10° 10” 10 102 102 10! 10° 10 10°% 103 10* 10°

Energy (MeV)

Fermi data — Ackermann et al. 2015

High
BLC = 36 X 105 G

Small
Rc=1.5x10%cm

But
Lz = 1000 mlJy kpc?

So, smaller SR and
SSC
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SSC emission from MSPs

Harding & Kalapotharakos 2015 o= 450, Q = 800
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SR spectra peak ~1-10 MeV

SSC peak ~ 100 GeV but
lowered by KN reductions
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Spectral energy distribution of the Vela pulsar
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ICS model for Vela TeV emision

Rudak & Dyks 2017

Sense of rotation
Trailing side OUter gap mOdel
SR photons

-- Emission inside light cylinder
Trajectories in CF PC pairs produce SR optical/UV
Accelerated primaries scatter
optical/UV photons

S = Screened region: A = Accelerating region:
secondary pairs with primary el. with Y > 107,

1 100 - 1000, curvature photons
synchrotron photons in HE

in optical-IR

Cartoon version of the outer gap
structure used in the calculations
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Modeling TeV+ emission from Vela

Harding, Kalapotharakos, Venter & Barnard 2018

Near force-free magnetosphere
PC pairs produce SR optical/UV
at lower altitude
Primary particles (mostly
positrons) produce synchro-
curvature and scatter
optical/UV to produce 10 TeV
ICS emission
Pairs scatter optical/UV to
produce SSC hard X-ray
emission




Modeling TeV+ emission from Vela

Harding, Kalapotharakos, Venter & Barnard 2018

e Detectable component from primary ICS

P=0.089s, B,=4x1012G, d = 0.25 kpc around 10 TeV!
* Pair SR matches optical spectrum

o =75, =65, pair M, =6 x 103

Pair SR
. Pair SSC
10 Primary SC/CR
Primary ICS
1073
OSSE
COMPTEL

-5 RXTE 2 (% \ issi
10 Optical Pulsed emission at 10

Fermi / brim CR i TeV requires higher
_ HESSII : :
1077 particle energy —>
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S
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U
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oy opt/IR model iy .
Pair SSC GeV emission is CR
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SSC emission from Vela pulsar

Harding & Kalapotharakos 2015
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Model light curves

—— Harding, Kalapotharakos,
Optical Venter & Barnard 2018

1 1 l 1 .
0.05-20.0 Gev = "~ FermilAT >0.1GeV

Fermi P2/P1 increases
with energy — higher y
particles produce P2

‘I—I-II|J_LIIIIIII

P2 only at > 3TeV —
20.0-100.0 GeV/ oFF ?r%i'és\./r ICS from hlgheSt Y
particles

Large model y-
ray/radio phase lag
0.1 —100.0 TeV H.E.S.S.

@l | due to azimuthally
3 . . . .
SRELIMIARY symmetric emission in
current sheet




What's important?

TeV+ emission from primary IC:

e Particle energies at least 10 TeV

* High flux of optical/UV emission (Not necessarily correlated
with pair multiplicity!)

* Small distance between optical/UV and primaries in current
sheet

SSC emission from pairs:

e High pair multiplicity

* High B¢

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




Summary and future prospects

 Fermiand ACTs are providing ground-breaking results

* Recent progress in global modeling of pulsar magnetospheres
* |dentified location of particle acceleration and high-energy emission —
mostly current sheet
* Good match between predicted and observed emission properties

* Unresolved questions
 How to scale PIC model energies up to real pulsar energies
 What is the GeV radiation mechanism (CR, SR, ICS, SSC)?
Spectra of VHE emission components critical
 What is the primary source(s) of pairs?
* How to incorporate pair microphysics into global models



