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O State of the art knowledge of the pulsars and their
environments

O Why to look at them at high energies<¢
O What did we learn about pulsars in the last yearse

O What did we learn about PWN in the last years?
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" OBLIQUE ROTATOR IN A MAGNETIC DIPOLE FIELD

Goldreich+ 69
o~ intrinsic physics

C-> observed properties

So easy? everything knowne
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Pulsar

Pulsar OBLIQUE ROTATOR IN A MAGNETIC DIPOLE FIELD
: Goldreich+ 69
_ o~ intrinsic physics
Q . C-> observed properties
v A M So easy? everything known?
71 PLASMA-FILLED MAGNETOSPHERE
A - induced E extract charges from the NS surface
- | certainly e*/e:, also ionse Amato+ 02, Amato+ 06

6 .
Rys~10°¢cm-- =R c~10 cm
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Pulsar

Pulsar
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Rys™ 10°cm.--

H

OBLIQUE ROTATOR IN A MAGNETIC DIPOLE FIELD
Goldreich+ 69
o~ intrinsic physics
C-> observed properties
So easy?¢ everything knowne

PLASMA-FILLED MAGNETOSPHERE
induced E extract charges from the NS surface
certainly e*/e-, also ionse Amato+ 02, Amato+ 06

AR s N

DENSE WIND due to pair production

foreach e 103<k<107 Arons 2012

~Rc~10"cm - Ryr ~10"cm
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Pulsar

Pulsar
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OBLIQUE ROTATOR IN A MAGNETIC DIPOLE FIELD
Goldreich+ 69
o~ intrinsic physics
C-> observed properties
So easy?¢ everything knowne

PLASMA-FILLED MAGNETOSPHERE
induced E extract charges from the NS surface
certainly e*/e-, also ionse Amato+ 02, Amato+ 06

DENSE WIND due to pair production
foreach e 10°<k<107 Arons 2012

PARTICLE ACCELERATED IN UNSCREENED FIELDS
(gaps)

e '~107) > CURVATURE (E>50MeV)

-primory (
> € secondary (F“']O"’)
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Pulsar wind

ANALYTIC SPLIT MONOPOLE
SOLUTIONS Michel 73, Bogovalov 99
CONFIRMED BY NUMERICAL FREE-
FORCE Contopoulos+ 99, Spitkovsky06

& relativistic MHD STUDIES
Bogovalov 01,Komissarov 06,
. antini 04

Pulsar Wind
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Ryg~10cm- i---RLC~108cm RWT~1017cm
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Pulsar wind

ANALYTIC SPLIT MONOPOLE
SOLUTIONS Michel 73, Bogovalov 99
CONFIRMED BY NUMERICAL FREE-
FORCE Contopoulos+ 99, Spitkovsky06

& relativistic MHD STUDIES
Bogovalov 01,Komissarov 06,

Pulsar Wind

Q
A

AT HIGH ALTITUDES

F « sin?(a) Bogovalov 99
F 0 sin4(a) Tchekhovsky+13,15

6 |
Ryg~10cm- i---RLC~108cm RWT~1017cm
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Pulsar wind

ANALYTIC SPLIT MONOPOLE
SOLUTIONS Michel 73, Bogovalov 99
CONFIRMED BY NUMERICAL FREE-
FORCE Contopoulos+ 99, Spitkovsky0é

& relativistic MHD STUDIES
Bogovalov 01,Komissarov 06,

Pulsar Wind

T
Wl
Yo s

MOST ENERGIES FLOWS
AT HIGH ALTITUDES

F « sin?(a) Bogovalov 99
F « sin4(a) Tchekhovsky+13,15

p :
WIND IS HIGHLY MAGNETIZED (0>>1)

WHERE MAGNETIC DISSIPATION<¢
STRIPED WIND -> MAGNETIC
RECONNECTION

Kirk 02

Coroniti 90, Kirk 02, Sironi+ 11
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Pulsar wind

| ANALYTIC SPLIT MONOPOLE
Pulsar SOLUTIONS Michel 73, Bogovalov 99
CONFIRMED BY NUMERICAL FREE-

FORCE Contopoulos+ 99, Spitkovsky06

Q
I_I & relativistic MHD STUDIES
A Bogovalov 01,Komissarov 06,

v /<—~ a ._ . : - olalilalN0e

A MOST ENERGIES FLOWS
AT HIGH ALTITUDES
F « sin?(a) Bogovalov 99

F « sin4(a) Tchekhovsky+13,15

p :
WIND IS HIGHLY MAGNETIZED (0>>1)

6 8 WHERE MAGNETIC DISSIPATION?
Ry c~10%cm - R .~
ns~10°C Ric~10 cm STRIPED WIND > MAGNETIC

RECONNECTION
COLD RIEL:A:(I)\:!?:)IE WIND Coroniti 90, Kirk 02, Sironi+ 11
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Pulsar wind nebula

Pulsar Wind Nebula

Q

v A L

»

.
Rys~10 cm-- i---RLC~1O8cm -~ R1s ~10""cm

p
@ TS: PITCHING ANGLE RANDOMIZED
& PARTICLE ACCELERATED
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Pulsar wind nebula

Pulsar Wind Nebula
3 - SYNCHROTRON AND IC RADIATION BY
0 RELATIVISTIC PARTICLES in HIGH B,__,,, = 102 B,
Y A & ORDERED B (HIGH POLARIZATION, Dean+ 08)

»

.
Rys~10 cm-- i---RLC~108cm -~ R1s ~10""cm

@ TS: PITCHING ANGLE RANDOMIZED
& PARTICLE ACCELERATED
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Pulsar wind nebula

Pulsar Wind Nebula

SYNCHROTRON AND IC RADIATION BY
RELATIVISTIC PARTICLES in HIGH B, = 102 B,
& ORDERED B (HIGH POLARIZATION, Dean+ 08)

~ o <

/ AP
\ JET-TORUS
O O
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u

A

from spin-B misalignment (o)
Bogovalov+02, Komissarov+03, Del Zanna+04

~Rc~10%cm - Rys ~10"cm

p
@ TS: PITCHING ANGLE RANDOMIZED
& PARTICLE ACCELERATED
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Some energetics

PULSED EMISSION ONLY A FRACTION OF THE
RELEASED ENERGY

Loy 2 0.1E

THE ENERGY GOES TO THE PWN!!
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Why high energiese Theoretically..

SYNCHROTRON EMISSION
COMBINED INFO ON n, (electron spectrum)
& B

2
Ly, *n. B

IC EMISSION
COMBINED INFO ON n, (electron spectrum)

PULSAR WIND & RADIATION PHOTON FIELD

DIRECT
DETECTION
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Why high energiese Observationally..
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Why high energiese Observationally..
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What did we learn about pulsarse

P LOW ALTITUDE MODELS: ; RADIO

POLAR CUPS ” EMISSION
Harding+ ’
HIGH ALTITUDE MODELS:
OUTER GAP
Cheng 86, Romani+ 96, Hirotani 06

SLOT GAP
Harding+ 04
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Three populations

Jgto A0d0*2013 (2 Fermi pulsar cafalogue) " EVENLY DISTRIBUTED:
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y rays from outer magnetosphere

EXPONENTIAL SPECTRA CUTOFFS
EVEN HARDER FOR BRIGHT
PULSARS

10
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y rays from outer magnetosphere

EXPONENTIAL SPECTRA CUTOFFS
EVEN HARDER FOR BRIGHT
PULSARS

PULSE PROFILES
Watter+ 09,11, Takata+ 11, Pierbattista+
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v rays from outer magnetosphere
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v rays from outer magnetosphere
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v rays from outer magnetosphere
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An exception(?¢): the Crab

Aliu+ 11 VERITAS
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An exception(?¢): the Crab

Aliu+ 11 VERITAS
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An exception(¢): the Crab

Aliu+ 11 VERITAS
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Some morec@

Aliu+ 15 VERITAS
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Not stable sources

energy flux (10 ergcm 2 s°!)

FLUX DECREASE BY 20%, 50 CHANGE IN THE PULSE PROFILE &

PSR J2021+4026 . 1 . Fermi-LAT 13 _.

45 ]
4.0f -
3.50 _ : : : :
30
25}
2.0F

14—

12+

> 1 GeV, 30 day bins

30 CHANGE IN SPECTRAL VARIABILITY
CHANGE IN EMISSION BEAMING? Fermi-LAT 13
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MSP: a new population

~
ONLY RADIO LOUD
RADIO EMISSION AT HIGHER ROTATION-POWERED AND
ALTITUDES AND WIDER BEAMS PACTCTZRE]T;C?ZI-}I;OWERED S_WIN<];4
- apitto+13, 14, Roy+14, Ferrigno+14,
|\ Abdo* 13 (Fermi 2PC) ) Bassa+14, Patruno+14, Archibald+15...

/ NEEDED AN HYBRID MODEL TO
FIT MSP LC

RADIO & y-RAY ALIGNED

RECALLING LOW ALTITUDE
MODELS

Venter+ 12, Johnson+ 14

14
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What did we learn about PWN¢

0-~] OO known PWN

l:l 70 de’rec’r@d Ia X roy

I:I 35 deTec’red at VHE (26 in the HESS GPS)
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Most of what we know from the Crab

BROAD-BAND SPECTRUM

LEFTOVER OF SN 1054

5 o TG Meyer+ 2010
wF A Const Bfield —
108
10%®
9 o
% 10%° %
g 1010 2
) SYNCHROTRON
10 .
10% : : : .
10 15 20 25
log, o(v/Hz)

Combined IR, optical and X-ray data

15
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Most of what we know from the Crab

MAGIC 2015 . _
Systematic uncertainty (MAGIC)
A ——e—— MAGIC stereo data (this work)
o : : : Log-parabola fit (MAGIC only)
g 10-9 g_ ......................... ......................... ~ Fermi-LAT ApJ 749 (2012)
> F f 3 BT HEGRA ApJ 614 (2004)
= [ i ] e HESS A&A 457 (2006)
|2
1
°
N
L

10" 1 10 102 10° 1 84
E (GeV)
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Most of what we know from the Crab

| B | 5OAD 8AND sPECTRUM_
MORPHOLOGY ' VARIABILITY | BROAD BAND SPECTRUM

Combined IR, optical and X-ray data . ‘ l 20
loge(v/HZz)

16

v, [ergs/sicm?)
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Most of what we know from the Crab

| B [ 5r0AD saND specTRUM_
MORPHOLOGY ' VARIABILITY BROAD BAND SPECTRUM

v 1, [ergs/sicm?)

15 20 25
loge(v/HZz)

7 N
2D MHD MODELS SUCCESSFUL

ASSUMING A LOW MAGNETIZATION
Komissarov+04, Del Zanna+04, Volpi+08,

\

Weisskopf+ 00

16
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Most of what we know from the Crab

MORPHOLOGY ' SUSRUCTlTlRE

2D MHD MODELS SUCCESSFUL

ASSUMING A LOW MAGNETIZATION
Komissarov+04, Del Zanna+04, Volpi+08,

L,;/']ec;/sl

BROAD BAND SPECTRUM

Credit to E. Amato
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Most of what we know from the Crab

MORPHOLOGY l

SUBSTRUCTURE

»
ARIA

—6.4

-7.2

—7.6

—8.0

—6.0

—6.4

3D MHD SOLVES THE MAGNETIZATION

PROBLEM

—6.8

=72

kink instability relaxes the hoop stress
Begen 98, Porth+ 14

-7.6

—8.0

—6.8 "
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Most of what we know from the Crab

MORPHOLOGY l SUSRUCTURE BROAD BAND SPECTRUM

WHICH ACCELERATION
MECHANISM AT WORK?
/

3D MHD SOLVES THE MAGNETIZATION DSA UNLIKELY

PROBLEM
kink instability relaxes the hoop stress M'EGNETIC. RECONNE.CTION
ucciantini+ 11, Sironi+ 11

Begen 98, Porfth+ 14 RESONANT ABSORPTION OF

IONS-CYCLOTRON WAVES
Amarto 14
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Most of what we know from the Crab

MORPHOLOGY l SUSRUCTURE BROAD BAND SPECTRUM

WHICH ACCELERATION
MECHANISM AT WORK?

DSA UNLIKELY
MAGN ETIC RECONNECTION

y antini+ 11, Sironi+ 11
Rolf Buhler S ABSORPTION OF

OTRON WAVES
falk Amarto 14

3D MHD SOLVES THE MAGNETIZATION

PROBLEM
kink instability relaxes the hoop stress
Begen 98, Porth+ 14

16
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Not std candel anymore

THE FLARING y-RAY SKY

The Crab
shows up! -

Aitoff projection

THANKS TO THE LONG TERM MONITORING:
6 EVENTS in 8 YEARS LASTING DAY/WEEKS

Abdo+ 11, Tavani+ 11, Buhler+ 12, Striani+ 13

Galactic coordinates,

17
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The April 2011 Crab flare

Buhler+ 12

..............................

| 1 | 2 1314151617181 9 1101 11 |

n
2

Flux > 100 MeV [ 107 cm?2 s ]
g

FLUX DOUBLING IN < 8 hrs >
COMPACT EMISSION REGION <ct,_ =10-3pc
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The Crab y-ray tlares

T T T T T T T T T T T

April 2011 o

. B | 1 375 MeV! " NO OBVIOUS
" COUNTER PART AT
« Synchrotron | OTHER
-" Pl I
g (70 WAVELENGTHS

.!ﬁ
verse I
!

NO IC FLARING
COMPONENT
HESS 13, VERITAS 14

e
log,o(v/Hz) [Weisskopf et al. 2013]

NEW SYNCHROTRON COMPONENT ABOVE 160 MeV

Buhler+ 12,14, Weisskopf+ 13
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The Crab y-ray flares

Energy [eV] Buhler & Blandford 14
10 2 197 195 1(')9 10’10
o 2 r=1.27
o ® + 36
o o + o d + * + 110
T 100 1
o # 4 | ! | =
[ ¢ w
E o + ' o
(& o y @
= + )| ® 1 11033 =
2 1] 3
> 4
Ers 10-10} . + *
Sept 2007 = + * +

¢+ 4 February 2009 + N +° .+ +

<4 4 September 2010 + + | + +

-4+ -4 April 2011 {1034

<4 4 March 2013

10-utL .
102! 1022 102 1024 1025
v [Hz]

HARD SPECTRUM, INCOMPATIBLE WITH DSA
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Possible explanations

DOPPLER BEAMING:
€ max=D*160 MeV > D=3-4

Yuan+11, Bednarek+11, Komisarrov+ 11,
Lyutikov+12 Clausen-Brown+ 12

RELATIVISTIC FLOW ONLY AT HIGH
LATITUDES Komissarov 13

= INNER KNOT
Tavani+ 11, Lobanov+ 11, Weisskopf+ 13

NO VARIATIONS
CORRELATED WITH THE

FLARES
Rudy+ 15
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Possible explanations

€ < 1

Cerutti+ 12 1oue - MeV

DOPPLER BEAMING:
€ =Dx160 MeV - D=3-4

max
Yuan+11, Bednarek+11, Komisarrov+ 11,

Lyutikov+12 Clausen-Brown+ 12

RELATIVISTIC FLOW ONLY AT HIGH
ALTITUDES Komissarov 13

= INNER KNOT
Tavani+ 11, Lobanov+ 11, Weisskopf+ 13

80
Qgp/4m=0.35
12.6 MeV < ¢, < 14.5 MeV

190,
Qgo/4m=0.18

155.7 MeV < ¢, < 179.( ] 50 Mev

MAGNETTIC RECCONECTION
Sironi+ 11, Cerutti+ 12,13, 14

BEAMING OF HIGH_ENERGY PARTICLES,
CONSISTENT WITH 6-8 hrs VARIATIONS Cerutti+ 12

WORKS BEST IN HIGHLY MAGNETIZED FLOW talk
- HIGH LATITUDES - JETS
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The TeV PWN population

H.E.S.S. preliminary (2015)
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PWN evolution

e |
©3c58 5 kys ;

PSF

21 2.08
RA [h]
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Declination (J2000)

DEC [deg]
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PWN evolution

MAGIC 14 YOUNG PWN IN FREE EXPANSION

65.1

@ PSR J0205+6449

loul '
0.25 _4
64.9 " n
64.8
0.15

HESS 12 MIDDLE-AGE PWN
16 VERITAS 14
= VELAX T kys |
R Ascensies (J2000) HESS J1908 19 kys

41.0 40.5 40.0 39.5
Galactic longitude (deg)
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PWN evolution

RELIC PWN
PSR J0205+6449
MAGIC Centroid fit X
VLA Cont

ot HAWC 15 .
EM'B &\/)/ 0.15

Q HAWC with 3° top-hat smoothing
3c58 5 kys

PSF

212 21 2.08 2.06 2.04
RA[h]

HESS 12 MIDDLE-AGE PWN

x1012

§ 18

N

) 16 VERITAS 14

5 -45°00° 14

E =12

g 10 SNR G40.5-0.5

98
al”]

47700’ ‘ s
h hoEm hnam
e Ri(:hisAscens(i)g:o(JZOOO) HESS J1908 19 I<ys 0 1 . , 3 [4] 5 6
significance
e e Galac‘ticﬁ)or{gitude(deg) 00 3 J 7
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PWN evolution

" POPULATION STUDIES

CONFIRM THE
EXPECTED
EVOLUTION
SIGNATURES:

EXTENSION, PULSAR

OFFSET
Mattana+09, Meyer
+12, Fermi-LAT 13,
Kargaltsev+ 13, 15,
H.E.S.S. In preparation

[
@)
8

10*
w
£ 10°
=
‘O
o
(D)
Z 107}
A
=
@)
Cand. (this
10*H I oOutside GPS .
- - - Typical reso
100 pL — 220 KmE
10° 10°
Klepser+ 15 Characteristic age 7, [kyr]
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Conclusions

O Three evenly distributed y-ray pulsar populations

O In young pulsars y rays comes from high altitudes, in MSP probably a
mixture of low and high altitudes

O MSP in spiders showed swing between rotation- and accretion-powered
states

O 1st PULSAR SURPRISE: Crab is showing an IC(?2) tail above the curvature
cutoff up to TeV energy: so far the only one

O 279 PULSAR SURPRISE: PSR J2021+4026 is variable

O 3D MHD could be able to describe the whole Crab picture
(morphology, broad-band spectrum, sub-structure variability)

O 15" PWN SURPRISE: Crab Nebula flares: synchrotron emission above the

critical energy, with no counterpart in any wavelength, & hard spectra
- magnetic reconnection?

O The TeV PWN population confirm most of the expected evolution
signatures (pulsar offset, extension)

25



TeVPa, Kashiwa 26-30 October 2015 - R. Zanin

THANK YOU
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Primary positron factories

PRIMARY e* FROM
PULSARS & PWN
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(")Lu )
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So strange that the Crab is an

exception?

Kuiper+ 15
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Variable pulsar: J2021+4026
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Variable pulsar: J2021+4026
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Transitional pulsars
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Most of what we know from the Crab

PAIR MULTIPLICITY MODELING PWN

FROM RADIO EMISSION k ~ 10¢
Bucciantini+ 11

FROM X-RAY EMISSION k ~ 104
Kennel & Coroniti 84

ADIO ORIGIN

O RELIC POPULATION excluded!

O CONTINUOSLY INJECTED AT THE TS

O UNIFORM DISTRIBUTION

SHOCK ACC N UNIFORM ACC )
(re-accelerated in turbolence)

.
an

SIMILAR MAPS Olmi+ 14



Extension
p
Gamma rays resembling X-rays due to electron distribution

radio e-
| 4 GeV 250 GeV
IC brightness map - runA - a,=0.85 -~ 4CeV ‘ IC brightness map = runA - a,=0.85 - 250GeV

?

(Volpi et al 08)
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shrinking with the energy only in one direction
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Extension

160 GeV Albert+ 08 (MAGIC) 250 GeV
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Flux > 100 MeV [ 107 cm2s™]
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The Crab y-ray flares
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Flux > 100 MeV [ 107 ecm2 ]
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The Crab y-ray flares
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The Crab y-ray flares

Energy [MeV]
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TeV PWN a cumulative story

Kargaltsev+ 15

: L,-E CORRELATION
56 Kargaltsev 13,15, Acero+ 13
7 i 7 X-RAY by FRESH ENERGETIC e-
ER S Sy
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i _- RELATED TO SMALL B INCLINATION
i"f_,}*f'f‘jf Gm ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, 3 ANGLE Rookyard+14
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PWN evolution

GROWS slower
(R~193 Reynold 84)
PULSAR OFFSET

FREE EXPANSION

PWN GROWS FAST
(R~1°2 Chevalier 77)

UP to ~10 pc

INTERACTION WITH SNR

— R
w 3
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A_.E‘ 103 . ;I -
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S ]
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- Typical resojution (6.5 kpc) SR
----- Assoc. criteffion (6.5 kpc) HESS T ]
10° L~ 500 km/s prellmlncry i
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Klepser+ 15 Characteristic age 7. [kyr]
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PWN evolution

RELIC PWN

INTERACTION WITH SNR
GROWS slower
(R~193 Reynold 84)
PULSAR OFFSET

FREE EXPANSION
PWN GROWS FAST

PWN extension [pc]

(R~1°2 Chevalier 77)
UP to ~10 pc
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PWN evolution

IC BECOMING DOMINANT

THE PEAK CONTRIBUTION SHIFTS TO
o Meyert 12 LOWER ENERGIES WITH TIME

young PWN

- NOT SUPPORTED BY
OBSERVATIONS SO FAR Acero+ 13

Energy Flux [a.u.]

Acero+ 13
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=
L

10°
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Why interesting?

PRIMARY POSITRON FACTORIES
Di Mauro+ 14, 15, Venter+ 15

COSMIC RAY PHYSICS: MOST RELATIVISTIC SHOCKS
(104<1<107)
PEVATRONS

GRAVITATIONAL WAVES DETECTORS




