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Plan
1. What is different between high and low Ly/E pulsars?

2. Physics of energy dissipation.
3. Physics of particle energization and radiation.

4.Something completely different...



Magnetospheres of pulsars Magnetospheres of Fermi pulsars are filled with abundant pair plasma: n,- > pg,/| e].
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Magnetospheres of pulsars (PIC simulations)
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OBLIQUE ROTATOR WITH GR AND PAIRS

Electron density

Pair production happens on the
polar cap, in return current layers
and in the current sheet beyond
E€

Polar discharge is non-stationary.
Electric field screening by
advecting plasma clouds
generates waves. The plasma

Rre

motions are collective and -~ o
coherent — implications for radio

emission (see Beloborodov 2008,

Timokhin & Arons 2013)

-
-

Philippov & AS., 2018

x/IR; -



OBLIQUE
ROTATOR WITH
GR AND PAIRS:

PLASMA DENSITY




OBLIQUE
ROTATOR WITH
GR AND PAIRS: o

PLASMA DENSITY —/’"

|—




OBLIQUE
ROTATOR WITH
GR AND PAIRS:

CURRENT DENSITY




OBLIQUE ROTATOR WITH GR AND PAIRS
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o Return current

* Counterstreaming is present in
polar discharge and in return
current region
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GAMMA-RAY LIGHTCURVES
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PARTICLE ACCELERATION AND SPECTRA
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Pair production in the current sheet beyond light cylinder sets the peak emission frequency
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PARTICLE ACCELERATION IN RECONNECTION

10° .
1072 S N N .

_47 o=1 i
1077 5=3 |
Lo-¢| o=10 1

10° 10" [vjo* 10°
(Sironi & AS 14, Guo et al. 14,
Werner et al. 14)

Relativistic reconnection
produces extended non-
thermal tails of accelerated
particles, whose power-law
slope is harder than p=2 for
high magnetizations (0>10)
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PARTICLE ACCELERATION AND SPECTRA

Outstanding questions =

1. What does the microscopic dynamics of the current layer look like?

2. How much energy is being dissipated within a few R; ?
2019

3. What (plasma) parameters control the amount of dissipation?
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Simulation setup

injecting pairs only near the surface of the star (i.e.,
mimicking polar cap discharge)

strong synchrotron cooling (near the LC):

particles in the bulk of the magnetosphere (FF region)
are treated as Guiding Center Approximation(]

approach

in the non-FF region (e.g., E > B) full eq. of motion is
recovered

real pulsars "pulsars"” in PIC
R c/R. 2 100 R /R« ~ 3-6
R o/dC ~ 108 R, o/d-c ~ 100-200
n,. ~ 10%10° ng; e ~ 10 ng,
LC

oLC = Us ~ 10*106 o' ~ 10%10°

peicz

"I Bacchini, et al. (2020)




Plasma instabilities

dir. of the current
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plasma density: 77
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* at larger inclinations
drift-kink is less prominent




Energy dissipatio L = E = total Poynting flux
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Energy dissipatio L = E = total Poynting flux
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Energy dissipation (dependence on the inclination & cooling strength)
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Energy dissipatio L = E = total Poynting flux
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Reconnection-driven Poynting flux dissipation

et synchrotron
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Reconnection-driven Poynting flux dissipation

et synchrotron
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Puzzle: reconnection rate in the lab frame is 0.1 independent of upstream flow boost
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Simulation of reconnection rate in a setup with boosted upstream:
Physics cares about x-points which are still stationary in the lab frame if
gamma of flow < sqgrt(sigma) 25



Takeaways

 Microscopic kinetic instability (magnetic reconnection) powers the Poynting flux
dissipation of pulsar magnetosphers;

e about 0.1-10% of the spindown power is dissipated (within the few Ry ();
* this fraction only depends on the inclination angle y and is insensitive to plasma

parameters and cooling strength;

LC 2(

* reconnection accelerates particles up to E ~ 6"-m,c~ (no matter the cooling strength);

y-ray emission is produced via synchrotron mechanism.

26



Particle acceleration and photon emission
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Particle acceleration and photon emission
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Dichotomy in y-ray pulsar spectra
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Effect of cooling strength on spectra of
particles and photons: 2D

10
0%y Flv) o -
1031
Py 6
= 10
= /
— ’ Yrad/ 00
;1o
= o0
102_ 10
3 \I]U].]L{t‘l
cooling
. “_ e =
10 0.5 v =0y
— 0.1
10724+ — = 0 1
10~ 1072 10~ 10 10

(v = 1)/o0

103
10~

b)

10° 10! 102 103
hv, MeV

Figure 9. Particle and photon spectra for the oy = 200 simulations without pair production for different cooling regimes in late-time steady state. The cooling
decreases (i.e., Yrq increases) from dark blue to yellow; ~,,4 = oo is the case without cooling (i.e., no photons). Two colorbars below put particle energies and
synchrotron photon energies into correspondence, given a fixed background magnetic field, which in general varies depending on particle position. Particle spectra are
shifted vertically for illustration purposes; circles indicate ,,q4 for each case, as well as the corresponding synchrotron photon energy in the upstream magnetic field.
Cooling typically conserves the v~ ' — 7_3/ 2 slope of the particle energy distribution function. Peaks in synchrotron photon spectra for each case corresponding to Y;aq
in particles; high-energy tails with v F,, v~ /2 are formed during transient mergers, when particles accelerated in secondary current sheets are captured by plasmoids

and rapidly cooled.

Hakobyan, Philippov, AS 19



Effect of cooling strength on spectra of

particles and photons: 3D
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Figure 8. (a, c) particle and (b, d) photon spectra for the R75_ang20, and R75_ang60 simulations in different synchrotron
cooling regimes. Effective o at the light cylinder is marked with yellow stripes. Three smaller bars of different colors in (a) and
(c) indicate the effective yraqa. Colorbar at the top of both panels puts particle energies into correspondence with synchrotron
peak energies, F 'yZBLc. Photon energies are normalized to Ey (G’LC)2 By,c. While particle spectra look almost identical
(except for the strongest cooled case), peaks of photons are shifted to smaller energies for smaller v;aa/c. Only particles in the
current layer are accounted for. Simulations without synchrotron cooling (black lines) are not shown in panels (b) and (d), since

we do not collect photons in that case. .
Hakobyan, Philippov, AS 22



THE ROLE OF RECONNECTION WITH PAIR PRODUCTION IN SETTING CUTOFF ENERGY
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Reconnection in the current sheet is the main particle accelerator. Gamma-gamma pair formation can start and
increases the pair loading above the sheet, lowering effective magnetization in the sheet.
Particle acceleration follows magnetization, max particle energy is reduced. This results in weaker dependence

of maximum gamma-ray energy on the magnetic field at the light cylinder than would be naively expected.
Hakobyan, Philippov, AS 2019




THE ROLE OF RECONNECTION WITH PAIR PRODUCTION IN SETTING CUTOFF ENERGY

Fermi data -
+ YRL cutoff
+ YRQ theory
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Pair formation increases the pair loading above the sheet, and lowers effective magnetization in the sheet.
Particle acceleration follows magnetization, max particle energy is reduced. Synchrotron emission.
Naively, cutoff energy should be a strong function of B at the LC.

Yeuttoff X 0p X B(2)> Ecutoff X 7c2uttoffBO X Bg

Pair loading softens the dependence

2
Yeutof ™~ OLC X BLC/nnGJ

Expect cutoff energy dependence to be between Ecuor x BiE-Bi¢ and Ecyiofr o 358'8-358'2

Observed dependence: Ecutot ¢ BYE-BLE
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Effect of pair loading on spectra of particles
and photons: 2D simulations
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Figure 10. Particle (a) and photon (b) spectra for the oy = 5000, 7, = 1000, 7, = 50 simulations without cooling, with cooling but without pair production, and
with both cooling and pair production enabled in late-time steady state. Two colorbars below put particle energies and synchrotron photon energies into
correspondence, given a fixed background magnetic field. Dashed line is the spectrum of newly born secondary pairs in the run with pair production. Cooling does not
strongly affect the slope, whereas when pair production is enabled the effective magnetization is dropped, and the upstream is no longer cold (see the newly born
pairs). This causes the shift of the peak in photon spectrum (corresponding to the effective magnetization, o).

Hakobyan, Philippov, AS 19



Effect of pair loading on spectra of particles and photons: 3D simulations
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_ Figure 10. Particle energy distributions in the current layer and photon spectra for simulations shown in Figure 9. Dashed lines
10t indicate the effective magnetization near the light cylinder, o™, and the corresponding photon energies, E oc (O'LC)2 Brc. We
also show an additional simulation (with a dotted line) where we enhance cooling for the M = 20 case by decreasing Yraqa ~ 200.
In all the other cases the cooling strength is fixed at vraa =~ 1000. Photon energies are normalized to Eo o< (Uk,?:l)Q Brc.
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Figure 9. Three simulations R75_ang0 with different pair

loading rates. Additional injection region is highlighted with Cutoff of the particle spectrum is determined by effective magnetization at LC
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ity. From top to bottom, M = 1 (no extra injection, all Mass loading decreases magnetization

particles originate at the surface), M = 2 (one particle is .

injected per each surface-injected particle), M = 20. To the Peak Of the SpeCtrum 1S Contr()lled by gamma'rad
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state solution for each case as a function of vertical coordi-
nate (corresponding slice is shown with a white dashed line).
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THE ROLE OF RECONNECTION WITH PAIR PRODUCTION IN SETTING Ly

Gamma luminosity is larger for aligned rotators than for oblique ones. [, /E varies from 1% for
orthogonal rotator to 10% for near aligned. Obliqueness effects can explain the spread in observed

values of Ly . In this regime L s 1.

Pair formation in the current sheet decreases magnetization and lowers maximum particle energy, and
radiative efficiency decreases. This leads to slower Edot dependence.
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[*] Pair-loading of the current sheet
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Conclusions

* Reconnection leads to dissipation of 0.1-10% of the spindown power (within the few Ry ();
 Cooling strength at LC controls the shape of the spectrum (y,,,/0).

 Sigma at LC (pair production or plasma supply from surface) controls max particle energy.
e Low E pulsars have weak pair production at LC

« High E pulsars — strong pair production at LC. Secondary pairs will re-radiate the energy
at lower photon energy — MeV/keV pulsars?

. L},/E is lower for high E pulsars because secondary pairs remove the energy to lower
energy photons

» Combination of y,,, and pair loading is responsible for weak dependence of cutoff energy
in photons with magnetic field.
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