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Pulsed TeV ys from Crab / Geminga
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Pulsed ys from B1706-44 / Vela
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Vela Pulsations ~20 TeV!
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* New spectral component ~* P2remains
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Vela Pulsatlons ~20 TeV!

MAIN MODEL
FRAMEWORKS:

(i) Local Models:

Gap models (PC/OG /SG/
TPC) within the light
cylinder

(ii) Global Models:

- Separatrix / current sheet
model: E;;, SC/IC

- Magnetic reconnection in
current sheet; Doppler
boosting SR, / IC (striped
wind)

Similar caustics than before

Cf. talks by Pétri, Khangulyan,
Philippov, Cerutti, etc.
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Model Expectations

https://www.nasa.gov/feature/goddard/2018/pulsar-in-a-box-reveals-surprising-picture-of-a-neutron-star-s-surroundings
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Expectations: TeV Pulsed Emission?

Early OG models
* Primaries scattering SR by pairs
[or observational IR spectrum]

* Natural TeV bump at <1% - 5% of GeV flux
* Magnetic or two-photon pair production?
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Expectations: TeV Pulsed Emission?

Cold, relativistic wind model

* 20-50 R,

* Conversion of Poynting flux to kinetic energy

* Observed X-rays as soft photons

Pulsed - ray emission of Crab
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Expectations: TeV Pulsed Emlssmn"
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Expectations: TeV Pulsed Emlssmn"

10°°F Lyutlkov (2013)
SSC by pairs @ 107}
e
* Crab 5 10%.
* Energetics / spectra in ballpark of 2
VERITAS results w 103
Lyutikov (2012) 1032k Crab | ,"I | i‘, | i
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Cyclotron-self-Compton
LkN,p = ALKkNp = 4 X 10> ?}G,_IEI}% o2 * Counter-streaming beams on OG

 QOutward beam: Doppler-boosted
cyclotron emission (high M,~10°- 107)
* Inward beam: ICS on cyclotron photons
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Separatrix / CS Model

https://www.nasa.gov/feature/goddard/2018/pulsar-in-a-box-reveals-surprising-picture-of-a-neutron-star-s-surroundings
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Synchro-Curvature Radiation

Cf. talk by Vigano .
 Perpendicular: SR

Goldreich & J . Kalapotharakos et al. (2023)
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Synchro-Curvature Radiation

Cheng & Zhang (1996)
° imitce Zhang, Xia & Yang (2000)
Encapsulates 2 limits: CR, SR o 7N e & Aharonon (2012)
— : Prosekin, Kelner & Aharonian (2013)
Kelner et al. (2015)
Vigano et al. (2015)
Cerutti et al. (2016)

 “Magnetic brehmsstrahlung”

Cutoff energy: Torres (2018)
3?1(:}/3 3 3 IRiguez-Pascual et al. (2022a,b)
Eer = 20c ‘ Ec(l,re, Feyrs @) = EHEQQF 10° CURVATURE SYNCHROTRON
107 -
re sinfa| ., costa , Fayr |
§ = 5 Qg=—2 | +3§ +&° + 10" - P _
rg}rr COS™ ¥ FC Fe . ‘./_./ _
Total power: 0 — re 1+ 70rew Q)] 107" e i
L rae 8(Qare)”! o2k o |
dP 2e%cy? 2(Ze) T 1/Q Hrc]
- = - = . f B0 SRl Fett |le |
f (dE)CR dE 3p2 ) P = 32 8r 10 T E. [GeV]
¢ 107 . | . ,
dP,.  \/3e’TE 107 1072 10° 102 10*

iE ~ dnhreaB, T AFW) (1= 2) K]l




Curvature Radiation from the CS

* Force-free MHD simulations indicated strong
currents at tip of closed field line region and into CS

* CR from relativistic electrons / positrons in CS

Contopoulos &
Kalapotharakos
(2010)
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Gbal PIC Models

g Chen & Belodorodov (2014)
Foms P ; eo F0.50 Fo. Philippov & Spitkovsky (2014, 2018)
3 one Cerutti et al. (2016)
[se) o Kalapotharakos et al. (2018, 2023)
e I 3 Fo |Bwc] I Brambilla et al. (2018)
F=2.47 P, f =
' Fra.00Fes  Most dissipation takes place near

 E-field shrinks to CS as injection rate

N P esor increases
=0. GJ 1 =.
R e Scaling up of B< 10° G and y< 103
s [ B —_— I [or hybrid models]
BB, Cf. talks by Philippov, Cerutti, etc.
f F=12.50 Fc.

28 November 2024, Online Credit: AK Harding
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Fundamental Plane

1) Radiation-Reaction Limit Regime

Optimum models
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Separatrix / (S Emission Model

Harding & Kalapotharakos (2015), Harding et al. (2018, 2021)

 Force-free magnetosphere. R A—— -
o = 73NN\

* Primaries (y;,;~ 102) from PC; pairs (y, ~ 10°) from 2
cascade in offset-PC B-field (Harding & Muslimov 2011a,b).

* Primaries accelerated only near separatrix and N
predominantly in CS (out to r = 2R ) assuming a
constant or two-step E-field (reaching y, ~ 107).

@,
2
. . . . S of
* No pair acceleration. Free primary / pair s
multiplicities M,. Injection at ¢,. where J/J, < 0. i

* Empirical radio core / cone model. Resonant ~1 E

cyclotron absorption of radio photons by pairs
(cf. Lyubarski & Petrova 1998).

dy ek 2e*

— ) _—
dt — me  3micS TH 3p°

* Solve particle dynamics in observer frame.

e SC(CR+SR), ICS, SSC radiation mechanisms.

dp, 3¢ 2¢% 3
— = —=——=p, — B*p’—.
dt 2 r}L 3mic? PL
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Results: Vela Spectrum

Harding et al. (2021)
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Results:
Vela L(Cs

* Reasonable multi-wavelength LC
predictions

* P1/P2vs E effect: higher-energy
photons in P2 — larger p,

 Only P2in TeV: highest-energy
particles responsible

* Narrowing of peaks with energy

* E;/(¢) leading to azimuthally-
dependent emissivity improves
radio-to-y lags
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Results:
Vela L(Cs

P1/P2 vs E, effect:

higher-energy photons in
— larger p,(near CS)

Narrowing of peaks vs E,
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P1/P2 vs E

e  Curvature radiation-reaction limit
Ej

104 statvolt cm

* P2systematically larger p. E, & ~ 4(

i Phase-averaged

: low _ high :
E” _EH 8 E”|DW<EI|hIgh

EZdN/JE (GeV cm~2 5°1)

= Primary CR

-+ Fermi

| | m=— Primary CR

10°° +  Fermi

V(-
-1 10% em

10-¢ Phase-resolved |

Barnard et al.
(2022)

)

w0

~

]

E

o

2

A

w

2

g | |

o 10-7 | ™ Primary CR P1 [ . |— Primary CR P1
= Primary CR P2 | === Primary CR P2
4 Fermi - P1 |+ Fermi-P1
- Fermi - P2 'l 4 Fermi-P2

1078
107! 10° 10? 10?2 10 10° 10t 10?2

"

Relative Probability

‘ - 50,0 Ge¥

%o 85 9.0 835 100 105 1.0 105

2.5
20 0L - 0.3 Ga
L5 |
1.0
0.5
.0
B.ﬂ lj 9.0 95 100 1D! 110 1L5 9.6 .0 10.4 10.8

|
0.5 = 1.0 Ga¥
z
1
kil
[

8BS 80 95 !.IH:I 1.5 110

3.5 0.2
.0 1.0 - 3.0 GeV
25
2.0
15|
1.0
0.5
0.0 - 0.0
2.0 10.0

& 0.1 T
3.0- 8.0 GeV
? l
) Ll - . ul
B0 8.5 1.0 15 4.5 10u0

8.5
10 0.1
i B.0-20.0 Ge
&
; |
: b
o 0.0 £ 1 |
s 2.6 9.8 10.0
k1 3
30| 20.0- 50.0 Gev
24 | 2
18 |
1z 1
i
el . Iy ; L
LN ) 8.0 2.2 5.4 9.6 2.8 9.4 8.6

logia(pe (€m))

11.2

11.2

114

10.2

10.5

0.2

9.8



Results: Crab Spectrum

* PL extension of pair
spectrum

* Constant pair pitch angle
* Higher number of pairs
* Higher pair SR flux

e SSC from pairs up to 1 TeV
matches MAGIC data

* Primary ICup to
~20 TeV

* Photon-photon pair
production

HONESTS3: The High End of the Pulse
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Results: Geminga Spectrum

. . Harding et al. (2021)
 Assuming a radio flux of

1000 mly

i Optical
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esults: Geminga L(s
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* Lower radio
luminosity

 Lower

Results: B1706-44
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* Lower
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Criticisms / Questions?

dp
* Highyimplied. Which framework? - . Abdo et al (2'01'0)' i
Cf. talks by Djannati-Atai, i Smith et al. (2023) |
Philippov, Cerutti, etc. I, 0 |
 Shape of GeV tail: exponential, /N/f .
sub-exponential, PL? e[ i
o L -
* Do smooth particle trajectories S | _
exist in CS? What is the effective >
pc in the CS? ‘ﬁ 10-10 :_ ® Energy Band Fits _:
* Nature Of targEt phOtonS? : Maximum Llikelhood Model II :
* Acceleration? Energetics? N N o o
* Particle injection? 19 1 Energy (GeV) 10
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Improvements?

Yang & Cao (2024)
 Radially and azimuthally-dependent E-field; .
pitch angle a evolution :
* Use light curves+spectra [phase-resolved 0
spectroscopy] and polarisation to constrain e |
location of acceleration / emission site(s) B R T
T e [ E—
e Study different particle injection / pair e
cascade scenarios 10
a = 0.001 o= 0.01 ue
. 10" : I?E::ial ——Pair SR — =Pair SR ‘ :
Offset dipoles? o eNea rerssc = cParssc Do -
107 ~— Prim ICS = =PrimICS 02 : j
e Model discriminants? T o Wl . .
[T) [11] 02 06 08 10 08 o 0.4 [ 1] 0.8 10
* More than one é 10 O ST
particle population? £ " I !
107 04 1T
10’120_9 02 1 -
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Conclusions

* 20 TeV pulsations from the Vela pulsar! New discoveries being made

* Convolution of particle dynamics & geometry: imprints on light
curves, spectra, polarisation

* Unprecedented constraints on models:
» Energetics and emission mechanisms
» Emission location: In CS [Large p_; nature of acceleration?]
» Field structure via p,; P1/P2 vs E, effect; NICER hotspots
> Soft photons: Emissivity profiles and spectra of UV / optical
» Break SC degeneracies: E-field strength vs p, Cf. talk by Djannati-

Atai, Zanin, etc.

* Ongoing observations by current IACTs; CTA Pulsar Programme!
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