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Motivation

The search and identification of PeV accelerators

DESY.
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The search and identification of PeV accelerators
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Motivation

* Spectrum of Cosmic rays:
Mainly protons (+electrons and heavier nuclei) coming
from beyond the Solar system and extending >10
decades in energy
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Motivation
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Motivation

* Spectrum of Cosmic rays:
Mainly protons (+electrons and heavier nuclei) coming
from beyond the Solar system and extending >10
decades in energy

* Up to the knee, thought to be of Galactic origin, but
where are these particles accelerated?

e Now we can see these PeV sources thanks to LHAASO
Cao et al, 2021
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Motivation

Cao et al, 2021

| HAASO discovered 12 sources extending
their spectrum up to PeV energies

* First observational signature of an overall oo s S M ' R
population of gamma-ray sources |
accelerating particles to ~PeV energies
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Motivation

Cao et al, 2021

Source name RA (°) dec. (°) Significance above 100 TeV (x0) Enax (PeV) Flux at 100 TeV (CU)
LHAASO J0534+2202 83.55 22.05 17.8 0.88 + 0.11 1.00(0.14)
LHAASO J1825-1326 276.45 -13.45 16.4 0.42 + 0.16 3.57(0.52)
LHAASO J1839-0545 279.95 -5.75 7.7 0.21 £ 0.05 0.70(0.18)
LHAASO J1843-0338 280.75 -3.65 8.5 0.26—0.1070-16 0.73(0.17)
LHAASO J1849-0003 282.35 -0.05 10.4 0.35 + 0.07 0.74(0.15)
LHAASO J1908+0621 287.05 6.35 17.2 0.44 £ 0.05 1.36(0.18)
LHAASO J1929+1745 29225  17.75 7.4 0.71-0.07+0-16 0.38(0.09)
LHAASO J1956+2845 299.05 28.75 7.4 0.42 + 0.03 0.41(0.09)
LHAASO J2018+3651 304.75 36.85 10.4 0.27 £ 0.02 0.50(0.10)
LHAASO J2032+4102 308.05 41.05 10.5 1.42 + 0.13 0.54(0.10)
LHAASO J2108+5157 317.15 51.95 8.3 0.43 + 0.05 0.38(0.09)
LHAASO J2226+6057 336.75 60.95 13.6 0.57 £ 0.19 1.05(0.16)
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Motivation

Cao et al, 2021
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large source (~1 degree)
=> |dentification of the accelerator is complex
very steep spectra
=> still compatible with the leptonic scenario (Breuhaus+2022)

Can pulsars power the PeV particles observed by LHAASO?
DESY



Pulsars as Effective PeV accelerators

Forward shock

Contact
discontinuity

Reverse
shock

SNR

Lopez-Coto, dOW et al, 2022
DESY.
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Pulsars as Effective PeV accelerators

* Pulsars (and PWNe) are one of the most efficient sources in the gamma-ray regime via inverse Compton
mechanism, powered by the rotational energy of the pulsar £
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Pulsars as Effective PeV accelerators

* Pulsars (and PWNe) are one of the most efficient sources in the gamma-ray regime via inverse Compton
mechanism, powered by the rotational energy of the pulsar £

 Many of the LHAASO sources lie within likely TeV PWNe (eg. HESS J1825-137, HESS J1849-000, HESS
J1930+188, VER J2019+368... )

 The Crab Nebula is the only identified
accelerator to PeV energies
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Pulsars as Effective PeV accelerators

* Pulsars (and PWNe) are one of the most efficient sources in the gamma-ray regime via inverse Compton
mechanism, powered by the rotational energy of the pulsar £

 Many of the LHAASO sources lie within likely TeV PWNe (eg. HESS J1825-137, HESS J1849-000, HESS

J1930+188, VER J2019+368... ) 0.1-10 PeV
sg Crab spectrum Leptons
: : e [adapted from Atoyan & Aharonian 1996 '
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Energetic Pulsars as PeVatron Counterparts

1. To have enough energy budget to explain the gamma-ray luminosity emitted via
inverse Compton
=> Limit on the fraction of the spin-down energy transferred to high energy particles

The total energy made

W, < W.oep o available by the pulsar in the _ :
Y e,PSR form of gamma-ray emitting WG,PSR o yeffETIOSS
electrons

The total energy in electrons
responsible for IC radiation

We,}/ — L}/TIC
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Energetic Pulsars as PeVatron Counterparts

1. To have enough energy budget to explain the gamma-ray luminosity emitted via
inverse Compton
=> Limit on the fraction of the spin-down energy transferred to high energy particles

The total energy made

W, < W.oep o available by the pulsar in the _ :
Y e,PSR form of gamma-ray emitting WG,PSR o yeffETIOSS
electrons

The total energy in electrons
responsible for IC radiation
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Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed

Acceleration carried out by electric field (expect for non-ideal cases)

=> Maximum will be defined by the maximum potential drop ratio between the electric
and magnetic strength
(/12 7, < 1in MHD flow
Dpor = (E/c) ;

> Epy =qE0" > En,~2n,n5° B PeV

®_ =0
fraction of pulsar wind energy flux

transferred to magnetic field 7z < 1 by
energy conservation

DESY



Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed

Acceleration carried out by electric field (expect for non-ideal cases)

=> Maximum will be defined by the maximum potential drop ratio between the electric
and magnetic strength
— (L 1/2 n, < 1 in MHD flow
Do = (E/c)

b =0 5 Ep =IO 5 B m2n, 1 g PeV

fraction of pulsar wind energy flux
transferred to magnetic field 7z < 1 by

F ~ ) E1/2 PeV energy conservation

max

Independent on the
particle nature!
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Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed

Acceleration carried out by electric field (expect for non-ideal cases)
=> Maximum will be defined by the maximum potential drop

d =0 > Ly = Q(E/C)l/z > ER27, 77]%/2 E%,/62 PeV
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Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed

Acceleration carried out by electric field (expect for non-ideal cases)
=> Maximum will be defined by the maximum potential drop

d =0 > Ly = Q(E/C)l/z > ER27, 77]%/2 E%,/62 PeV

If electrons AND >100 TeV
photon field up scattered is 2.7K CMB => E_, ~ 2.15 E?9°1757 PeV

E ~ (0.9 77(31'3 ;71365 E(3)°665 PeV E ~ 0.9 E(3)°665 PeV

Yy max ¥y max
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Energetic Pulsars as PeVatron Counterparts

10— ——— T e
; HAASO el 20214 n energy observed

field (expect for non-ideal cases)
> maximum potential drop
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If electrons AND >100 TeV
photon field up scattered is 2.7K CMB => E_, ~ 2.15 E?9°1757 PeV

E ~ (0.9 77(31'3 ;71365 E(3)°665 PeV E ~ 0.9 E(3)°665 PeV
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Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed
It is not sufficient to be able to accelerate the particles => we need to overcome the radiation loses:

sync

Tooe = Tlogg e ~ 4% 10°E" 153_5 S

E R 5;760-653__2 05 PeV

Yy max
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Energetic Pulsars as PeVatron Counterparts

2. To be able to reach the maximum energy observed
It is not sufficient to be able to accelerate the particles => we need to overcome the radiation loses:

E ~ 0.9 ;761'3 ;7365 Eg°665 PeV

Yy max

E R 5;760-653__965 PeV

Yy max

The limit on the energy will be given by the interplay between the two expression above
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Application to the LHAASO sources
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Application to the LHAASO sources

» Search for pulsars (ATNF catalog) within 1 deg from the location of LHAASO sources.
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Application to the LHAASO sources

» Search for pulsars (ATNF catalog) within 1 deg from the location of LHAASO sources.

. Select young (z < 10° yrs) and energetic (E/d?. > 10°* erg/s/kpc? or E > 10°° erg/s) pulsars

kpc
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. Select young (z < 10° yrs) and energetic (E/d?. > 10°* erg/s/kpc? or E > 10°° erg/s) pulsars

kpc

* Obtain the maximum energy and compare with the observations
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Application to the LHAASO sources

» Search for pulsars (ATNF catalog) within 1 deg from the location of LHAASO sources.

. Select young (z < 10° yrs) and energetic (E/d?. > 10°* erg/s/kpc? or E > 10°° erg/s) pulsars

kpc

* Obtain the maximum energy and compare with the observations
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Limit forpy = landny, =1

Ee.max [PEV]

dOW, Lopez-Coto et al, 2022
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Limit forpy = landny, =1
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dOW, Lopez-Coto et al, 2022
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dOW, Lopez-Coto et al, 2022

LHAASO Source  Pulsar ~ Eymax Emax Bmax * The majority of the source can be, in principle,
[PeV]  [PeV] [uG] powered by energetic pulsars in a 1degree region
11825.1326 N826.1256 206 379 38 e We der.lv.e upper Ilmlts to the magnetic flglq o
B1823.13 177 335 14 (the efficiency provides the most constraining limit)
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(1203244102 J2032+4127 028 077 7 |
| 1210845157 o CROSITAERASSH

IC Luminosity at 100 TeV [erg/cm2/s]



Summary

* Bright pulsars can in theory accelerate particles (electrons and protons) to the observed PeV energies
=> [Two of the LHAASO sources cannot be explained by pulsars in the FoV

* For young pulsars with magnetic field of ~100 pG, the maximum energy is constraint by the
synchrotron losses, whereas for older ones (~few pQG) by the potential drop

* We constrain the maximum photon energy in Geminga to less than 200 TeV, whereas the Crab twin
(N157B) in the LMC could also be an efficient accelerator.

* The synchrotron counterpart of the 100 TeV IC nebula should be bright in the X-ray domain =>
eROSITA

* More constraints should come from the size of the gamma-ray emission (in preparation)

DESY



Summary

The search of sources accelerated particles up to PeV energies continues
https://indico.desy.de/event/34265/
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LHAASO J2032+4102

« Compact 0.15° TeV PWN

 Modulated gamma-ray emission
=> Binary system

B 4112 * |n the Cygnus region => Cocoon?




LHAASO J2108+5157

* No counterparts yet with ground-based
LHAASO Col., 2021
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Pulsars Maximum energy

What is the maximum energy a particle can reach in a Galactic source?

* Acceleration is always (expect for non-ideal cases) carried out by an electric field
* For a particle with charge g, moving a distance L

E=q|E|L

* We can define the acceleration efficiency as:
n=BIE

then:

E = gnBL

| This two value will define the maximum energy
L = Size of the source

B = Magnetic field in the source




Pulsars Maximum energy

JETs

The maximum energy:
Enax = qneBrsRrs,

The magnetic density is a fraction of —
the pulsar wind energy flux: N7 ST

Brs _, _E

gr 8 (4nR3c)

Then the Emax: In astrophysical environment :

E =vicB
. =v/c
Emax ~ 27e 1y~ E;)° PeV =

if & ~ B =>relativistic plasmas: PWNe

DESY. 23



FOR PSRs @ IS MEASURED DIRECTLY:

Amato et al, 2012



E2 * Flux [erg / (cm2 s)]

dnde (erg / (cm2 s))
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