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Lecture plan

e Observations and basic theoretical concepts

e (Generic source properties

e Requirements for astrophysical accelerators of UHECRs/HE neutrinos

e (andidate astrophysical sources (Active Galactic Nuclel/Starburst
Galaxies/Gamma ray bursts/Pulsars/ Tidal Disruption Events)




Cosmic-ray accelerators that satisfy the confinement re
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Active Galactic Nuclei

Most powerful " steady’ sources in the Universe (L>10%/
erg/s) > 1000 bright Galaxies!

They host a super-massive black hole (SMBH) L B T .
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[Spectra from: https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2]



https://www.open.edu/openlearn/science-maths-technology/introduction-active-galaxies/content-section-2.2.2

The engine

An efficient way to produce the power
required, Is through accretion onto a
black-hole. As much as 10% of the rest
mass energy In-falling into a black hole is
converted into radiation

In solar masses per year, the requirement
S

M= Ldisk — 175 Ldisk —1
0.1¢2 1076 erg/s

This should be “easy” to supply. A typical
oalaxy might have gas mass,

Mgas ~ 1OIOJWSun

eV, Lsun = 3.85 x 1033 erg/s



The engine

46 |

For an AGN with disk luminosity i

— 435.0 -

and time variability N -

At = 10* s, causality dictates R ~ cAt = 0.01 pc =20 AU %D I

VWe need a supermassive black hole due T -

to the Eddington limit! = i
ap

4nGMm ¢ M 2 445 |

Lpgq = = 10°%erg/s -

%) Msgun i

.e. we need, al
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Q disk
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AGN Unification

The majority of AGN classes can be
explained by three parameters:

Orientation
Presence of jet or not (10% have It)

Radiative efficiency
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0% of AGN host jets

FRI

FRII

Hot Spot  Counter Jet  Core Hot Spot

Radio Galaxy 3C272.1 = M84 Radio galaxy Cygnus A Image credits: NRAO/AUILA. Bridle

VLA 6cm image
Copyright (c) NRAO/AUI 2006




Blazars: Star-like appearance

Radio Optical

.

i

[Image from VLBA] | [Image from SDSS]

Y-rays

it
.

[Image from EGRET]

No spectacular jets...but wealth of information from timing/variability and spectral




Relativistic beaming

Usual relativity (rulers and clocks)

Ax’ 1
r V1 -2

Ax =

Not so for photons!
(Terrel 1959)
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Relativistic beaming

T the emitting region 1s moving relativistically, observed features appear boosted:

1
Doppler tactor, 6 =
I'(1 — fcosB)
At = Ar'/6  (shortening of timescales) 30 — =2
— =5
Ax = Ax’ o — =10
23° — =15
v=ov, E=06FE" (blueshift) :
_ 5=

4711 L 20 N1— BcosB)

Lobs =0'L §
(dashes denote rest-frame quantities) u? 15 -
-
. 8 10
Special cases:
5 -
5 =5(0°) = =T(1+p) ~2l
I'(1 —p) e ———— A
1 e — e ]
Oin = 0(90°) = 1/T" — recover special relativity | i i j ] ,
) 0 10 20 30 40 50 60

0=1/I",cosO~1— Y ~ f, 6 =I" — opposite of special relativity! Viewing angle (6) [deg]
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Fermi 5-yr blazars

Blazars dominate the extra-Galactic gamma-ray sky
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>90% of extragalactic Fermi sources (see also TeVCal)
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azars dominate the extra-Galactic gamma-ray sky
+90
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Blazar spectral energy distribution
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Blazar classes: BL Lac objects and FSRQs
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Blazar classes: BL Lac objects and FSRQs

BL Lac Object Flat spectrum radio quasar
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Emission from BL Lac objects
Log N(v)

Ymin

Ny

4 Relativistic electrons in a compact,
2 6
Vs = T VoreakVB ™ 3.7-10 ybreakBé \/IQt ] ' A~
Synchrotron 3 relativistic region moving at f ~ 1

Magnetic field strength B, doppler factor O, electron
_orentz factory

Log vL(v)

Log v



Emjssion from BL Lac objects

Ymin

Ny

- Al E Synchrotron ? Synchrotron /\
~ ®B photon nebula/l\ ’ /\/\

Synchrotron Inverse Compton
4
2
Vs = E}/greaky p~ 3.7 106ybr€akB5 Ve = gyb Us

In this synchrotron + synchrotron self Compton (S5C)
model, we can In principle determine the magnetic field
strength, doppler factor; Yo, N1, Ny, electron density, size of
emitting region from observed quantities (see back-up)
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What we can infer from the blazar SED

From the peak frequencies we have, I
4, -
Ve = ?ybreakVS n —14 -
12 ' I
Yoreak — \ = QD
4US E _15 L
12 [y I
Ve~ 1071 ) S
FOF O\J 287 ybreak — 3 ~ 10 %D
I/S ~ 10 a 16
10

Log v [Hz]
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What we can infer from the blazar SED

Low peak very likely synchrotron all from same

region (correlated variability) PP I B
LSOCUB_(I)
B2
Up=—-(2) ~14
37

Often correlated variability in high peak,
-> [nverse Compton with synchrotron photons

LIC X Urad o (3)

Log vF, [erg cm™2 s™!]
|
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— S . 4 - 16

4 4xR254¢ &)

R = 0 |
o Ctvar 1+ 7 10
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What we can infer from the blazar SED

| |
_13 -
Combining (1), (2) & (3)
LC Urad 2Ls -
L Uz R%*B? @ -14 1
| s
Rearranging, we get, :D
172 E —15 -
233 Ly 2 A I
B“6° = (1 +2) — —(9) 3
Clye \ CLc _
QD
@)
= —16
10

Log v [Hz]



From the peak frequencies we have,

4

2
Ve 3 Voreak?'s

3 1/2

1%

Yoreak — <_C> o (6)
41/5

Vvo=—y2 Up~3.7-10% B 0
S 3 break” B break 1 + 7
Using (6) we get
2
B-6=(1+7—> (7)

2.8 106

-13

|
et
AN

Log vF, [erg cm™2 s™!]
|
O

We now have 2 equations (5,7) and 2 unknowns

What we can infer from the blazar SED

[
)

23



UHECR acceleration?

For OJ 287:
t..~ 10%s,u, ~ 5% 10 Hz, v, ~ 10°! Hz
L.~ Lg ~ 10% erg/s
. B~04G,6~20

E . ~ZeBIR~Z-4x10% eV

For typically inferred parameters

B~ 0.1 — 1 Gauss
['~6~10-50
R’ S OtyyC, tyy, ~ day

E_ .~ ZeBTR > Z-fewx 10" eV
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Neutrino production in blazars

Log vF, [erg cm™ s7!]
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Neutrino production in bla

Accretion
disk

pry—n+n>n+uty, >n+et+u,+7,+y,
ptr—p+a’ —pty+y

Averaged branching ratio,

R = (- z*") 1 29V dv -3 lE dN | _, gamma-rays give us an upper limit to
T T(—> 7Y " dE, 2277 dE, B2k the neutrino flux




Blazar subclasses and photon fields

Flat spectrum radio quasars BL Lac Objects
IR photons
Dusty
‘ obscuring
Broad . structure

line
region (UV photons)

Slow moving outer layer? “sheath”

Inefﬂmgnt [ ~ 15 =20
Accretion accretion

disk ‘ dust?
&b

Very powerful collimated jets

o | | | Less collimated jets
Radiatively efficient accretion disk o | | | |
- | o Radiatively inefficient accretion disk
Luminosity close to Eddington limit
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Neutrino production in blazars

= |
= §% X
= 5 =
g < |
= .= (S =
N <+ CN _
o S ol
a
proton energy photon energy photon energy neutrino energy
o _B0PeV 5\ 10eV
Egir =102 eV VBT 1+ 92 L 10 E,
Neutrino typical energy: ,
ro 3 EeV [ o 0.1 eV
Edust torus — 0.1 eV vIR (1 + Z)z 10 E},



Possible contribution of blazars to the diffuse neutrino flux

. :
75 : Auger 2019
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Possible contribution of blazars to the diffuse neutrino flux
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Possible contribution of blazars to the diffuse neutrino flux
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Possible contribution of blazars to the diffuse neutrino flux
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Stacking limits from lceCube
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Stacking limits from lceCube
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Stacking limits from lceCube
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lceCube, Fermi-LAT, MAGIC, AGILE, ASAS-SN,

HAWC, H.ES.S, INTEGRAL, Kanata, Kiso,

+ — Kapteyn, Liverpool telescope, Subaru, Swift/
NuSTAR, VERITAS, and VLA/ | 7B-403 teams.

Science 361, 2018, MAGIC Coll. Astrophys.].
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lceCube archival search |13+5 more neutrinos!
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Blazar flares: Interesting as neutrino point sources
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Image from Biteau, Prandini, Costamante+ Nat Astr 4, | 24—131(2020)



Neutrino production in TXS 0506+056 in 2017
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10_9 I I — — — — — — — N(D : ]
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(196 chance to see one neutrino from each blazar flare)
=But: What does 1t take to produce 0.05 neutrinos/6months in this blazar?
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What sets the neutrino flux upper limit?

Optical depth to py interactions

/ ny
Tl Ep) X Opylilei i 2m 2 m )2

At the same time VY,
I\~ /
7,(€,) X orryn

|
€ le;=mz/E,

Ratio of optical depths is then,

gy O OO 1073
pr( p) ™~ K, 0, T}’V( y) ~ 10-25 cm2 T}’}’( }') ™~ TJ/}’(E}’)
At energy,
E’ E’
E, ~ 15 GeV : ~15GeV< - ) p+7—>ﬂ++X_
6 PeV 300 TeV y+y—>e+e

This implies that sources optically thin to
gamma-rays have inefficient TeV neutrino
production
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What sets the neutrino flux upper limit?

1.7,(10-100GeV) S 1

log10(Frequency [Hz])
10 12 14 16 19 21 23 25 28 30 32
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1 © wmacic *
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1046 . _
_ -
— O
n - le-11 Tm
5 o
2, 0]
4 g
L <
104° ] ‘\%
] w
L 1e-12
1044
: At energy,
I - 1e-13 E;, EI’/
E; ~ 15 GeV ~ 15 GeV
105 10°2 10! 107 107 1010 103 106 1019 6 PeV 300 TeV

E [eV]

7, (E) & 103pr(El’,)
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What sets the neutrino flux upper limit?

Ppey +7 = P+ e” + e~ — the electrons undergo synchrotron or Inv.Compton — cascade that peaks in keV band

log,o(Frequency [Hz])
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® uvoT
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1 © wmaaGIC ?
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3/8ths of proton energy lost » neutrinos
rest (5/8ths) to photons (gamma-rays/X-rays)
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What sets the neutrino flux upper limit?

_|_ —_— o
Y+ Yieypr > €' € — synchrotron or inv . Compton

Prevty—op+a’ >p+y+y

ELe [erg s1]
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Blazar contribution to UHECR/neutrino flux?

UHECR Emissivity UHECR number density
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Scorecard

BL Lac
FSRQs
FR |
FR I
Starbursts
HL GRBs
LL GRBs

Pulsars

TDEs
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Cosmic-ray accelerators that satisfy the confinement

1 au 1 pc 1kpc 1 Mpc
| | ! ! Neutron stars
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Fermi-LAT Fourth AGN Catalogue, 2019

Non-jetted AGN
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Non-jetted AGN

Swift-BAT | 05-month hard-X-ray catalogue 2018

o
o - ®
: | ’ .
0 Unidentified .. ® _0_‘:g —..-'" i) @ o 'O;:-.: o :6,%0q00 |
e LINER 3, - P S *Te  Be - Q0 et e Seyfert Galaxies
¢ Unknown AGN ® 85 e ) | _ :1‘0..'..”.”'1/0/‘ Beamed AGN
e Galaxv Clusters —®. .- e CVs/Stars
e Pulsars/SNR

X—ray Bilnaries 39



Possible sites of UHECR acceleration in non-jette‘c.l AGN
-

Narrow Absorption Lines (NAL) Warm Absorbers (WA) IR photons
logé=0-15ergcms’ log¢=-1103.0 ergcms’
Jog N,,= 18 - 20 cm? log N.= 21 t0 22.5 cm? Dusty
Velocity = 100 - 1000 km/s Velocity= 100 - 2000 km/s obscuring
‘Distance scale ~ 1pc - 1kpc Distance scale= 0.1 pc - 1 kpc structure
Broad Absorption Line (BAL) Ultra Fast Outflow (UFO) MBH
log¢=-05t02.5ergcms’ log¢=3-5.0ergcms’
log N, = 20-23. cm* log N, = 22-23.5 cm?
Velocity = 10,000- 60,000 km/s Velocity =10,000- 70,000 km/s
Distance scale= 0.001pc - 500 pc Distance scale=0.001 pc - 10 pc Accretion

3 disk ‘
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E° & [GeV cm?g’] sr'1]

consistent wi
27% = 1009

Non-jetted AGN contribution to the cosmic-neutrino flux " S

Non-jetted AGN

Infrared selected (ALLWISE) AGN with
soft-X-ray weights ~ 32,249 AGN

2.60 excess w.rt. background
expectations

AGN sky-map lceCube Point-Source Events
Best-fit spectral index — ~ E~2 o A LR e A S e fan
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NGC 1068
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Neutrino production in NGC 1068

Starburst + AGN corona composite (pp)

AGN corona (pp) Murase et al 2020
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Possible sites of neutrino production consistent with NGC 068

F. Stecker, Phys. Rev. Lett. 66, 2697 (1991)

Comptonized X/y
g CR-induced ¢
g spar kg ap CR bmm/IR

K. Murase, F. Stecker “Neutrino Physics & Astrophysics” Review 2022
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Scorecard

BL Lac
FSRQs
FR |
FR I
Non jetted AGN
Starbursts
GRBs (LL GRBs)

jetted TDEs (non jetted)
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Cosmic-ray accelerators that satisfy the confinement re

1 au 1 pc 1kpc 1 Mpc
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1.8 - Ho
° z 16
Starburst galaxies .|
% 1.2
Starburst definrtion: High star-formation rate per unit stellar :; :
mass compared to average galaxy at that redshift (> 100 x g
I\/li||<>/ \/\/ay) 5 0.6 | n | - | . —
§ 0.4
2
Starburst episodes are short-lived (<108 yrs) 1 3 -
054

Centrally driven strong outflows (* superwinds'’)

spectral flux density F;/arbitrary units
ro
lf_!
Q

Column densities 25 > 0.1g/cm? and magnetic fields B ~ |
MG (B « 2,), which are much larger than those of "~ "normal’ [
spiral galaxies (25 = 0.003g/cm?2, B ~ S5pG in the Milky way)

| | | |
450 500 550 600 650 700
wavelength A/nm

TeV gamma-ray detections from NGC 253 (~3 Mpc) &
M82 (~4 Mpc) - consistent with point like at VHE

56

And a handful more In GeV gamma-rays (NGC4945,
NGC1068, Circinus, Arp 220)

m82 | NGC 253



UHECRSs from starburst galaxies?

- Wind
Particle acceleration in the superwinds of starburst galaxies 10'°
G. E. Romero™?2, A.L. Miiller:34 M. Roth? no!
generally Emax (Fe) ~ 1018 eV but 108

possible if strong amplification of

MF by cosmic-rays =
an

10°5}

+ Reservoir model: Hypernovae/LL GRBs
could do the job

57
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107"
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02,
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| I I I
adapted from Kotera & Olinto 20117

AGN nuclei

AGN jets

AGN hot
spots
: IGM shocks
pulsar winds
L Ll . . .  starbursts =
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R [cm]
3
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Proton-proton interactions

Gas reservoirs (Starburst galaxies, Galaxy Clusters...)

p+p—-> Nr+ X
rt o ut+y, —set+y,+i,t+y,...
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S
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Neutrinos from starburst galaxies

Cannot produce the IceCube flux unless we focus on >100 TeV data only due to diffuse gamma-ray constraints

_hadronic y-ray emission normalized to best-fit non-blazar EGB

6 [sp = 2.15,1M = 0.42 E———— T 107% Palladino et al 2019 IceCube TGM. ..
107" Hfipm, Tamborra, Ando & Murase (2014) | — total y L | + lceCube HESE
: - - directy ' : = PP Neutrinos
— ©+ cascade y ﬁll 10_7 E— B |_I.| E
L HH  EGB (Fermi) E | T3 :
L1077 3 . | S N
| IceCube combined | - > RN |
W _ F}_| ] O —8 \X \\ m o e
o 107°} S N E
= i 9 \\ \
: ot § o 5\ R
() \
O 1078 28 = 9| NN |
~ -\ - 1 0 _____ Direct \\\ 1
C-\le- -\ > \\ ]
&y E’) -------- Cascade D\
q=, 1 0_10 i Total |
10_9 m | . | | |
10 1000 10° 10’

..1.(1)2. MR | L |
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Scorecard

BL Lac
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FR I
Non jetted AGN
Starbursts
GRBs (LL GRBs)
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Cosmic-ray accelerators that satisfy the confinement re

1 au 1 pc 1kpc 1 Mpc
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Gam ma- ray bu rStS Fermi-LAT 2nd GRB Catalogue, 2019
Fermi-LAT 10 year GRB mag DU
> | OWﬁB < 130427A°

160623A

080916C

"

IPN Fermi
INTEGRAL /

#" The most powerful < L - . | . | - >2000 GRBs with Fermi-GBM
' transients in the NG -/ . ~200 with Fermi-LAT

-30°

Universe N » | : : 5 with H.ES.S.

”

28



Gamma-ray bursts, basic facts

» Discovered serendiprtously in 196/

» Intense short flashes of light peaking in the 10 keV
-1 MeV range

+ |sotropic equivalent energy release ~10°410°> erg
(ct <I10% erg/s iIn AGN)

» Rate ~ 1000 year occur in the Universe

» Short (0.3 second) and long (50 second) bursts -
two distinct populations

o \Aﬁe r‘gl OW, ’ fad | ng em | SS | O r‘] fO I" h O u rS 'to m O n'th S. . Before and after Fermi LAT views of GRB 130427A, centered on the north galactic pole
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Gamma-ray bursts, basic facts

On August | /th, 2017
the detection of GWs -

/GO and Virgo reported
rom the coalescence of a

binary neutron star syst

€m

Fermi GBM independently detected the sGRB

GRBI /7081 /A, |.7s late

"

An extensive observational campalign localised

SGRB In the early type NGC 4993, at d ~ 40 Mpc

GWI/70817 and GRBI /08| /A confirm binary
neutron stars as progenitors of SGRBs (pchance

~10-8)

30°

-30°

LIGO, Virgo, Fermi Coll+ many others,

LIGO
LIGO/
Viirgo 4

Fermi/

GBM

IPN Fermi /
INTEGRAL

N

—

Astrophys.d. 848 (2017) no.2, L12

Swope +10.9 h

30 n”

12h 8h

DLT40-20.5d

-30°




Gamma-ray bursts, basic facts

»+Compactness’ problem: Photons are crowded in GRBs. The observed luminosity implies that gamma-rays
shouldn't be able to escape

- But, Tyy (10 GeV) < I, since we observe these photons (gamma-rays that escape are ~ €~ )

yy — e*e”, at threshold, & & ,(1 — cos 6) > 2m; . For head-on collision cos6 =z, &, = m;/e),

But e = €T, thus, €1 = mezrz/gy,z

. ! D/
7, = o, R

Lis()(gy) CtV
T —

o
v YazR zcrg}, I

Implies T > 10° for the brightest GRBs
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Maximum energy

Very high Lorentz factors et External Shock
possible cross-shock IC
Highly magnetised expanding jet Internal Shock Sl
. |
& ’ . :
~ 1020 GRB | ¥ Photospheric \ :
E. . ~10 eV<1051€rg> & hoarhe 11\

Waxman 1995, Vietri 995

| 3 X 16
=10" cm 10" cm = 10'"°cm

<TeV TeV-PeV EeV

possible neutrino production sites

606



Neutrino production in GRBs

Several shocks - - also External ShOCk

Ample photon fields —photopion interactions

possible cross-shock IC

Internal Shock tine SUTOUR KNG LIRS

P+ — At > nlp+at/a’ everse l
CMB L i
‘ 1 |

. Photospheric
mi — mj% I 2 I 2 - R e’
= 1 +z 1+z — Jot — = - X
) ~1 } ’ " 0
T E ' ose o
E > 8 GeV ! - . ' b
| B MeV R

e.g. prompt emission,

| 1 X |16
=10" o = ]10""cm > 10" cm

z=1, 2 — 1()5, Ey ~ 250 keV — ED ~ PeV <TeV  TeV-PeV EeV

possible neutrino production sites

67



GRB contribution to the cosmic-neutrino flux

Stacked search for 2000 Fermi GBM GRBS /cigube Point-Source Events
neutrinos coincident with e x| TR 60—
prompt GRB emission. g, A

. ¥ g g

e ";14, "
2091 GRBs . ;;i{*'f:* .

e = |

- R

2000 GBM GRBs
266 Swift GRBs
121 LAT GRBs

lceCube Coll, ApJ 843 (2017) 112
lceCube Coll, Fermi GBM Coll, Abj 939 (2022) 2

+strong limits from GRBZ22 1 009A (the ~"BOAT’) Prompt (ATprome ~1-100s): < 1% diffuse neutrino flux
lceCube Coll ApJL 946 L26 (2023)

ANTARES Coll MNRAS 469 906 (2017) Precursoré,gxfterglow (ATaftersow T 14d): < 24% diffuse neutrino flux




Scorecard

BL Lac
FSRQs
FR |
FR I
Non jetted AGN
Starbursts
GRBs (LL GRBs)

jetted TDEs (non jetted)
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Cosmic-ray accelerators that satisfy the confinement re

1 au 1 pc 1kpc 1 Mpc
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Tidal disruption events

Super Massive Black Holes are orbited by star
clusters
Millions or billions of stars in random orbits

Tidal forces may deform, or tear Into pieces a star
approaching too closely

DEI™ SU

Pred|C

‘ed rates of | TDE in 10000 to 107 years
ber massive black hole (SMBH)

—or i

al forces to be relevant they must be

stronger than the star's self gravity

idal acceleration > Accel. due to self gravity

GM SMBHR* GM *

R? R;

71




Tidal disruption events

For tidal disruption to occur R, < R;

R;: must be outside the event horizon for visible TD

The Schwarzschild radius is

2R 3/2 R 3/2 V

_ C Ry * *

MSMBH < M* 1/2 ( e ) ~ 108M® (R—> (M—
© ©

FOr Rt >rs

/2




Tidal disruption events

-lare of electromagnetic radiation at high
beak luminosity (X-rays)

| ocated In the core of an otherwise
quiescent, Inactive galaxy

-xtreme flares can host a relativistic
nadronic jet

Typically 50% of the star's mass expected
to stay bound to the SMBH and be

ultimately accreted

~ |00 candidate TDEs observed so far; 3
with jets (hard X-ray spectrum)

Timescale of months to years
/3



Swift |1644+57

Test case, Swift | 164445/, jetted TDE observed In
“blazar’” mode

O
oa

served for ~600 days, In a smal

quiescent

axy In the Draco constellation a

BR
E ~10YeVZ

7z = 0.35

I’

3x 107 Gcm 10
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Neutrinos from TDEs!?

Photopion interactions in the jet (condrtions similar to

AGN/GRB)
One problem is that jetted T

n = 10" Mpc3 cf GRBs, n =

DES are very rare

107 Mpc3

Non-jetted TDEs 10 -100 times more numerous, but
not clear It (where!) they accelerate 10!/ eV protons

Stacking limits from lceCube
jetted < 26%)

(Jetted TDEs < %, non-

75

local rate density p [Gpc_3yl’_1]

...l IceCube
__ IceCube-Gen2

10% 104 10% 10 10°° 10°! 10~% 10°3 10> 10~
effective bolometric neutrino energy E,[erg]



AT2019dsg + ICI91001A
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AT2019dr+IC200530A, AT2019aalc+ICI91119A

VVan Velzen et al 20271.093917
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Combined significance 3.70
If the associations are real they point to very extreme physical conditions
“super_Eddington” accretion
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see also Hayasaki et 'a/. 2019
Neutrino production in AT2019dsg Wit Linordns 2022

Banik & Bharda 2022

Jet? (only in ~few%
of TDEs)

ind \| debris
dissipatig
\ Corona

photons

Example neutrino spectra (AT2019dsg)

‘ Disk  [*°*12 Murase, Zhang, Kimura, FO, Petropoulou 2020

| photons A’

Core (Corona) observed
Core (RIAF)

Hidden Wind ﬂ
Hidden Jet UXx

neutrino

various
model
neutrtno
fluxes

E?¢[GeV /cm?]

No jet for AT2019dsg,
AT20191dr, AT2019aalc
(Cendes et al 2021, Matsumoto et al 2021)
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Scorecard
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Cosmic-ray accelerators that satisfy the confinement re
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Neutron stars
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Neutron stars

Fermi has detected >200 Galactic pulsars

81

Collapsing stars with mass > 8 Msun

Collapse leads to heating up and density approaches
nuclear densities

e +pTon+u,
"neutronisation”

~ 10°~* km

The core of the star was originally R, .

whereas the neutron star radius is Ry ~ 10 km

Conservation of angular momentum leads to spin
periods ~second

Conservation of magnetic flux leads to B ~ 1010 G



Pulsar UHECR acceleration

Q A Opened - =
s force lines

Q
e-e+-plasma
corotation /4
/ e-e+-plasma

b, production

Unipolar inductor:

Neutron

star /
1 Polar gap
[ Closed magnetic
force line 4 force line

Neutron star

strong magnetic field, B

fast rotation velocity, ()

{

Light cylinder

Maximum acceleration energy
for fastest spinning sources:

Ze oZ( B R \°( P\’
ymax = Adp=7x10
Amy A \1013 G 10 km 1 ms

SN envelope = dense baryonic background

UHECR experience hadronic interactions
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Pulsar origin of lceCube neutrinos!?

lceCube Coll. PoS(ICRC2017)981

Galactic

0.0 TS = 2In(L/ L) 12.6 Fermi has detected >200 Galactic pulsars
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Relative contribution %

The current landscape: Stacking upper limits

summary of lceCube stacking analyses results,
list of references In

FO PoS ICRC2021 (2022) 030, arXiv:i2201.05623
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https://arxiv.org/abs/2201.05623

Thank you for your attention!
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