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Lecture plan

-xperimental facts and basic theoretical concepts

Requirements for astrophysical accelerators of high-energy cosmic rays/
nigh-energy neutrinos (generic source properties)

Overview of candidate sources (Active Galactic Nuclel/Starburst
Galaxies/Gamma ray bursts/Pulsars/ Tidal Disruption Events) constraints
and prospects




Enter the protons

For characteristic values of B, R, and delta , we
end up with Emax In the URHECR ball park,
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Neutrino production in bla

Accretion
disk

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

Averaged branching ratio,
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Neutrino production in blazars

Neutrino production efficiency ~ cross-section x target number density
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Possible contribution of blazars to the diffuse neutrino flux

E° @ [GeV cm? s sr'1]
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= MID14 (Blazar w. £_=50)




Constraints on the contribution of blazars to the diffuse neutrino flux: Stacking
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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

BeppoSAX97 CAT97
— . 9 _I | | | | I | | | | I | | | | I | L
T B a) ‘\ 16/4/97 1
) - -\ 1 Model neutrino spectrum of brlght FSRQ (3C 279)
B S | 50 ———rm rm
v —10 B ‘. \a 7/4/97 E__ Dermer Murase, Inoue, jl—lEAp 3 4 (ZO 4) 29 40
| i e fl r to ' flare
- / / - B e i
- - ViR \\'\ ! 4 ] o -
QO — ]. ]. — / Y \ \\ ,'/ / - \F E
an I Lo Loh 7R %
¢, B /i Y. o4 3
O~ 12 — / :.'“// \ ‘l‘ ,//',/ \ -‘- F'_'.o
—_ . xny oy Sl o
- /oy W,/ | 4 o
i / 4/ \_/\ \ i
R— 1 8 r "/7 T
= R ]
] I.’ / Mkn 501 ] E (eV)
20~ 14 -7 2=0.034 1
IJ II//l ] ] ] I ] ] ] ] I ] ] ] ] I ] ] |-I
10 15 20 20 0

Image from Biteau, Prandini, Costamante+ Nat Astr 4, | 24—131(2020)



Neutrino production in TXS 0506+056 in 2017
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The jet often “hides” other photon fields from us

A semi-free parameter for models... . s &
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Neutrino production in TXS 0506+056 2017

Optical depth to py interactions p+y—->rn+X
y+y—>eT+e”

A / /
T (Ep) = 1y (@0, Tne; |€t’=mﬂcz(mﬂcz+mpcz)/2E]’9

At the same time YY,

NN AU / /
T}’}’(EJ/) ~ 7}’(a) "pOTE |e;=me2/E;

y-rays
Ratio of optical depths is then, v
, n,/ (@) o,, , 107%% cm? , 3 ,
T (Ep) R n,(@) o, 7,(E) ~ 10-25 om?2 7,k = 1077, (E) “' yrays
At energy,

E]’, E,j
E ~ 15 GeV ~ 15 GeV
/ 6 PeV 300 TeV

This implies that sources optically thin to
gamma-rays have inefficient TeV neutrino
production
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Neutrino production in TXS 0506+056 2017

1.7,(10-100GeV) < 1
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Neutrino production in TXS 0506+056 2017

Ppey +7 = P+ e™ + e~ — the electrons undergo synchrotron or Inv.Compton — cascade that peaks in keV band
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Neutrino production in TXS 0506+056 2017

Provty = p+a’ >p+y+y Y T+ VieBLR = e*e”™ — synchrotron or inv.Compton
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Neutrino production in TXS 0506+056 2017

logi10(Frequency [Hz])
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Neutrino production in TXS 0506+056 2014-15
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Gamma-ray bursts, basic facts

» Discovered serendipitously in 196/

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

» |[sotropic equivalent energy release ~10-2-10-> erg
(cf <10% erg/s in AGN)

» Rate ~ 1000 year occur in the Universe

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

Before and after Fermi LAT views of GRB 130427A, centered on the north galactic pole

19



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 @) > 2m; . For head-on collision cos@ =z, &/, = m, /¢,

But e = €T, thus, €1 = mezrz/gy,z

. ! D/
7, = o, R

Lis()(gy) CtV
T =

o
" YaxR zcre}, I

Implies T > 10° for the brightest GRBs
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Neutrino production in GRBs

Several shocks - - also External ShOCk

Ample photon fields —sphotopion interactions

possible cross-shock IC

Internal Shock tine SUTOUR KNG LIRS

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

N Photospheric
mi — m% I 2 I 2 - R e’
EE, 2 = 0.16 GeV
= 1 +z 1 +z — Jot — = - X
, ~1 } ‘ 0
I E ' ose o

E > 8 GeV ! - . ' b

| I 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
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Neutrino production

A stacked search for neutrinos coincident with

prompt G
(now a to

al of 1172 GR

the neutrino production

RB emission by lceCube

3s) has led to limits on
in GRBs

Standard, high-luminosity GRBs can account, at
most for | % of the diffuse lceCube flux.

Standard GRB models constrained

<O 10—12

E*®,

10-18L......- L

Interné,l Shock Fireball Prédiction "

Photospheric Fireball Prediction
ICMART Prediction

10—14

T B YT
10° 104 10°

23
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v Energy (GeV)
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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

24




Tidal disruption events

Flare of electromagnetic radiation at high
peak 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

25



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

20




Neutrinos from TDEs!?

107}

Photopion interactions in the jet (condrtions similar to 1061
AGN/GRB) Ly

L 10°F

m>~
One problem is that jetted TDEs are very rare Q104

QO
n = 101" Mpc3 ct GRBs,n = 107 Mpc? ; 10°

@ 107}
Non-jetted TDEs 10 -100 times more numerous, but S 10l
not clear If (where!) they accelerate 107 eV protons %

g !
Stacking limits from lceCube (jetted TDEs < 1%, non- 2 01l W 1cecube
jetted < 26%) .| IceCube-Gen2

10% 104 10% 10 10°° 10°! 10~% 10°3 10> 10~
effective bolometric neutrino energy E,[erg]
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ATl 2019dsg + ICI191001A

UV optical flux

X-ray flux

1053
— 1g-11 % Gamma-ray bursts i Sw]1644+57
n % Type Ib/c supernovae ; "
N 1052 I
%10_122 . ¢ 1051 | - B *
B | ¢ VMeanwhile AT20191dr (another TDE) "
| D 1o coincident with 1C200530A! Stay tuned for
0 O the publication(s)!
N’ ] '05
1094 |
= W XMMSLT l
~ 1J0740-8 -y
5 10% + Sio ¥
g 107" © 0
< - 1047 i3
¥ 0 c O
10-14- O v
0 1 Z 1 X
10 LA | L " LN |
102 10~ 100 102

B

)0 TeV muon neutrino

e (radio emitting) 1DE

| 9dsg association by



1.8 Ha
o 2 1.6 -
Starburst galaxies .|
% 1.2
Starburst definition: High star-formation rate per unit stellar ‘;; :
mass compared to average galaxy at that redshift (> 100 x g
Milky Way) e A T
§ 0.4 »
5 .
Starburst episodes are short-lived (<108 yrs) | é I i
0 L4 a
S | [OII] 2|
Centrally driven strong outflows (" superwinds’™) g : e NI
5 l
" . E 1- Y S
Column densities 2, > 0.1g/cm? and magnetic fields B ~ | g | JW EUY‘
MG (B « 24), which are much larger than those of " 'normal’ [+ —

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

spiral galaxies (2 = 0.003g/cm?2, B ~ SPG in the Milky way)

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

29

And a handful more in GeV gamma-rays (NGC4945,
NGC 068, Circinus, Arp 220)

m82 | NGC 253



Proton-proton interactions

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

p+p—-> Nr+ X
rt o ut+y, —set+y,+i,t+y,...

U
BRI \HHH' | \mm| | \HHH' | \HHH' | m\m| | m\m| T ] \mm| T
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, \
Q
S
=
M)
q\
R protons
neutrinos
i 3 ; g”?’”*%g% ”””””””” SR S o SR
I SR . SO SRS SRS SR ASSRRSR S P, ab> (GGV/C)
| \\\HH. | \\\HH. | \\\HH. | \\\HH. | \\\HH. | \\\HH. | \\\HH. | \\\HH.
10" 1 10 10° 10° 10° 10° 10° 10” 108 Energy
\/EGGV \ \ \ [T T TTTT \ [T T T TTTI \ [T T T TTTI \ [T T TTTTI [
1.9 2 10 107 10° 10*
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Starburst galaxies: Calorimetric environments?

_arge disc density implies pp
iNnteraction time much faster than In

normal galaxies P ]
AMANDA vu); Baikal(v )

-nhanced magnetic field —

-nhanced confinement time of
Drotons

WB Bound

Star Bursts

A%

) [GeV/cm2 S sr
;I

N -
= -8
Starbursts may be calorimetric for 10
protons it
tloss,pp < tconﬁnement 10”° 3
10
ZLloss,pp < Ltarburst

31



Reservoir model

Cosmic rays in a calorimetric environment (e.g.
“starburst”)

The highest energy cosmic rays escape (observed)
Lower energy cosmic rays are confined

CRs lose all their energy In Interactions with ambient
oas

Neutrinos appear correlated with parent
calorimeters

W
target gas / v ; \
CR p / - - . \ g
> <e \ >
p v
4

CR confinement

Loeb & Waxman 06 CR

KM, Inoue & Nagataki 08

magnetized region w. CR sources
ufficiently high-energy CRs

low-energy CRs are
escape without interactions

confined by magnetic fields

32



Neutrinos from starburst galaxies

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

10°°

[E—
3
~
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Pulsars

Fermi has detected >200 Galactic pulsars

Collapsing stars with mass > 8 Msur

Collapse leads to heating up and density approaches
nuclear densities

e +pton+vu,
"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



Interesting recent results from LHAASO/Tibet AS-y/HAWC

LHAASO Sky @ >100 TeV

HAASO has reported the detection of 530
bhotons with energy up to |.4 PeV from |2
Galactic sources
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Most directions consistent with known
5 (Galactic pulsars

Among sources Crab pulsar (confirmed) -
journal In Science yesterday! Cygnus Cocoon
starforming region (very likely)
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Putting everything together...

non — jetted TDEs < 26%
GRBs < 1%

Jetted TDEs < 1%
Blazars < 17%

Galactic < 15%

77
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Ultra-high energy neutrinos

How to detect them?
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Ultra-high energy neutrinos

How to detect them!? Extensive-air showers

1) Regular proton shower

A
o }/f.

Deep Down-going v shower

4) Down-going v,
interacting in the
mountains

N

Pierre Auger Observatory ~ 3000 km?

Planned detectors with up to 200,000 km? effective
area (GRAND, GCOS...)

39

Muonic component of the shower

Electromagnetic
component of the shower

3) Up-going Earth-skiming v_shower

Extensive air shower




Ultra-high energy neutrinos

How to detect them? Askaryan radiation

Balloon +
antenna

payload ‘

refracted MHz-GHz
coherent radiation

ARIANNA
concept

Neutrino
interaction

40

sub-surface
antenna array

many
Neutr

radio,

more ongoing efforts (Greenland

no Observatory, lceCube Gen-l|
PUEO...)




Thank you for your attention!
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