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ICECUBE (IC) NEUTRINO FLUX
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Minimal pp and py models

In 2015 the Fermi-LAT
Collaboration released a new
studying claiming that “point
sources account for at least
86+16-14% of the total
extragalactic Y-ray background”
(EGRB) (Ackermann et al. PRL
116, 151105 (2016))

Minimal model that is fit only
to |IC data points is inconsistent
with the EGRB if source is Y-
ray transparent
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Why not Blazars?
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However:

Model independent search finds ~10-20% of the HESE neutrinos
are found to be coincident with Blazars (Padovani et al. MNRAS
457,3582 (2016))

GRB prompt emission accounts for < |% of the IC neutrino flux
(Aartsen et al. Ap) 805:L5 (2015))

No neutrino point sources found to date (2015 ICRC
Conference Proceedings arXiv:1510.05222)



CRCIKED {ETS AN V] (3RBS s
HIDDEN NEUTRINO FACTOIRES

Gamma-Ray Bursts (GRBs) are the most luminous explosions in the Universe.While their
origin remains somewhat mysterious, it is generally believed that their emission stems from
an ultra-relativistic fireball launched by the collapse of a massive star (i.e. the collapsar
scenario) or from the merger of two compact binary objects. We consider the former case.

o lice: The high velocity of their
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LL GRBs are markedly different
than conventional long GRB:s:

their prompt emission lasts
~103 s vs. ~10s of seconds

they exhibit smooth prompt
emission light curves versus

the millisecond variability
time scales for HL GRBs

they occur 100 X more
frequently in the local
Universe
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It has been shown that LL GRBs
may also have more favorable
environments for CR acceleration
based on radiation constraints



Orphan Neutrinos 4 Choked Jet
(CJ)

A
1

v 1

A
1
\ 1
\ I 1
\ | 1
\ I 1
\ I ]
\ I 1
\ I ]
\ I 1
\ I 1
\ 1 1
\ I 1
\ 1 1
1 1 1
LI | 1
L N B |
vV
vV
vl

1
1

Stall Radius Choked Jet

Extended
Material

Progenitor
Core

We attempt to explain the observed

neutrino flux using low luminosity (LL)
and choked GRBs

The intrinsic jet properties of all bursts
are similar but some are smothered by a
dense, circumstellar envelope.
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Limits on jet luminosity for LL GRBs

The jet stalling condition gives:
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in agreement with the maximum observed luminosity for a LL
GRB

Radiation Constraint: 1
i 9
e LEC ~ 8.6 x 10™ crg ST (€—7) <—j> thgng,1.5T3_.51P;x11:"“e_><2t,13.5

0.25 0.2

Only collisionless shocks Collisionless Shock
(shocks that are mediated by

magneto-hydrodynamic instabilities) i
are capable of efficiently Gyrf..':dius
accelerating CRs. ?

Radiation Mediated
Shock




We assume that the quasi-spherical shock breaks out when it
reaches the edge of the circumstellar envelope, producing a LL

GRB.

The prompt emission lasts for

Ush
C

in agreement with observations

—1
J 20, Tenv/vsh — 1000 s ( ) T'env,13.5

Note that the shock breakout
emission is delayed with respect to
the neutrino signal from the
choked jet by (s — rstau)/c ~ 100 — 1000 s
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For LL GRB 060218 a PL afterglow was observed in agreement

with theory
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CJ-SB Model for LL GRBs

A precursor neutrino signal is

expected ~100-1000s before e

the electromagnetic detection
of the LL GRB

Note that we have not tuned
any parameters except to
match the observations of

individual LL GRBs and the
overall distribution of bursts in
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The CJ-SB model could
explain the diffuse neutrino

flux between 50 TeV < ¢, < 300 TeV
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Connection between neutrino production and
Y-ray attenuation

The same photons that produce neutrinos via py
interactions can also attenuate accompanying Y-rays
produced by TT° decay.

Yy+v—e +et

Because the sources of the |C neutrinos must be

efficient CR converters, this means the YY optical depth
is also high
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CONCHUSICONS ANL OUTECOOK

Electromagnetic (and now gravitational) observations have
yielded no significant coincident neutrino events to date. Fermi-
LAT observations of the extra-galactic y-ray background are
beginning to exclude unresolved sources such as SBGs.

Non-detections are beginning to rule out classes of source
models for GRBs and blazars.

Electromagnetically dim, relativistic, and jetted objects such as CJs
and CJ-SBs are increasingly attractive as dark sources of
neutrinos.
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CONCHUSICONS ANL OUTECOOK

Tantalizingly, if an event such as GRB 060218 or GRB 1003 16D had occurred after the

completion of the |IC 86 string array, our model predicts that they would have had a
=50% chance of being detected.

Four such events have occurred since 1998, and we should expect the next LL GRB in
the coming years.

A precursor VHE neutrino signal ~100-1000s before the detection of a long duration

LL GRB with slowly varying prompt emission would be a smoking gun signature of the
CJ-SB scenario.

Because the target photons for pYy interactions attenuate high energy Yy-rays (0.1-100
GeV), all sky surveys for high-energy events bright in x-rays and TeV Yy-rays will be
needed to perform multi-messenger searches for the sources of the |IC neutrinos.
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FHECEC UBE CIRSERVA FOIRY AN
ASEROPRISK AL INECFERIINES
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The IceCube (IC) neutrino observatory is
located at the Antarctic pole and has been at
full operating capacity since 201 I.

Neutrinos produce charged particles when
they interact with ice molecules. The
Cherenkov radiation from these particles are

observed by the DOM:s.

They are sensitive to two types of signal:

Charged current (CC) muon
interactions are seen as track-like events

CC electron and tau interactions and all
neutral current (NC) interactions are
seen as cascades
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Event |8:

Track event with 31 TeV of energy deposited
in the detector
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IceCube Collaboration. "Evidence for high-energy
extraterrestrial neutrinos at the IceCube detector."
Science 342.6161 (2013): 1242856.

Event 35:“Big Bird”

Cascade event with 2 PeV of energy deposited in
the detector
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Aartsen, M. G., et al. "Observation of high-energy
astrophysical neutrinos in three years of IceCube
data." Physical review letters 113.10 (2014): 101101.
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Since the first PeV cascade event was discovered in 2012, there is now strong
evidence for a diffuse, astrophysical flux of neutrinos with energies between 25

TeV and 2.8 PeV.

The measured flux is well fit (at the 3.80 level) by an soft, unbroken power-law
with index -2.50 £ 0.09 and an all-flavor flux of ~ 7 x 10° GeV cm™ s s at
100 TeV is consistent with the prediction of VWaxman and Bahcall
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Ve i 1, : v, at source o

There is increasing evidence for an
extra-galactic origin for the
observed neutrinos

The measured flavor ratio (Ve:Vy:Vq)
is consistent with oscillation over
cosmological distances ( >100 Mpc)

The neutrino arrival
directions are consistent

with isotropically
distributed sources

Galactic

0 TS=2log(L/LO) 11.3 s



OGP HC SRAT ACCEFERALICIN
AND NEUTRINO PRODUCTION

It is expected that the majority of astrophysical neutrinos are produced by CR
interactions with ambient light or matter (py or pp interactions respectively)

These processes produce VHE neutrinos and y-rays with ~0.05% and ~0.1% of
the initial CR energy respectfully. Note that CRs with energy ~50-100 PeV are
needed to produce neutrinos of energy 25 TeV - 5 PeV

To find the maximum CR energy achievable in our source models we compare
the acceleration time with the various cooling timescales

p+p/y—> N+t +7+ ..
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The relevant cooling
mechanisms are
calculated numerically
solving the CR kinetic
equations.

The plasma properties
(e.g. the turbulent
magnetic field strength
and ambient photon
density) are relevant
for this calculation

For simplicity we assume:

ta,cc
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Note that neutrinos produced by pp interactions have the same spectral
shape as the parent CRs if other cooling mechanisms are not important

The spectral shape of neutrinos produced by py interactions is a convolution
of the seed photon and parent CRs spectrum

This difference is significant for multimessenger studies, especially for energies
< |0TeV
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Note that neutrinos produced by pp interactions have the same spectral
shape as the parent CRs if other cooling mechanisms are not important

The spectral shape of neutrinos produced by py interactions is a convolution
of the seed photon and parent CRs spectrum

This difference is significant for multimessenger studies, especially for energies
< |0TeV
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Both Ve and v, are produced by charged pion decay, assuming the resulting
muons do not cool significantly before decaying

Additionally, Y-ray photons are produced by neutral pion decay. Secondary
leptonic pairs produced by muon decay may also up scatter ambient photons to
GeV-TeV energies as well
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Both Ve and v, are produced by charged pion decay, assuming the resulting
muons do not cool significantly before decaying

Additionally, Y-ray photons are produced by neutral pion decay. Secondary
leptonic pairs produced by muon decay may also up scatter ambient photons to
GeV-TeV energies as well

25



Both Ve and v, are produced by charged pion decay, assuming the resulting
muons do not cool significantly before decaying

Additionally, Y-ray photons are produced by neutral pion decay. Secondary
leptonic pairs produced by muon decay may also up scatter ambient photons to
GeV-TeV energies as well
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Hypernovae (HNe) are a class of Type Ibc core collapse supernovae (ccSNe)
which release up to 10x more energy in their ejecta ~| 0% ergs

An unusually high fraction of the HNe energy is typically found in trans-relativistic
ejecta, in conflict with the current understanding of the hydrodynamics of SN
explosions. Stalled jets have been suggested as a mechanism to accelerate the
ejecta.

SNe are presumed to be CR accelerators up to ~ PeV energies. HNe should have
similar acceleration mechanisms, but with higher velocity ejecta capable of
produceing 100 PeV protons.

Observations suggest that up to 10% of the ejecta energy may go to CR

acceleration
27
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The Antennae Galaxies
Credit: NASA/ESA

Starburst galaxies (SBGs) are
defined as having unusually high star
formation activity and a significant
amount of free gas.

Some typical values:

n, ~ 10 — 100 cm ™3 B, ~ 200 puG

Hgpg ~ 30 — 300 pc lo e 18 pe

Can be triggered by the collision or
interaction of two galaxies

Compare with typical star forming
galaxy

o el ena Syia G,

Hiop g 1000 pe
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Starburst galaxies (SBGs) are
defined as having unusually high star
formation activity and a significant
amount of free gas.

Some typical values:
n, ~ 10 — 100 cm ™3 B, ~ 200 puG

Hgpg ~ 30 — 300 pc lo e 18 pe

Can be triggered by the collision or
interaction of two galaxies

Compare with typical star forming

D ~ D, (gcr/ex)* + (eer/e4)?|  galaxy
o el ena Syia G,

D*,sbg ~oel A e 104 19720 cm? s~ !

St H b, ~ 1000 pe
The Antennae Galaxies

Credit: NASA/ESA 29



Comparing the pp timescale tpp» ~ (705p¢) " with the escape time
due to magnetic diffusion tescairs ~ Hy/6D, gives an estimate as to
the fraction of CRs which produce neutrinos and Y-rays before
escaping the SBGs.

Then pp optical depth is given by:

-3 2 2 2 :

Tppag B 4'9 X 10 nga23Hg,21£ga20Bg,—376(37”',19 £ 8670 > 8CT7*
2 2 b :

Tppag S O°55 n9723Hg,21€g7QOBQ,—37€C7°,172 ; ECT < EC’I“,*

Analytic calculations confirm that SBGs can be efficient neutrino
producers

NS etal.2015 30



VHE Y-rays are expected to accompany neutrinos.
Using the ratio of charged to neutral pions the fluxes

are related via:

2
o

Y-rays are attenuated by
extra-galactic background
light (EBL) inducing a
cascade.

The resulting spectrum is .= ]

universal for large
distances.
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The associated Y-ray spectrum can also be compared with

observations of the extra-galactic diffuse y-ray background
(EGB)

Multi-messenger studies of potential neutrino sources are
incredibly valuable for their additional constraints

Comparison of the

neutrino and Y-ray flux

using measurements of the
EGB from 2014. At the

time ~50% of the
measured flux was
unattributed to any
sources
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It is important to understand the dynamics of the jet in the
circumstellar envelope.
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While the environment around a collapsar is very uncertain,
Nakar used a circumstellar envelope of a WR star to explain LL

GRB 060218

Menv & 0.0I M@

Rev ~ 3 x 103 cm

Assume a wind profile of p &< r? —3 Peny 5%10°!! g cm3

If we assume that the central engine is active for teng = 30 s the
radius at which the jet stalls in the envelope is

B S 13 1/2 )
Th T4 2Fth _— 2.3 >< 10 Cm LO’52penU’_1O.3T€nv713.5t€ng’1'5
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Long GRBs (with prompt emission lasting =2s) are also associated with Type

Ibc SNe.

The latter are known to be formed from the collapse of massive stars,
specifically Wolf-Rayet (WR) or other CNO stars.

We attempt to explain the
GRB/SNe connection by
postulating that both arise
from the same progenitor,
with the observed
characteristics determined
by the circumstellar
environment.
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Using the observed properties of LL GRBs, we can require the
jet to stall in the envelope giving an upper limit on the observed
luminosity

R R
€
3 % Tdur

Assume the observed luminosity is: L, =~

The jet stalling condition gives:

& 2
TS 4 o 2 0; —1 —1 4
Ly S Ly =0.95 x 10 S (O—;5) (O—J2> teng,1.543.5 PenvTenv,13.55

in agreement with the maximum

observed luminosity for a LL GRB
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Only collisionless shocks (shocks that are mediated by magneto-
hydrodynamic instabilities) are capable of efficiently accelerating

CRs.

Because of the high photon density in the jet, the internal and
termination shocks may be mediated by Thomson scattering.

In this case the photon deceleration length is longer than the
Larmor radii of VHE CRs, and they do not experience the strong

compression of the shock.

For efficient CR
acceleration we require

e plg Tt n/q/JT(TSh/F) SJ min[rgela
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The limit set by radiation constraints are very sensitive to both
the position at which the shock occurs and the bulk Lorentz
factor the of the jet.

¥ 2
RELCT 49 ) € 0, 6.3 S
L, S Ly eBth e 1) T eier o g (—0.55) (O—J2> FQteng,1.5T3.5 Pext!ext,13.5

This feature has often been neglected in the literature regarding
neutrinos from GRB:s.

Note that shocks which occur at smaller radii (i.e. in the C]
scenario) are more favorable as high-luminosity CR accelerators.

Neutrino observations may open a window into to the
potentially rich structure of buried jets.
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Neutrinos from pY interactions

By assumption, the gas surrounding
the jet body is optically thick

Therefore, the seed photons must
come from the jet itself, or from the
layer of last scattering surrounding it

The black-body radiation from the jet
head forms the dominate photon field,
if non-thermal emission is neglected

Both the temperature in the head and
the photon density are Lorentz
boosted in the co-moving frame of
the jet
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To calculate the diffuse

10° e lDilffl“lsf?lﬁ'“ler?rT‘lICIJ;,SB 'Y'Old?'m”l -
N, flux, we determine the
= 7 Sk bkt ) : contribution from CJ-SBs
T: W|th 105 Vet LIS A s
§ The luminosity function is
- the PL derived by Sun et
N al. 2015

The redshift evolution
follows the star formation
rate

E, [GeV

e - /‘Zmax 5 /Lmax aT dRCJ_SB(Z)/dey (dN,/((l -+ Z)E,/,L,Y)>
SR TSI et e AR O S N dE!
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CJ] Model

. S, 2
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Orphan neutrinos are expected

with no corresponding VHE Y-ray

signal 10 ey COMPATISON OF C), SB. and ] Models
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H === Orphan neutrinos (upper limit)

[] = Orphan neutrinos (best fit)

Because they are not observable, o [ P ) o 51

10° 4 - - Prompt (EJ) .

the rate of CJ events is
impossible to determine.The J
rate of HNe could give a >
&
-

reasonable estimate.

We assume that the CR energy
injection rate of CJs does not
exceed the observed Galactic
rate of

£ L0 (best fit) —10-%" (optimisticlers Mpe i yr




E| Model

Both neutrinos and Y-rays are
expected together as prompt
emission

Only the highest energy
neutrinos can be explained

Because of their higher
luminosity, emission radii, and
bulk Lorentz factors, EJs are
expected to be poor CR
accelerators

Comparison of CJ, SB, and E] Models

T T 1T
H === Orphan neutrinos (upper limit)
[] = Orphan neutrinos (best fit)
HE=A Precursor (¢j) & Prompt (SB)
10 H - - Prompt (EJ)

10’
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CONCHUSICONS ANL OUTECOOK

Because the sources are dark; it is imperative that we correctly extrapolate
the properties of of HL GRBs to CJs and LL GRBs.

If CJs/-SBs are in fact the sources of VHE neutrinos, they can probe the
hidden jet structure of collapsar jets. Such observations could elucidate the
mechanisms of prompt emission from GRBs and the environment
surrounding a massive star in the months before its death.

Detailed modeling of both hydrodynamical and Poynting (magnetically
dominated) jets and their associated emission mechanisms will be critical
towards this end.

43



CONCHUSICONS ANL OUTECOOK

All sky surveys sensitive to photons with energy = | keV will help to identify
coincidences between VHE neutrinos and Type lc-bl SNe and LL GRBs.

Collaborations between electromagnetic, neutrino, and gravitational wave
observatories such as the Astrophysical Multimessenger Observatory Network

(AMON) at Penn State will improve the usefulness of previously sub-threshold
observations.

44



