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Neutrino Astrophysics

O High-energy (>1 GeV) neutrinos can open a new window to the universe

O A new way to look at the sky beyond the curtains of cosmic radio-ultraviolet
backgrounds, and intergalactic and Galactic magnetic field

O Carry information from dense regions of astrophysical sources
O Probe fundamental interactions at extremely high energies
O Provide clues to Dark Matter particles and their interactions
O Astrophysical applications
O Identify the sources of (ultra/very) high-energy cosmic rays
O Learn about the sources: energetics, envirnonment
O Nature of neutrino sources
O Transients or quasi steady state?
O hadronic interpretation of very high-energy gamma rays
O Unambiguous?

O A mix of inverse Compton (IC) and n° decay?
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More lower-energy events!

Results of Contained Vertex Event Search (4.30)
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Incompatible with atmospheric flux
Laha, Beacom, Dasgupta et al. 2013

Could be prompt? Lipari 2013
Compelling evidence of astrophysical origin
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28 events (7 with visible muons, 21 without) on background of
10.67375 (12.1 + 3.4 with reference charm model)

N. Whitehorn, UW Madison
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Resulting Test Statistic Map

Most likely event direction
X track-like events
+ shower-like events
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Ingredients for HE Neutrino Astrophysics

Particle physics of neutrino production is well understood

p+y > p/n+x’+x n’ > y+y
0 + — + + -l + —
Pp+pop/n+x +77°+7x T DM +V, > +V, +V, +V,
= Neutrino propagation/flavor oscillation physics is now known
- , : In case of
P(Va _)Vﬂ)zzpsource(va _)Vi)luﬂi | _)Zlual | |Uﬂ| | no “source
i i oscillation”

{v.:v, v ={2: 08 ={L: 1 e
= Astrophysics of neutrino production is poorly understood at best
Question: How to predict neutrino flux from astrophysical sources?

One answer is to model >GeV gamma rays with hadronic model

Roughly, 1 hadronic gamma ray = 1 neutrino

The other answer is to model source environment and energy balance




Do the most powerful sources
make abundant neutrinos?

Extragalactic Sources:
* Active Galactic Nuclei
* Gamma-Ray Bursts
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Active Galactic Nuclei

Second LAT Catalogue (2LAC)
TS>25, August 2008 - August 2010 FSRQ

First LAT AGN Catalogue (1LAC)
TS>25, August 2008 - July 2009 FSRQ

LAT Bright AGN Source List (LBAS)
TS>100, August 2008 — October 2008 FSRQ
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High-energy neutrinos from AGNs

From Syefert galaxies:

Proton acceleration by shocks near the
black hole, trapped by magnetic field,
interact with UV photons from AGN disc

Stecker, Salamon, Drone & Sommers 1991

Flux 8 1 PeV (large uncertainty)

E%?p( ) =5.6 x1078 GeV cm2s 1sr 1
Stecker 2013

Might explain detected PeV neutrinos
Poorly constrained astrophysical model

Hadronic modeling of y rays:

Proton acceleration and interactions in
the blob inside jet. % decay y rays and
synchrotron radiation by the primary
protons and cascade particles

S50716+714

10105_ /‘Z‘

IBoetltcher,I Reinlier, | ]
Sweeney & Prakash 2013

Example of
predicted n
flux from y-
ray modeling

Usually too low!

Log(E® (dN/dE) / GeV s™)

A

./" 1
/' Muecke et al. 2003
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Log (E/GeV)




jEz_. eV ecm? s sr

High-energy neutrinos from AGNs

Diffuse v flux from cosmic-ray interactions
in the Extragalactic Background Light (EBL)

dN /dE o« E~%6

IC data

g———

b

Epgy =3 x10Y7eV |

E. eV

1010 1012

X-ray luminosity/AGN L, = 10*>> erg/s

Low individual power

Might over-predict
diffuse y-ray flux

Stecker et al. 2006
model is ruled out by
Fermi-LAT data

< (1+z)71
More reasonable is
x (1 + z)3




High-energy neutrinos from GRBs

Fireball Shock Model

External Shock

The Flow decelerating into
Internal Shock the surrounding medium

Collisions betw. diff. 1
parts of the flow

e A

- Jet - Mw\;\.\’ Y | '

3
~10"cm >10"cm

Burst v's Afterglow v’s
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High-energy neutrinos from GRBs

HE v flux calculations were based on the possibility that GRBs are UHECR sources

(Waxman 1995, Vietri 1995)

v flux calculations based on hadronic modeling of observed GeV v flux are recent

(Asano, Guiriec & Meszaros 2009, ...)

Hadronic modeling of GeV y rays require large (100-1000 times) more jet energy

(Wang+09, Asano+09, Razzaque+10, Eichler+Pohl10, Dermer+Razzaqueld, ...)

Photopion production is quite an inefficient process ~ 1/1*

(Razzaque+08, Ackermann+11, Crumley+Kumarli2, ...)

IceCube limits on GRB neutrinos
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GRB Afterglow neutrinos - Revisited

GRB Afterglow: X-ray to
Radio synchrotron radiation

6 _
N by the electrons accelerated in
" (b) Adiabatic—wind @ : the forward shock/blastwave
10-7L (©) Radiative—wind ol
F (d) Radiative—ISM
(@) IC40+59 Limit o : Evolution of blastwave depends on
_; 10-5E A ‘ : * Nature (adiabatic/radiative)
T, : W : « Environment (constant
| ) 1'*.{"._. density/radial density profile)
- - i f
2 [ i I Protons, accelerated to UHE in
o 1071% ‘ the GRB blastwave interact with
/7 ] afterglow photons to produce
1011 o] long-lived PeV-EeV neutrinos
L
ol 1 Combined 3-v flux (after oscillation)
10t 100 10° 107 10° 10° 100 ~6x10°GeVem-?2s-lsr-1@1PeV

E, (GeV)

Razzaque 2013




Powerful but Optically Thick
Sources?

Extragalactic Sources:
* Chocked Gamma-Ray Bursts
* Jetted supernovae (Hypernovae)




Jet Propagation inside a Collapsar

Relativistic GRB-like jet inside star =» Successful or choked GRB
=» Choked GRBs may be related to orphan afterglows
Shocks in the jet =» particle acceleration =» high-energy v production
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v's precursor to GRB or Orphan Afterglow
He/CO star

+~— H envelope

Razzaque, Meszaros & Waxman 2003

—> Optically thick shocks
—> High density of thermal y-rays

and target protons V's V'S
@ pp—Vs py—Vs m
Low energy High energy
7 \
w8 Internal shocks
& " ICECUBE 11
2 7 "~ burst | R, < R, = 1012 ;m (He)
& 10°%° em (H)
E’ 10 pp (shocks)

@m Diffuse flux

No. of choked jets can be
Larger than the no. of GRBs

v, flux (10 bursts/yr)

3 4 5 6 7 8 9
E,, [log10(GeV)]
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Jetted Supernova/Hypernova Model

internal : — B

et
shocks J heutrinos

stellar envelope

Razzaque, Meszaros & Waxman 2004

Core-collapse SNe (type Ib/c, IT)
forms a central engine, an
accretion disc and launch bi-polar
jets, as thought to be the case for
long GRBs

The jets, however, are much
slower (I'~ few) and broader
(~1/T)than the GRB jets (I'~100-
1000)

Intermitten accretion gives rise to
inhomogeneity in the jet and
collisions between them, analogous
to internal shocks of GRBs
Collisions produce shockwaves and
protons in the jet can be
accelerated to high energies by a
Fermi mechanism

Interactions of high-energy
protons (pp) produce TeV-PeV v's



Neutrino Spectra from a Jetted Supernova

Razzaque, Meszaros & Waxman 2004, 2005 PP CO”iSiOhS dominanﬂy produce
Ando & Beacom 2005 .

B charged n and K mesons, which
Mena, Mocioiu & Razzaque 2007 I
Enberg, Reno & Sarcevic 2009 dZCC(y To pr'oduce neutrinos
Razzaque & Smirnov 2010

= Shape of the spectra 10 e ——
are dominated by :
various energy losses
by secondary mesons
before decaying to v's

= Charm mesons may
contribute at very
high-energies

1 IMNTNINI L 11 | A L1 1 1011l

= In-source neutrino B | )
oscillation (MSW 107*E ST
effe“c‘r) in addition to : Koo Vi i Vi, T Ve ;
OSCi aTion in VClCuum 1{'_5 1 L1 111111 1 L1 11111 |.\ L1 11111l - 1 111 ||||\|' 1 111
10° 10' 10* 10° 10* 10°

can be important

Ey[GeV]  Razzaque & Smirnov 2010




Jetted Core-Collapse Supernova Rate

Diffuse neutrino flux from CC SNe There are ~4000 galaxies known within 20 Mpc.
assuming all have semi-relativistic jets | With a combined rate of >1 SN/yr, IceCube is
expected to detect >3 muon neutrino events per

* hard to deTec‘r, much below year if all core-collapse SNe have jets.
atmospheric background

= Detection of individual bursts has

better prospect of detection Cumulative SN rate vs.

distance in the local universe
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Galactic Cosmic-Ray Sources?




Supernova Remnants

Gamma-ray
Space Telescope



Supernova Remnant RX J1713.7-3946

Young remnant, age: ~1600 yr
Distance: ~1 kpc

Widely thought to be a vsource, based
on the modeling of TeV y ray spectrum
with a hadronic n° model

LAT TS map for > 0.5 GeV

ML fit for point sources around RX J1713

M a) 55
% 50
! |
H.E.S.S. TeV "8 ‘BGSJ258 7-38.7 PR 100 | | | | | | |
ra.y contours 4 i N . X Estimates of expected muon
g \ , .. events/km?/yr at >50 GeV
52 P O BGS J257.5-39.8
5 g 1 EE
= - 25 10 E
9 BGS J258.8-40.5 O ' . ]
° 20 L j;. g ]
a
15
§ .1 s » |:|I ‘ 10 1 | | | | | | |
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Supernova Remnant RX J1713.7-3946

Photon index in the LAT rage: I' 7 = 1.5 £ 0.1, + 0.1,  Very hard!!

e Hadronic models (dominated by 7° decay yrays) fail to reproduce LAT spectrum

e Leptonic models (dominated by inverse Compton yrays) fit data well
e Required magnetic field, 0.01 mG, is lower than ~0.1-1 mG inferred from

X-ray data modeled as synchrotron radiation (Uchiyama et al. 2007)

LEPTONIC
model fits

HADRONIC
model fits
N'co y’. Bh o - ’Em’ﬁ*\%\
§ 10° @ Detection of v rom SNR will f{ﬁ\
> . \
2 be a ground-breaking event, \}ﬁj
L confirming them as much ' \
=z . \
N sought after cosmic ray \ {
\ - . \ h
. —_m— Fermi LAT (24 Fermi LAT (24 months) \
107 ——+— HESS (Aharoni SOUrces HESS (Aharonian et al. 2007) \ |
C Berezhko & Voelk 2006 o \
Ellison et al. 2010 (nOdominated) statistical — — Porteretal. 2006 _ \ |
Zirakashvili & Aharonian 2009 (I'l0 dominated) ‘ ) — — Ellison et al. 2010 (IC dominated)
= | Zirakashvili & Aharonian 2009 (IC/ 70 mixed) \ systematic | | Zirakashvlili & Aharonirlm 2009 (IC ffominate\id)\l
LIl | IIIlHII 1 JlILIIIJ L |||||||| 1 IJIIIIII | 111l I L1 L 1il1l] L1 L1 1ill 1 Ll Ll 1 L L LIl L L1111l I
10° 10* 10° 10° 10 10° 10° 10* 10° 10° 107 10°
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OLD SNRs: Confirmation of hadronic y rays

Typical age: ~10,000 yr, often found interacting with Molecular Clouds |
200
Detection of L.
characteristic pion- =
decay signature 2 -
§
[Fermi-LAT] Ackermann et al. 2013 8 50
(]
S
e Bright GeV neutrino sources ;
e Faint TeV neutrino ﬂUX 196 192 188 184 180 44 40 36 32 28
Galactic Longitude (deg) 20
A B
i ‘ IC 443 B Wwa4
1070 10710
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E [ g [
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8 10hE 8 oML
w E L =
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2 T 2
QIiIJ L ; B%E%rﬁl;z; POWeEr law QI:IJ L ---;—-- E:iiii_t&r_lo_ken power law
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A Little Cousin of Supernovae

]/r» Fermi Detects Gamma Rays from Nova Cygni 2010 an_,;

V407 Cygni
Nova 2010

V407 Cygni Symbiotic binary
system (2.7 kpc):

March 10 to 29, 2010

Mira—typg pglsating star, most o= IoF + PO
probably in its AGB phase s S |+ + + T =0 e
~ . = L
LRI =ttt T e
| | o o P e R P ]
Multi-wavelength light curves ‘ g af : YT metene peq cme G P ]
s 9of .

& 10f | :

© 11 B— {} — o +

A Nova is a thermonuclear explosion 7 2o : 0.3270 ke ve s T
on a white dwarf (WD) surface | '
fueled by mass accreted from a & oF | R ;

companion star in a binary systems. 0 10 20 30
Days since 10 March 2010
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Gamma Ray Nova Model

Rapidly expanding nova shell in a dense

Red Giant T circum-burst medium can produce shock
M.ing \'\ Y and particles can accelerate in the shock,
~3x107 M, yrt and interact to produce gamma rays
-1
Viing = 10 km s° s V407 Cyz 2010 Nova (0—65 days)
SZ2h
N 1.0f
05L
0.0} .
_0_5; / \
_10f o]
. WD red giant
\ -15} ]

15 -10 -05 0.0 05 10 15
10 cm
~ 106
I\/Iejecta 10 Ivlsun
= 3000 km s! X-ray emission from the shell: Thermal

Vnova = bremsstrahlung in shock-heated gas
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Gamma Ray Emission model (V407 Cyg)

15 day avérage

Hadronic & leptonic models for y-ray
spectrum are statistically equivalent

{1010+

= 7% decay: accelerated p’s collide with ambient

wind material from the Red Giant
10-11F

® Fermi-LAT data \

E2F(E) (ergs™ cm?)

» Inverse Compton: accelerated electrons up-
scattering infrared photons from the Red Giant

— n® model \

— — Inverse Compton & bremsstrahlung

\
[Fermi Collab.] Abdo+ 2010 \

Kinetic energy of the nova shell ~10%* erg 1072 o560 TR
Total energy in yray transient ~4x10*! erg S Eher

* Hadronic model ~9% of K.E. il

* Leptonic model ~0.4% of K.E. VP S,

-

- ————

—- N

ST —
~

~

Expected n fluxes of differ@§ji SERE ENATAZN HIEH !
e COENUC VA V407 is 10 times brighter or 3
observed|yray flux times nearer, atmospheric v

= >10 GeV vfluence fron
= 100 MeV yray fluence backgroun(.i cannot be beaten

. SR+Jean+Mena 2010
10—1 L L L T S

L PR 5T VI
1071 100 10! 102

IceCube Deep Core Detector is sensitive at ~10 GeV E [GeV]




The center of Milky Way is the
closest we can get to a black hole




Huge y Ray Emitting Lobes at the Galactic Center

Fermi Bubbles Discovered by Finkbeiner et al. (2010) in Fermi data

Fermi data reveal giant gamma-ray bubbles

1-10 GeV

- Credit: NASA/DOE/Fermi LAT/D. Finkbeiner et al.



Fermi Bubbles at High Energies

= Fermi Bubbles are better visible at high energies = Hard spectrum
= Seem to have well-defined boundary (sharp edges)
= Uniform projected intensity over the whole bubble surface

Credit: NASA




Bubble Geometry and Low Energy Observations

Credit: NASA Goddard Space Flight Center

Gamma-ray emissions ’ 4 i
| BEew— o WMAP haze

- R / 23GHz. -

* ROSAT data
X-ray emissions

== 50,000 Iighi:—year‘s :

()
- 4 4 . g

‘Milky Way
Laun -

" Total bubble solid éngle: 0.808 sr
Bubble gas density ~1072 cm™3
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Bubble Morphology and Spectrum

Very hard Bubble y-ray spectrum

Fermi 1-5 GeV

T 7 T 10'5 . T T T T T T T T T T T T T ]
. Fermi 0.5- 1.0 GeV IC template Uniform «...........
|b] > 30° SFD dust = - - -
cle bubble -------
| 0.5 - 1.0 GeV Fermi\- SFD dust — — — |
i GALPROR n’decay - - - -
50 5 GALPROP brem ------- ]
GALRROP IC
'E' 5-:-;'.‘.""-—
s B 107 e . E
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w £ — I~ . — T TR L ]
-7(’, _E_)“ R _\;;‘: o T ettt I
(\.l E .ﬂ-I‘- - :\grf‘;“b ,l— = --‘ |
- ~ i-: =< d .
LE) I I Y N ~ H“‘H o B |\
> el ! ‘o Y 1\
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"< % .1 0-? 'f_ S } . ~ \ RNy ) 'l._/ _
T_u F ~. ) ~ N \ ~ s ,|. ]
- . ~ }\ N ~, 7 ™ ! / ]
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05F | _
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50 0 -50 1 10 100

Galactic Longitude Photon Energy [GeV]

Su, Slatyer & Finkbeiner 2010
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The Origin and Age of the Fermi Bubbles

O Leptonic origin of the gamma rays (inverse Compton)
O Cooling time scale for up to 100 GeV gamma-ray producing electrons is
a few million years - Age of the Bubbles

O Possible origin -

O Outflow from the Galactic center black hole Sgr A* (Su et al. 2010, Mertsch &
Sarkar 2011, Carretti et al. 2013)

O Capture of a star by Sgr A* (K.S. Cheng et al. 2011)
O Localized star formation activity (K. Zubovas et al. 2011)

O Hadronic origin of the gamma rays (pion decay)
O Cooling time scale for Cosmic-Ray protons ~ 5x10° year!
O Sets a lower limit on the bubble age

O Possible origin -

O Prolonged star formation activity at the Galactic Center (Crocker &
Aharonian 2011)

O New Physics models
O Dark matter annihilation (Cholis 2011)
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FB from Galactic Center Starburst Activity

Total energy output rate (power) from SNe around the Galactic Center From infrared

Py = Egy X rategy / luminosity

~ 10% erg x 0.04/100 yr =~ 1.3x10% erg/s

4 %

Total mass loss rate in wind: |\7|W ~ 0.03 My, /yr
wind speed: Vi = (2P /M) 7 ~ 1200 km/s

WMAP haze
_ B field

Minimum bubble formation time scale

Sun

' 8.5 kpc _§Q Tbb| > ngaSVbb|/8|\7|W =~ 3><1098_1 yr
TN

Galactic disk

Su, Slatyer & ~0.01/cc, 2 blobs of r = 3.5 kpc
Finkbeiner .
2010 B=TRTTTRTaleT )= .. Shock-accelerated cosmic-ray power in wind

Pcr ~ 0.1Pgy ~ 1022 erg/s

These cosmic-rays interact with bubble gas to
produce n° decay y’s on a time scale

Hadronic model by Crocker & Aharonian 2011 =2 | Ly, = (NgasOppAesC) ™t ~ 5x10° yr
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Bubble Gamma Ray Spectrum and v Flux Models

Primary Cosmic Ray spectrum: ~ E 21 exp(-E/E,) ; E, = (1+10) x101° eV
Cutoff energy is motivated by the “knee” of the CR spectrum

Lunardini & Razzaque 2012 = Gamma and neutrino

10-6: T T T T T IO T T OO T T T T T T T T T |||||% fluxes ()10 GCV) fr'om
I Fermi Bubble y-ray data li"m(lgsih;g%: parameterization of pp
oo [ s T 2 ] interactions from
S e <N A - QGSJET hadronic model
D |/ ......._.+ ST |
= /,/%' R SN o " Low energy fluxes from
> sl N delta-function approx
L 10 §; -—- Y(E,=1PeV) O =
&) - 0 by N d
= F |-G 22y, " Neutrino flux follows
E L [ TE=3PeY) LN gamma-ray flux in spatial
] .. v, (E,=3 PeV) : N i
th - YLE Eﬂﬂz 10 PeV) Atmospherig \:.‘ ‘\'1 Y‘ COOf‘d hates
T —= v, (E,=10PeV) vy (6,=180) ‘v & 1 ® Knowing position of the
10'8 | | IIIII| | 1 IIIIII| | 1 IIIIII| | 1 IIIIII| | 1 IIIIII| | 1 IIIIII|‘|.‘4 I‘hI"JIII bubbles helps gr‘ea.‘-ly TO
1 0 1

100 10 10 10 100 100 10° 10° reduce the atmospheric
E (GeV) heutrino background
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Sensitivity of IceCube ¢ i
v Telescopes are mostly sensitive ‘ 140
to the sky below the horizon 120
100}
Digital —
Optical o
Modules |
Muonr‘adiaTeS Dzlllllllllllllll.l III|IIII
Cherenkov llgh"' 2 3 4 S 6 |OQTO[ETC?GEV]]9
$ 60 1
o
g 40; tg
interaction 8 20/
. 0:_ 10"
IceCube is . | 5
Vu sensitive toonlya %[ i
small fraction of 0| '
incoming the northern FB ok
40 30 20 40 0 10 20 30 a0

N. Kurahashi 2011 Gal. Igg. [deg“l0
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Choice of location for a v Telescope sensitive to FB

Exposure to the bubbles vary
daily due to rotation of the Earth

Daily exposure 41.3° below the horizon
from a detector at +43° latitude

|

For maximum sensitivity to the FB,
telescope needs to be at high latitude
in the northern hemisphere

Declination (Degree)
|
LA LAt
-] -]

5

> planned KM3NeT in the 0 50 100 150 200 250 300 350
Right Ascension (Degree)

Mediterranean

0 I

o 0.50

=

CG -

2 0.20}

g | perT e

« 0.10}

S

§ 0.05}

S

= 0.02F -0.66 < COSHZ <-0.33
-0.33 <co0s6,<0

Y > ‘ ANTARES
Detector latitude (degrees)
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v Event rates for the Fermi Bubbles

Upcoming Muon neutrino event
rates for a km scale detector in the
Mediterranean (6=+43°) for
different threshold energies

10 year event rate for a fixed
threshold energy of 25 TeV

--- E;=1PeV
E,=3PeV

- E;=10PeV

— Atmospheric

E E-ELPeVE)
E ZBPeVE
E, ZE0FPeVE
backgroundp

S
4
=~
-
©
L C
> L
o -
—
~~ |
)
+—
c
[¢D]
>
L

Number@®fvents,

"' M
’I'I 1 IIIL(

Thick lines: -1 < cosg, <0
Thin lines: -1 < cosq, <-0.66 EANRY

10 AN T AT N T TN YT N T Y MY SO YT N |\‘L I ~A[*-T\.\i\
3 35 4 45 5 5.
log (E. /GeV) -1,B0.66 -0.66,80.338 -0.33D@  -1,0ftotal)a
th

Cos,;

The final scale of KM3NeT could reach 6 km? (R. Coniglione 2011)
=» Higher event rates, faster detection of the bubbles
=» Fermi Bubbles can be detected within few years!




A Subset of IceCube events from GC region

+90°

+180°

5 shower-like events are concentrated at the Galactic Center region
3 shower-like events are correlated with Fermi bubbles at high latitudes
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A Subset of IceCube events from GC region

Average effective area Galactic Center region:
g L I 8° around the center, Q;- = 0.06 sr
— 10000 -
£ - - * 4 Shower-like events at 100 TeV
g 1000¢ E « 1 shower-like event at 1 PeV
= - ]
@ 100 .
€ E Flux of v from GC region: Hard o< E~%; a~2
£ 10g E
g - 7 EZ(I)(Ue"i_U_u —l_y’r)w
£ 1 =
= : £ 1.3x 1072 GeV em™2 s ; (100 TeV)
= 0l E 1.1 x 1072 GeVem™2 s ; (1 PeV),
01 _ ible with lati
- log E./GeV Compatlb.e with extrapolation of y-ray
10 flux from inner Galaxy (|l| < 80°, |b| <
[IceCube Collab.] Aartsen et al. 2013 8°) detected by Fermi-LAT
n® decay y-ray flux component at 1 PeV
* Incompatible with Atmospheric flux within Qg = 0.06 sr and o< E~23
E*®(1,) =5.0 x 107" (E/PeV) ™% GeV em™2 57! ~ 38 x 1072 GeV em—2 s~!

* Inferred flavor ratio is compatible with 1:1:1 A common origin for both y and v
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A Subset of IceCube events from GC region

[s supernova activity at the Galactic Center region responsible for v events?

 Bolometric v luminosity from Qg = 0.06 sr: ~4.1 X 103* erg/s
. ic- e — 39 Crocker &
Cosmic-ray power from supernova activity is ~1.3 X 10°” erg/s Aharonian 2011

Cooling time scale of cquuia :
8 shower-like events may

tpp = (0py originate from the supernova
activity at the GC region

=1 year

I~ 6 :
Cosmic-ray escape time scale from GC region 6 X 10” Mgyy in gas

3 m2 BG E 1 BG R 2
tpeo = ——L " R?2~54x10° [ —2— — ;
"~ 3E, B., 8 (IUPEV) (12 ,uG) (kpc) yoar

A hard cosmic-ray spectrum follows from: t,.. < t,, < teg

Lunardini & Razzaque 2012

Fermi-bubble v events from high-latitudes

Nppjo ~ E®(ve + v )Qpp/a(Ac + Az )tipe ~ 1.1

~2-3x higher possible
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A New Window to the Universe

Information known prior to 1940

[t took more than 330 years to go
beyond Optical Telescopes

* Radio Astronomy (1930’s)

e Infrared Astronomy (1950’s)
e X-ray Astronomy (1960’s)

e vy-ray Astronomy (1960’s)

Neutrino Astronomy is still in infancy

v’s from Sun and SN 1987A
IceCube events(?)

Future may hold surprises too!! Natireofithe sotfcestare

unknown, only hints from
- photon astronomy
- Cosmic ray observations




Summary

O High-energy astrophysical neutrinos can open a new window to
the extreme and unseen universe

O Detection of 28 events by IceCube is very welcome!

O Methods to model neutrino fluxes from astrophysical sources are
not well-understood
O Many candidates but no definitive sources
O IceCube Limit on GRB prompt neutrino flux is consistent with
radiation from large radii or large bulk Lorentz factor

O UHE (=1 PeV) neutrinos from GRBs and TeV-PeV neutrinos from
optically thick sources are yet to be constrained

O Galactic center region and Fermi bubbles are interesting targets
for neutrino telescopes (both for astrophysical sources and dark
matter signals)

O A subset of the 28 IceCube events could originate from GC activity

More events are and theoretical study are needed!
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High Energy GRB

Projected v events for IceCube
Flux model v, Ve
Precursor | (He) - -
Precursor Il (H) 4.1 1.1
Burst/prompt 3.2 0.3
Afterglow (ISM) - -
Afterglow (wind) 0.1 -
Supranova (>0.1d) 13 2.4

E, > TeV, no oscillation

log10] E2 b, /(GeV cm s )]

Expected prompt muon neutrinos,
after oscillation ~1.6

Current non-detection of neutrinos
from GRB 130427A (z=0.34) is
consistent with prediction

Soebur Razzaque, University of Johannesburg

v Detection Prospects

GRB 030329/SN 2003dh
Typical long duration GRB with bright SN
~10! ergs/s luminosity at redshift z=0.17

-3
Burst

Supranova o
- 3 ._.-' :
K
. ;s
-

Afterglow (wind)

PRD 2004
9

Razzaque, Meészaros & Wax

3 & 7
logl0[ E,, / GeV]

10

B

Neutrino flux models:

Dai & Lu 2000 (afterglow wind)

Razzaque, Meszaros & Waxman, PRL 2003 (supranova)
Razzaque, Meszaros & Waxman, PRD 2003 (precursor)
Waxman & Bahcall 2000 (afterglow ISM)

Waxman & Bahcall 1997 (burst/prompt)



101{]

Brief (few Million yr) activity of the
Galactic Center Black Hole (Sgr A*)
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inflate the bubbles - with enough § 106
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Crocker & Aharonian 2011 -=- iafonian ";md Crocker § Simple disk IC template :
T S ﬂﬁeng e:a ' 4 Fermi 0.5-1.0 GeV IC template
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Neutrino Events and Detection Significance in
Different Zenith Angle Bins

* Events are calculated for a km scale Mediterranean detector (KM3NeT)
« Daily modulation (visibility of the bubble fraction at different hours of the day)
are taken into account for each zenith angle bins
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A Steeply Falling Gamma-Ray Flux Model for the
Fermi Bubbles and Neutrino Detection Prospects
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Other Processes Contributing to Gamma Ray Flux
and Uncertainties in Hadronic Models
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Flavor Composition of the Fermi Bubble Neutrino
Flux and Flux at the Detector

Source flux is composed of v, and v, at a ratio 2:1
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Gamma Ray Bursts and Supernovae

Gamma-Ray Bursts are likely very rare events when core-collapse SNe
form a highly-relativistic jet with a bulk Lorentz factor

I = [1-(v/c)?]1/2 ~ 100-1000
* The observed GRB rate is ~ 1 6pc3 yr-! as compared to
~10% - 10° Gpc3 yr-! core-collapse SN rate
* A class of weak GRBs, referred to as low-luminosity GRBs show very
bright SN and their occurrence rate can be very high, 103 Gpc-3 yr-!
* Numerical simulations (Woosley et al.) show that a weak jet with low I'
forms after CC much more frequently than GRB-type high T" jet

Other observations also suggest presence of a weak jet formed after
the core collapse

* High velocity (30-40 x 1000 km/s) first observed in SN 1998bw.
* Radio afterglow not associated with gamma-ray emission.

- Asymmetric explosion geometry of SN type Ib/c.



Jetted Supernova Model Details

= The pre-supernova star, after losing its outermost envelope, is typically
a Wolf-Rayet star of radius ~10!! cm in the case of a type Ib or larger
in the case of a type IT supernova

= We model the mildly relativistic SN jet inside the pre-supernova star
with a bulk Lorentz factor I'~3 and a fotal jet kinetic energy ~3x105!
ergs which is ~1% of the total energy released in the SN explosion

= Because of its relativistic motion, the jet is beamed with an opening
half angle ~1/T"  ~20 deg. which is much wider compared to a GRB jet

* The jet duration is ~10 s, typical of a long-duration GRB

* The jet may choke inside the collapsar or break-out the envelope

= Optical SN event follows afterward




Neutrino Propagation through Earth

<— EHarth’s density profile

Density (g cm™)

Preliminary
Reference varriving at the detector at different

Earth Model zenith angle 6, go through different
(PREM) densities (~8.4 g/cc for core-crossing,
~5 g/cc for mantle-crossing)

Standard 3 v probabilities for a given 6,

3000 6000 _ Y

..... Radius (k)

MSW
resonance
picks and
dips




