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Starburst Galaxies as a Candidate Source
Class of High-Energy Neutrinos

northern hemisphere
post-trials: p = 0.23

" "'No |nd|V|duaI sources .
'. detected yet ey

southern hemisphere
post-trials: p =0.44
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Starburst Galaxies as a Candidate Source
Class of High-Energy Neutrinos

northern hemisphere Contribution to IceCube signal
SSESUCEE AN from dedicated population studies

Gamma-ray blazars: < 20%

Glusenkamp et al. (IceCube) 2015
arXiv:1502.03104

‘No |nd|V|duaI sources g
| detected yet R Gamma-ray bursts: < 1%
Ty , lceCube 2015

arXiv:1412.6510

SRR Point-source searches are not yet
southern hemisphere : sensitive enough to strongly
post-trials: p = 0.44 constrain starburst models

C::_:: e.g., Loeb & Waxman 2006, Murase et al. 2013,

0008 L2 -8 | >0 | v A8 0a >0 He et al. 2013, Anchordoqui et al. 2014,
Chang et al. 2014, Senno et al. 2015

lceCube 2014, arXiv:1406.6757

— Suggests population of numerous but individually faint
extragalactic sources (e.g., starbursts) rather than rare bright sources




Starburst Galaxies as a Candidate Source
Class of High-Energy Neutrinos

Gamma-ray detection of nearby starbursts
indicate large cosmic-ray energy densities

Cosmic-ray proton collides
with ambient interstellar gas
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Inevitable production of Gamma ray\‘
gamma rays from the same + Electrons / positrons

hadronic interactions that + Neutrinos
create neutrinos




Gamma-ray Detected Starbursts:
Luminosity Scaling Relations
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Gamma-ray Detected Starbursts:
Luminosity Scaling Relations

e LAT detected
® LAT detected with AGN

-

o
NS
N

6 DON

Circinus galaxy @ o

NGC 253

Milky way Peng et al. 2016
arXiv:1603.06355

‘n

®)

. -

Q

% 10%°
O

(@)

o

T 38
(@)

S 10

see also
Griffin et al. 2016
arXiv:1603.06949

1036 L1 el L1 1l L1 1 a9l 1 WERE ] L1111
1 042 1 043 1 044 1 045 1 046

Lg 1000 um (€rg s™)




Gamma-ray Detected Starbursts:

Spectra

Spectral
Index

2.21 + 0.06
2.5 + 0.0

2.34 + 0.03
2.43 + 0.07
2.32 £ 0.10
2.37 £ 0.15

2.35 £ 0.16

Energy Range
(GeV)

0.1-100
700 -5x 10

0.2-3x10
0.1 -100
0.1 - 100
0.1 - 100

0.2 -100

Reference

3FGL
Acciari et al. 2009

Abramowski et al. 2012

3FGL

3FGL

3FGL

Peng et al. 2016




Resolving the High-energy
Extragalactic Gamma-ray Background (EGB)

Fermi-LAT - _ - LAT Collaboration 2015
Galactic coordinates °:3 arxXiv:1511.00693

>50 GeV, 6.7 years, ~60000 events, ~0.1 deg angular resolution
2FHL catalog includes 360 sources
At high Galactic latitude, ~97% blazars



Resolving the High-energy
Extragalactic Gamma-ray Background (EGB)

2FHL 5° dN/dS for [b| >10°
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Gamma-ray flux

— Blazars account for 86+16.14% of total EGB above 50 GeV




Cumulative Gamma-ray and Neutrino
Emission of Star-forming Galaxies

Two approaches:




“Realistic” Galaxy Population Model:
Evolution of Emissivity Density

Three populations

Starbursts:
Spectral index I'sg

Normal galaxies:
Spectral index I'sg + 6
w/ 6 =0.5

Normal Galaxies -.. SFGs w/ AGN:
h Mix of starbursts and
normal galaxies

1.0 1.5 2.0 2.5 3.0 3.5
redshift z
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“Realistic” Galaxy Population Model:
Cumulative Emission
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“Realistic” Galaxy Population Model:
Cumulative Emission

Normalized to IR-gamma-ray Normalized to
scaling relation non-blazar EGB (0.05 - 1 TeV)
hadronic y-ray emission normalized to IR-y-ray correlation hadronic y-ray emission normalized to best-fit non-blazar EGB
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“Realistic” Galaxy Population Model:
Cumulative Emission

Normalized to IR-gamma-ray Normalized to
scaling relation non-blazar EGB (0.05 - 1 TeV)
hadronic y-ray emission normalized to IR-y-ray correlation _ hadronic y-ray emission normalized to best-fit non-blazar EGB
—6 Fsp=215,m=1 — v (per flavor) —6 Fsp =215,n =0.42 — v (per flavor)
10 i Tamborra, Ando & Murase (2014) — total y 1 10 f‘ﬁ% Tamborra, Ando & Murase (2014) — total y
— - directy ] — - directy
— * cascadey — * cascadey
';5 H-  IGRB (Fermi) lt;; HH  EGB (Fermi)
n 10_7 '_{_‘ "}' IceCube combined | 7 0 10_7 + "}' IceCube combined | 7
T e T q T ]
g + g - %
o Q
3 3
O 1078 O 107% T ‘l’ .
& & 4

[W—
i
o]
[W—
i
O

Spectral index for starbursts = 2.15



“Realistic” Galaxy Population Model:
Cumulative Emission

Normalized to IR-gamma-ray Normalized to
scaling relation non-blazar EGB (0.05 - 1 TeV)
hadronic Yy-ray emission normalized to IR-y-ray correlation _ hadronic y-ray emission normalized to best-fit non-blazar EGB
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“Realistic” Galaxy Population Model:

Parameter Space Constraints

Fermi upper bounds on direct & cascade y-ray flux

Tamborra, Ando & Murase (2014)
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“Realistic” Galaxy Population Model:

Parameter Space Constraints

Fermi upper bounds on direct & cascade y-ray flux

Tamborra, Ando & Murase (2014)

Vu +Vyu 2yr
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Region of parameter space
compatible with all available

gamma-ray data

v IR-gamma-ray scaling
relation

v Non-blazar EGB

v Spectra of detected
starbursts

...but undershoots IceCube
signal by about an order of

magnitude
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Generic Calorimeter Model:
Cumulative Emission

Normalized to Normalized to
best-fit IceCube neutrino flux non-blazar EGB (0.05 - 1 TeV)

hadronic y-ray emission normalized to best-fit neutrino flux hadronic y-ray emission normalized to best-fit non-blazar EGB
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Break at 25 TeV to minimize EGB contribution



Generic Calorimeter Model:
Parameter Space Constraints

Fermi upper bounds on direct & cascade y-ray flux

power law Vi +Vyu 2yr
MESE 2yr
HESE 3yr

combined fit
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Generic Calorimeter Model:
Parameter Space Constraints

Fermi upper bounds on direct & cascade y-ray flux

broken power law Vi +Vp 2yr
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General Considerations

Conservative analysis In several respects:

Broken power law spectrum in generic calorimeter model tuned to fit
lceCube data with a minimal EGB contribution; realistic model
includes normal galaxies with softer spectra

Attributed all gamma-ray emission in star-forming galaxies to
hadronic processes

Assumed that star-forming galaxies saturate non-blazar EGB, even
though comparable contributions are expected from other
extragalactic source classes, e.g., mis-aligned AGN

(Inoue 2011, Di Mauro et al. 2014, Hooper et al. 2016)
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General Considerations

Comparable contributions expected from mis-aligned AGN

| H

1 I I 1 LI I B A | I 1

O EGB Total Spectrum

[ ] Sum of Components
-] All Blazars - this work

NS

\¢
+Jollo14

| [ L1l

INX
IV‘:;

—h
Q
N

1 IIIIII|

| | IIIIII|

-t
o
&

Radio Galaxies (Inoue 2011)

Star-forming Galaxies (Ackermann et al. 2012)

e
0
7/

>
=
o
>
v

S,
"
>
S

N
L

[ IIIIII|
| i 1L

] — ]

" Sum of Components/EGB
Foreground Modeling Uncertainty

-II|

1 lllllll
T T

Fraction of EGB _,

e

-III|III|III|III III|III|III|III|I

— [
O dll

Energy [1(geV]

Ajello et al. 2015



General Considerations

Comparable contributions expected from mis-aligned AGN

EGB composition with PL SF model
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General Considerations

Comparable contributions expected from mis-aligned AGN

- === Unresolved Radio Galaxies

} Fermi IGRB

Hooper et al. 2016
arXiv:1604.08505




Model Variations:
Realistic Galaxy Population Model

Reduce spectral softening Maximum EBL density allowed by
due to diffusion gamma-ray observations of blazars
10 Fermz: upper]boundls on dilrect & casca(]ie Y-ray flux 10 Fermz: upper boundls on di]rect &. cascaclie Y-ray flux
Tamborra, Ando & Murase (2014) | : Tamborra, Ando & Murase (2014)
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Model Variations:
Realistic Galaxy Population Model

Assign hard spectral index to all Assign soft spectral index to all
star-forming galaxies with AGN star-forming galaxies with AGN

10 Fermi upper bounds on direct & cascade y-ray flux 10 Fermi upper bounds on direct & cascade y-ray flux
\ Tamborra, Ando & Murase (2014) | : Tamborra, Ando & Murase (2014)
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Model Variations:
Consider Only Direct Gamma-ray Emission

“Realistic” galaxy population model Generic calorimeter model

10 Fermi upper bounds on direct y-ray flux Fermi upper bounds on direct y-ray flux
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Tamborra, Ando & Murase (2014)
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lceCube Events from Local Starbursts?

Some indication of a spatial correlation between lceCube
high-energy contained (HESE) events and nearest starburst galaxies

See related talks by
Soebur Razzaque and
Cecilia Lunardini ° _ | A TeVSBG (2)

B Fermi SBG (2)
@ 100um SBG (3)

. E<100 TeV
e 0.1 PeV<E<]1 PeV

Emig et al. 2015
® E>1PeV

arXiv:1507.05711

Is an association between IceCube HESE events and

the nearest starburst galaxies plausible? .



lceCube Events from Local Starbursts?
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lceCube Events from Local Starbursts?

NGC253
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“For a neutrino spectrum of the form E-2 the neutrino flux required to produce one event in
lceCube, ¢, is such that E2 ¢p1) ~ 1011 erg cm=2 s1, nearly independently of the energy of

the specific neutrino event considered, and with a Poissonian error of a factor of a few.” -



lceCube Events from Local Starbursts?
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Scenario Compatible with Available
Gamma-ray Data

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

I'se =2.3,m =0.92 — v (per flavor)
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Implications

arXiv:1511.00688
Look for an updated version soon...




Gamma-ray Detected Starbursts:
Luminosity Scaling Relations

Ackermann et al. 2012
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Gamma-ray Detected Star-forming Galaxies:
Spectra

Starbursts
A NGC 1068
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Constraints on the Neutrino Emission of
Gamma-ray Blazars

Glusenkamp et al. (IceCube) 2015
arXiv:1502.03104

—  Diffuse Flux

“equal weighting
7-Lum welghtmg |

IceCube Prelrmmary
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Note: In gamma-ray weighting scheme, ~60% of the total blazar EGB contribution is resolved into 2LAC sources,
so place an upper bound of 8% / 0.6 = ~13% on the total contribution of all gamma-ray blazars to lceCube signal 36




Arp 220 Gamma-ray Detection with

Fermi-LAT
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Peng et al. 2016
arXiv:1603.06355

see also
Griffin et al. 2016
arXiv:1603.06949
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Gamma-ray Opacity within Starbursts

Energy [GeV:

Yoast-Hull, Gallagher, & Zweibel 2015




| ocal Enhancement?

Predictions using
I-0.1-100 Gev'L8-1ooo um
Scaling Relation
(Ackermann et al. 2012)
| with IR Luminosity Function
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| ocal Enhancement?
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