How far are the sources of IceCube
neutrinos? Constraints from the diffuse
TeV gamma-ray background

Xiang-Yu Wang
Nanjing University, China



Outline

Constraining the neutrin
diffuse TeV background

Some discussions on the starburs




Arriving directions

Galactic

® 28 “cascade events” (circles) and 7 “tracks events” (diamonds); size of symbols
proportional to deposited energy (30 TeV to 2 PeV) [lceCube PRL 113 (2014)]

X no significant spatial or temporal correlation of events

Isotropic distribution dominated
Favor extragalactic origin




How far are the sources of neutrinos

The sources of neutrinos are unknown due to lack of associations

Such an isotropic distribution could be produced as long as the

distance to the source is significantly larger than the size of the
Galactic plane

There are claims of correlations between neutrinos and UHECRs

(Moharana & Razzaque 2015)



TeV gamma-ray connection

TeV gamma-rays will be absorbed
If they are too far from us.

By comparing the cumulative TeV
flux and neutrino background flux,
one can obtain the information of the
source distance

BOne assumption: no internal absorption in the

source




TeV gamma-ray background

TeV background flux is significantly lower than the neutrino background

Most of the TeV gamma-rays associated with neutrinos must be absorbed
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Blazar contribution to the extragalactic
gamma-ray background

N(=5) 2FHL |b| =10°

W 2FHL source counts
—— Best fit
- Ajello et al. 2015
= Di Mauro et al, 2014
—— Giommi et al. 2015
v CTA, 5 mCrab

Ackermann+ 2016
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Above 50 GeV , blazars account for at least Eissd of the total
extragalactic y-ray background.
The non-blazar EGB account for <14%



Combined maximum-likelihood analysis

BN Power law (v, +v, +1,)
W Differential (v, +v, +1)

10° 10°
E, [GeV]

IceCube collaboration , 2015, ApJ



Tension with the gamma-ray background

arXiv:1511.00688

10 Fermi upper bounds on direct & cascade y-ray flux . Fermi upper bounds on direct y-ray flux

hadronic y-ray emission normalized to best-fit neutrino flux

broken power law broken power law Vi o+ ¥y 2yr
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spectral index I for £, > 25 TeV spectral index I for E, > 25 TeV

Possible scenarios:1) overestimate the neutrino flux at 10 TeV
2)hidden in gamma-rays (e.g. Choked jets)


http://arxiv.org/abs/1511.00688

How far are the neutrino sources

Chang, Liu & Wang 2016
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high-density source case
(e.g. 4x10“*Mpc
starburst galaxies)

middle-density case
(e.g., 4x10-°Mpc-3;
cluster of galaxies)

low-density case
(e.g. 4x10-8Mpc3
blazars)



1) Non-blazar EGB Case

Assume that EGB and IGRB are only relevant to >100 TeV neutrinos

+ |C constraint

Consider an extra constraint due to
the IceCube nondetection of the
nearest point sources

——4*10" NO EVO
----4"10" SFR
——4*10° NO EVO
----4*10° SFR
——4"10" NO EVO
*10* SFR

“NO EVO
“ SFR
“NO EVO
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2) the redshift evolution of neutrino
source density must be at least as
fast as SFR

1) We find that above 80% of the IceCube
neutrinos should come from sources
redshift z > 0.5.




— v no evolution
—+SFR

& Fermi EGB 2015a
leaCube combined
+ 4 |ceCube 3 vears
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the redshift evolution of neutrino source
density must be at least as fast as SFR



2) Blazar EGB case

Allow blazars to contribute to IceCube neutrinos (10-100TeV) and use the full EGB
as the upper limit

+|C constraint

——4*107" NOEVO ——4*10™ NO EVO
----4*107" SFR ----4*10" SFR
——4"0° NOEVO ——4*10° NO EVO
----4*10" SFR ' ----4"10" SFR
——4*10" NOEVO ——4*10" NO EVO
--4*10" SFR ® SFR
7 ICECUBE

E o (GeVem®s™ sr)
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However, in conflict with BL Lacs
distribution

[:] BL Lacs, 16 uncertainty

ey FSRQs, 106 uncertainty (Ajello et al. 2012)
* Femmi IGRB 2015a
lceCube combined

¢+ @ |ceCube 3 years

HSPs, 10 uncertainty
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Summary (l)

>80% of the IceCube neutrinos should come from sources at
redshift z > 0.5.

To explain the flux of neutrinos under the TeV gamma-ray emission
constraint, the redshift evolution of neutrino source density must be
at least as fast as the cosmic SFR.

Future better measurements of TeV background will put more
stringent constraints.



TeV/PeV neutrino models?

GRB (Cholis & Hooper 13)
AGNSs: (Stecker et al. 91; Kalashev et al. 13)
Starburst galaxy (Loeb & Waxman 2006)

Hypernova in star-forming galaxies (Liu et al. 14)



Gamma-ray emission from starburst galaxies
Abdo et al. 2010
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Cosmic rays accelerated by SNRs

Cygnus Loop (0.5-10 GeV)

e Superno
(SNRs)

o Cosmic rays a
these shock fro

o GeV Gamma-rays
Cosmic rays

- 21:00:00.0 50:00.0 20:40:00.0 - + + + +
........................... 0Lt Doy — P + P _
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Correlation between gamma-ray and
infrared luminosities

SFR (M_yr)

o LAT MNon-detected (Upper Limit) )
o LAT Non-detected with AGN (Upper Limit) ?] 2 S o
e LAT Detected o
= LAT Detected with AGN
= Best-fit
[ Fit Uncertainty

108 109 1010 1011 1012
L3-1000 um (La

Ackermann et al. 2012

Several nearby star-forming galaxies
detected

Gamma-ray and infrared luminosity
well correlated

Naturally expected if more CR energy
is converted into gamma-rays in more
luminous galaxies



CR calorimeter ?

Calorimeter: high gas density galaxy

t, <t

PP “eScape

“calorimetry fraction limit”
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Best target: (ultra) luminous infrared galaxies

Lacki et al. 2011



GeV emission from LIRG NGC 2146

Tang, Wang & Tam 2014

A luminous infrared galaxy at d=15Mpc
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5.50 detection of gamma-ray emission
above 200 MeV
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NGC2146—a likely calorimeter ?

L,(>0.1 GeV)

= 1.5 x 107 E51n0.0sB17

L 8—1000 pum

assuming Eqy =, 1 05=1, for proton
calotimeter limit : Ly 006ev/La1oopm=1-56-4-

NGC 2146 is likely a proton calorimeter !

Cosmic rays accelerated in NGC 2146 lose
most of their energy into secondary pions
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Tang, Wang & Tam 2014
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Arp 220- the nearest ULIRG: must be calorimeter!

A prototype of ULIRG: L,z=1.4*102L
D=78Mpc
n~10%m-3

sun

Possible AGN

SN rate: 4+-2/yr

Long predicted to be GeV sources
(e.g.,Torres 2004; Lacki+ 2011; Yoast-Hull+2015)




Fermi observation- PASS 8

Peng, Wang et al. 2016, ApJL

See also Griffin et al. 2016

Pomt Position . Separation Photon Flux Energy Flux TS Association

(degree) (degree) (degree) (10" phem s ") (107 ergem™2 s~

Pl (233.677, 23.5163) 0.090 0.058 1.76 + 0.52 1.92 + 0.43 : Arp 220

P2 (233.239, 23.8049) 0.279 0.547 145 + 052 1.39 + 0.40




Light curve and SED of Arp 220

Consistent with a constant flux
[=-2.35+-0.16

VERISTAS upper limit
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Correlation

e LAT detected
¢ LAT detected with AGN
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Favor cosmic-ray origin for the gamma-ray emission !
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Efficiency of powering CRs

Cosmic Rays injection power (SN rate is known)

. yl-

Lcr(>1GeV) = 1.3 x 10* erg 5—1551( Lsn )

The factor -1 arises from the fact that a
fraction (M-2)/(I'-1) of the energy of CRs
above 1 GeV is transferred to lower
energy CRs.

GeV emission luminosity from CRs

Ler(>1 GeV) = 3L, (>1 GeV)(T — 1),

A fraction (3, of the pionic gamma-rays
produced by CRs have energies above 1 GeV

Efficiency of powering CRs of SNRs

7. N1 i
7‘71“(4.2i2.6)‘7oE5‘,‘(%) ( Isn )

A

3%—10% efficiency in the Milky Way (Strong et al. 2010).



Starburst galaxy scenario

Loeb & Waxman 2006

Cosmic rays are accelerated by
SNR shocks

sr|

Normalized with the local 1.4 GHz
energy production rate
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But, Normal SNRs can only accelerate CR to PeV,
while IceCube neutrinos need 100 PeV CRs ?



Hypernova remnant scenario

(Liu, Wang, Inoue, Crocker & Aharonian 2014)

Hypernova prototype: SN 1998bw:
faster ejecta and greater kinetic
energy
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Hypernovae can accelerate CR
protons to 10718 eV (Wang et al. 2007)

Emax = ZeB B'f =4 % l()th

Y € ( v ) ' M
7B, =1 \10%ems—1/ | 3x10-°Mgyr—!

CR protons collide with the
surrounding gas and produce
neutrinos




Neutrino production efficiency

(Liu, Wang, Inoue, Crocker & Aharonian 2014)

pp efficiency

fr=min (1, tesc/Tpp)



Neutrino spectrum

(Liu, Wang, Inoue, Crocker & Aharonian 2014)
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Detailed calculation

Chang, Liu & Wang 2015

Use infrared luminosity function obtained by
Herschel PEP/HerMES (Gruppioni et al. 2013) I T ey

—-=— SF-AGN(SB) v,

-
(=]
&

--- = SF-AGN(Spiral) v,

Sum up contributions by different galaxy _ :

Fermi 2010
* Fermi 2014
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Normal star-forming galaxies also contribute
significantly to the diffuse gamma-ray

background




Summary (Il)

GeV emission from Arp 220 has

Star-forming/starburst galaxies are o
>100 TeV neutrinos observed by IceCu




