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" Detection of Astro-Neutrinos

" Shower or Cascade (ve)

P
B 80 Stations, each with
50m[— z 2 =y 2 IceTop Cherenkov detector tanks
2 optical sensors per tank
320 optical sensors

2010: 79 strings in operation
2011: Project completion, 86 strings

IceCube Arra

/86 strings inclm!ng 6 DeepCore strings
60 optical sensors on each string
5160 optical sensors

T 1 AMANDA

DeepCore
6 strings-spacing optimized for lower energies
360 optical sensors

! |Eiffel Tower
324m

Som Track (vy)

2820m|l_____ v | (b)

1450m|

2450m |

IceCube 2013

Bedrock

* lceCube experiment reported detection
of astro-v (E ~ PeV) in 2013

- Shower: good for spectrum
+ Track: good for source search
* Origin has yet to be determined
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Products of Hadronic Interactions

* pp inelastic collision o[mb]
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Arrival Direction

IceCube ICRC 2019

34 Northergl4Southern
0. Hemigphere / Hemisphere

@5 8% 1?‘6_8 '

HESE with ternary topology ID
# Bestfit: 0.29:0.50:0.21

— Sensitivity, E™>? spectrum
%« 1:1:1flavor composition

J P’ )

Galactic

iceCube Preliminary iéécﬁbe ICRC 2'019

* Isotropic = Extragalactic origin

* No point-source/clustering detection
— Galactic contribution: < 10%

* Neutrino flavor ratio is consistent
with pion decay [(1:2:0) at Source]

Fraction of v,




Neutrino Spectrum

iy . C 107 5
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»  Soft spectrum by the cascade analysis

— Medium energy excess (High intensity @~10 TeV)
+ Flat spectrum by the track analysis

— Hint of two component??

Discuss models that can explain medium energy excess
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Pre-lceCube Models

« Cosmic-ray accelerators « Cosmic-ray reservoirs
mainly py interaction mainly pp interaction

* Active Galactic Nuclei (AGN) * Star Forming Galaxies (SFG)

Blazars & luminous Seyfert galaxies

W

L Y . Loeb & Waxman 2006

Vl Manhelm & Blermann 1989
Stecker et dl: 1991 |
Halzen & Zas 1997

Waxman & Bahcall 1997
Dermer & Atoyan ZQQ3

S Murase et al. 2008
Kotera et al: 2009
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Pre-lceCube Models

« Cosmic-ray accelerators « Cosmic-ray reservoirs
mainly py interaction mainly pp interaction

* Active Galactic Nuclei (AGN) * Star Forming Galaxies (SFG)

Blazars & luminous Seyfert galaxies

¥

Loeb & Waxman 2006

v¢v

. Manhelm & Blermann 1989
Stecker et dl: 1991 |
Halzen & Zas 1997

Waxman & Bahcall 1997
Dermer & Atoyan ZQQB

S Murase et al. 2008
Kotera et al. 2009
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High-Luminosity GRBs

' i 15,201
- GRBs: explosion related to death of massive star IeeCube 2012, 2015, 2017

*  The most luminous explosion in electromagnetlc waves

107° T L LA LA LI LA JLLLLL) IL L L ILLLL
B Clobal Fit (2015) South v, GRB (5 yr)
106 | North v, (2016) —— (Cascade GRB (3 yr)
F| = Combined Analysis == North v, GRB (7 yr)
1077
Black hole e - _ 10—8 L.
engine ; ;g r‘a‘:agg/c.gv v ve. o .
Afterglow 10_9 .
10-0L ..........
i IIIII Ili

105 10t 105' S TI TV A T T,
- Stacking analysis of gamma-ray detected GRBs ¥ Fnersy (GeV)
— No associated neutrinos so far
— Less than | % of detected neutrinos
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Blazars

- AGNs whose jets are directed to us
* The most luminous steady objects

2LAC Blazar Upper Limit == éequal Wéighting :
H—— Tsi= =25 L, >10TeV [.oooeen y-weighting -+ - 5
| — [y = —22,F, > 10 TeV | : : : ]

G
G
.
.
.
f . f
G
.
‘e
G

_ iceCube ;2017 T _ .
10_10: E®¥ Astrophysical Diffuse Flux 1

T T S TR T Il
Neutrino Energy |GeV]

+ Stacking analysis of blazars detected by Fermi LAT
— No associated neutrinos so far see also Yuan et al. 2019
— Less than 27 % of detected neutrinos
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Point-source constraint

6 7
10 discovery potential for 10 . discovery potential for
105 : steady source candidates 106 B ~ transient source candidates

& ¢ /GG-int in 10 years — ‘ in 10 years

&) 104 i \\ | 105 L

5 >,
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z =

S 10t 2 10%t

S .

< 1+ & 10r¢

S S

;8 011 . IceCube NN g 1r .. IceCube LN

E 102 - 5xIceCube AN - 0.1 —— 5xIceCube .

------- 20xIceCube L o 20 x IceCube "
1073 v 10~2 N
10 109 107 102 109 10% 105 10% 109 10% 10% 107 10% 109 105 105" 1052 109 105 10%
effective neutrino luminosity L, [erg/s| effective bolometric neutrino energy &, [erg]

- Diffuse intensity ~ (Source number density) x (Luminosity)

- No point-source detection disfavors luminous sources

(GRBs, Blazars, Jetted TDEs) Murase & Waxman 2016
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PeV Neutrino Models

« Cosmic-ray accelerators « Cosmic-ray reservoirs
mainly py interaction mainly pp interaction

* Star Forming Galaxies (SFG)

° Non beamed AGN Tamborra+14; Senno+ 15; Sudoh+17

i Klmura et al 2015
" Inoue ét al..2019

* LLGRBs

. .‘ ¢

Mlxésc+ 1)
Fang & Murase 18




Grand unified Picture

-5
10
Fermi EGB —+ Icecube (HESE 6 yr) All KASCADE Fang & Murase 18
Fermi EGB (non-blazar) Bl Icecube (v, 6 yr) Light KASCADE
-1 == Total associated y ray == p—all flavour A Auger (E x 1.05)
1 0—6 | — Source associated y ray Murase TA + TALE (E x 0.91)
— 3 == All CR
I “A == Medium/heavy CR
Z ] 4| = Light CR
I _
® 107 -
o =
=
(&)
= i
Q -8 |
§ 1073
S
(aV]
LLI -
107° 3
10710 1n

E (GeV)

* AGN jets create UHECRs
—UHECRSs are confined and produce neutrinos in galaxy clusters
— Accompanied Y-rays are cascaded down to sub-TeV Y-rays
— A common origin of sub-TeV Yy, PeV v, & UHECRs
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E2(|) [GeV ecm2s ! sr1]

1077}

- Vflux@I0TeV >y flux@ 100 GeV

— accompanying Y overshoot Fermi data

Gamma-ray Constraint

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

1077}

1078}

— v (per flavor)
— totaly
— - directy
- cascade y
HH  IGRB (Fermi)

F}‘l IceCube combined |

pp scenario/ I'=2.5 global fit range

)

E2 @ [GeV cm?s™ sr'1]
S
o0}

—
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©

-

o
4
o

—
o
o -

102 o1 1 10 102 100 1

E [TeV]

Murase et al. 2013, 2016;
Ahler & Halzen 2017

— Vv sources should be opaque to TeV Y rays
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Models for 10 TeV Neutrinos

« Cosmic-ray accelerators
mainly pY interaction

* Non- beamed AGN

i Klmura et al 2015
" Inoue et al..2019

* LLGRBs




- Hint of v point sources

« Point source search
with 10-year data set

IceCube 2019

- logl()(plocal)

* Hottest Point (2.90) :
M77 (NGC 1068; Seyfert 2)

---- IceCube v, + v, Best Fit
10-10 e Lamastra et al. 2016:y
o0 T ] e Lamastra et al. 2016:1,
|
2 - - - HE.S.S. upper limit (4hr)
lg @ Fermi-LAT (7.5y1s)
< 1071 B MAGIC upper limit (125hr)
Z
=
Ea)
—12
= 10
Z.
o)
?\
~—~
A
107"
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Models for 10 TeV Neutrinos

« Cosmic-ray accelerators
mainly pY interaction

* Non- beamed AGN

i Klmura et al 2015
" Inoue et al..2019

* LLGRBs
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" Classical AGN Core Model

Berezinsky & Ginzburg 1981; Begeleman et al. 1990; Stecker et al. 1991

 Proton acceleration in accretion shocks

— X-ray emission by proton-induced EM cascades
« Photomeson production using UV photons
— Hard spectrum in 100 TeV range

ELE [a U] !

Photon Spectrum

' Zdziarsky 1986 |

e ~

~

10°

df/din(x) [

—

Disk BH Disk

1000 F

100 ¢




~ Classical AGN Core Model

|
©
o

log[EF; (keV keV cm=2 s~! keV-!)]
|

|
N

[
—_
o)
T

e 7

I Ballantyne 2014

al AGN model|

E2® [GeVem 2sr—1s71]

1

log[Energy (keV)]

1.5

10_6_|||||| T T ||||||| T T T |||||| T T T ||||||
- E4ep > 60 TeV (3 years) —  WB bound
[ HH This work (2 years) - - Starburst ]
- —— Best-fit power law Stecker AGN A
10-7L - Classical AGN model
1078 1
10_9 i | | | i N |

10* 10° 10°
Neutrino energy [GeV]

107

+ Observations of softening in hard X-ray range

— Accretion shock models are disfavored
+ Observed spectrum is soft in 0.1-1 PeV range

— inconsistent with UV target photons




" Modern AGN Core Picture

10cm 1cm  1mm 100um 10pum 1um 1000A 0.1keV 1keV 10keV
[

log (vL,lergs s™)
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18.

LLAGN

1+ QSO:Blue bump & X-ray

— Optically thick disk + coronae

LLAGN: No blue bump & X-ray

— Optically thin flow

[Radiatively Inefficient
Accretion Flow (RIAF)]

X-ray

X-ray

corona

Hot plasma

Hot plasma

RIAF ,
cold disk cold disk

Protons in coronae &: RIAFs are collisionless
— Non-thermal proton production
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Particle Acceleration In

Accretion Flows

Particle-In-Cell Simulations

MHD + Test Particle Simulations

tu rb u | e nt 06 Magnetic energy in 6 =n/2 plane

107!

1072

E 1073

Numerical
0.4 1
Simulations ool
£
SSK et al. 2016; SSK et al. 2019 i; 0.0
= see also Lynn et al. 2014 < o2
Hoshino 2013; Hoshino 2015
Riquelme et al. 2012; Kuntz et al. 2016 tu rbUIent —041
(f) 31 ‘ T 100 S04 —02 oo o2
109¢ 3 - /Yo (shear) ——— | 0 (R/RC)COS¢
104 ’0 Yhy (box)
£ 10% £ 28 ! 3
< o = 2 >
- Non-thermal 27
101 26 -3
ol LA s LT Energy change
ib2 % o, b e 2050 235 20 245 230 255 260

t/! tgym 0

Magnetic reconnection or MHD turbulence accelerates CRs
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Non-thermal Particles

Mahadevan et al. 1997; SSK et al. 2015; SSK et al. 2019

Murase, SSK et al. 2019 - RIAFs in LLAGNSs
» Coronae in QS0Os ¥ —rey & neutrino Emission

p+p = p+p+Ar0+Br* -
p+7r = p+p+mO Q
Comptonized X rays p+T 9 p+n+7'l:+
CR-induced cascadey 7-[:0 > ZT, Tl:i > 3V+ei \
= °"“°a'/“v Hot Plasma d\f
acc::ll(on ﬁ black hole ﬁ @

Turbulent Field
- Transport equations for primary protons and secondary ete- & Y

-> proton acceleration

T

an 1 0 2 aF 83 F .
— D + p F, S + F inj
ot 82 aSp ( i dep  tpcool Lesc o
on¢ 0 ng
g, P p p p el _ ) _ - inj
o1 + Oe, [( 1c + Psyn + L + Cou)nee] Ne, e — + e,
ont, nt nl (iIC) . (ff) . inj

14 14 by
= —_—_— —|— ng
ot ty  lesc 7

+ ) + ™ + i
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Target Photon Field

0% Photon SED —— Lx=10%ergs

Lx=10% erg s
. ====: [x=10%ergs!

Pringle 1981, Ho 2008, Hopkins 2007
1040 { Bat AGN Spectroscopic Survey 2017, 2018,
Mayers et al. 2018

1
100 102 103 10 105 106 10’

=~

gy [eV]
1047 [ — Lx=10* erg st
Ly= ]_044 erg 5_1 Proton SED
|===r Lx=10"ergs™* .

108

Luminous objects

— Rich observational data

— We can use empirical relation
based on observations

Opt-UV photons from accretion disk
X-rays from hot coronae above thin disk
Softer spectra for higher Ly AGNs

Low proton cutofff energy for high Lx AGNs

Comptonized X rays
CR-induced cascade y

$ S
= @
%

CR S optical/UV
Y

AW oS

NNNVANN

accretion black hole

disk 5

Wi
A
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Extragalactic v & v
Backgrounds

1 dl’lo

. Lmax Zmax dv
@it (E = — dL dz — —d
y,ob( V,Ob) A [Lmin Xﬁ) ZdLX f(Z) dZ v,0b

- AGNs with Ly ~10% erg/s provide the dominant contribution
e.g., Uedaetal. 2014

10 AL B I
AGN v (this work)
AGN (cascade) y (this work)
—10° AGN (thermale) y — — -
o 6 *  We choose the injection efficiency
5 so that our model can explain
3 107 the MESE excess.
o .
W o - Energetically reasonable:
Pcr/Pth ~ Pcr/Ps~ 0.0
10°°

‘ - (Cascade emission provides 10 - 30
1041023102107 10° 10" 10 10° 10* 10° 10° 10’ o P
E [GeV] 76 of MeV Y-ray background
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HE particles from Nearby AGNSs

* Ratio of Y to V flux is fixed by the observed photon field

— We can robustly test our model by future experiments

A typical Seyfert at 30 Mpc - NGC 1068
107 s'I:--wl(-)----w /m| A B B B LR L S e 10° e Thes ’\\
F L=10" erg/s v : A%
[ d=30 Mpc Generated y+e [ L=10% erg/s Ge ted yHe
RN Cascade y 7 D d=12.7 Mpc iscade y
_ 1O F Thermal ey —— - 1 5\\ Thetmal e y — — -
Tg) [ IceCube (6=30°) 1'_(I) E o -“f’AS TROGAM 4 : ‘\
5 1 R R
> » S T AN L s
8 9 Bet"he—He;tler 8 9
=10 - S 10%F | S |
w T \ o oy
w L ‘ F Y Fermi LAT .
107 107 F |‘
i [ l
-11 m RTTT IAIRTITT MAEETTE ST MERETY { MR MR wem ; -11 ‘ T R RN ERRT VT B
% 107103102107 10° 10' 102 10° 10° 10° 10° 107 10 4103102 107 10° 10" 102 10° 10* 10° 108 107
E [GeV] E [GeV]
* Neutrinos & MeV Y-rays can be * Possible to explain lceCube data
detected by Future facilities without overshooting Y-ray data
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Non-thermal Particles

Mahadevan et al. 1997; SSK et al. 2015; SSK et al. 2019

Murase, SSK et al. 2019 - RIAFs in LLAGNSs
» Coronae in QS0Os ¥ —rey & neutrino Emission

p+p = p+p+Ar0+Br* ~
p+7r = p+p+mO Q
Comptonized X rays p+T 9 p+n+n+ \\
CR-induced cascadey 7-[:0 > ZT, n:i > 3V+ei \\
= °"“°a'/“v Hot Plasma )
acc;:estll(on ﬁ black hole ﬁ {@ "'rj\

Turbulent Field
-> proton acceleration

T

- Transport equations for primary protons and secondary ete- & Y

an 1 0 2 aF 83 F .
— D + p F, S + F inj
ot 82 8519 ( i dep  tpcool Lesc o
on¢ 0 ng
g, P p p p el _ ) _ - inj
o1 + Oe, [( 1c + Psyn + L + Cou)nee] Ne, e — + e,
ont, nt nl (iIC) . (ff) . inj

14 14 by
= —_—_— —|— ng
ot ty  lesc 7

+ ) + ™ + i
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Target Photon Field

NGC3516 (mid-Mgy, high-m)
- NGC4203 (mid-Mgy, mid-m)

NGC3998 (high-Mgy, mid-m)

) ) 42 _ _
— = =— NGC5866 (mid-Mgy, low-m) 10% —...... Obs. (NGC 3998)  ====== Obs. (NGC 4579)
— Model (NGC 3998) == = Model (NGC 4579)
43 | . . 7
10 iPhoton SED  High accretion rate '
1042
{ Synchrotron .
- 104 N A P
| N v
0 ' '
4] v
g 10 ; ]
'_": 10394 Inverse : £y [eV]
= ; Compton :
w 1038 ',' \'. Y —ray & neutrino Emission
: ||; | p+p > p+p+AnO+Brt o
————— 1 0 { )
1037 . A BII 3 Eiﬁi,’; ) o
/  Low accretion rate \ Il': 0> 27, 1t > 3u+et T
36 | | , , , | : |
9%+ 102 100 102 10° 108 ot Plasme >
gy [eV]

* Low-luminosity = Poor observational data “ EJE

— Formulation based on theory
+ Thermal electrons in RIAFs emit seed photons

*  Our results are consistent with X-ray observations

Turbulent Field
-> proton acceleration

—~—




’ Extragalactic v & v
Backgrounds "
Le, _. M '
(I)z' dLHa,OHa -e T%IGMa
47TH0 \/ 1+ Z 3Qm + QA E;
I y (Total) m— Neutrinos (Total) ‘
—_ 10_3 === == Thermal y (RIAFs) - - - Thermal y (Coronae)
i = == Cascade y (RIAFs) - - - Cascade y (Coronae)
0 10-4 == == Neutrinos (RIAFs) - — = Neutrinos (Coronae) | o LLAG N can explain
= PeV v and MeV Y
G 1072 .
- bkgd simultaneously
n 106
% GeV Ys are attenuated
=107 at RIAFs in LLAGNs
ﬁ 10-8 — consistent with Fermi data
1079 . - Pcr ~ 0.0 P,
10> 1073 107! 10t
E [GeV]

*  With a similar parameter set, Seyfert contribute to TeV-PeV v
— AGN cores can account for a broad range of y & v background
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Detectability

_1a 1Thermal ~» ===+ Proton = == Thermal photons ‘

10710 — ‘ Neutrino ===+ Cascade photons
o -7\
- 1071 Lo
g | e-ASTROGA}I™ .
i 10712 ‘
o 5 | COLAT
D 14-13 |
L 10 I | -.._Cascadey
L [ - I & R

1014 3 | AN

] | L | Se. |
10— 1073 107! 10! 103
E [GeV]

Cascade Y-rays @ E<I| GeV: too
faint to detect by LAT or CTA

Thermal Y-rays @ E~MeV:
detectable by future MeV satellites

Prospects for stacking analysis

N, = f &, At (6, E,)dE,,

Gen2 (30 LLAGNS)
= == |ceCube (30 LLAGNSs)

Gen2 (5 LLAGNS)
— — IceCube (5 LLAGNS)

IceCube-Gen2

- 106 107

E, [GeV]

16

Atmospheric background

is negligible @ E > 100 TeV
lceCube cannot detect vs
IceCube-Gen2 will detect vs
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- Summary

Contents

Murase, SSK, Meszaros, arXiv:1904.04226
SSK, Murase, Meszaros, 2019, PRD, 100, 083014
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Summary

* Two model independent constraints:
- Multiplet & stacking analyses disfavors GRBs & blazars
- Gamma-ray constraint disfavors coscmi-ray reservoir models

 Accretion flows in AGNs are feasible neutrino sources
- Seyfert galaxies can reproduce TeV-PeV v background
without violating Fermi constraints with observation based parameters.
- RIAFs in LLAGNSs can explain MeV Yy &PeV v

backgrounds simultaneously

 Future multi-messenger observations can robustly test both models:
- lceCube-Gen2 can resolve both AGNs as point sources

- Proposed MeV satellites can detect MeV Y rays from AGNs

1074

a0
Iﬁ 103
Compton dX y "
CR-induc d )
£ 1075
CR optica I/UV - p+r > p+n+mt

- MRI ' 10-7 | 70> 27, n* > 3v+et [
> \’\

\\\ K H++++
4
accretion black hole > | \ {
disk 9 _s ] N
s 59 s 10784 = :
L 10—9 N Turbulent Fiel )
10 410 310 2]_0 -1 100 ]_01 102 103 104 105 106 107 =l 2erotonoccelenation

E [GeV]

Y —ray & neutrino Emission
_|p+p > p+p+An0+Brt W
p+r > p+p+7°
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