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Multi-Messenger Implications
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Multi-Messenger Cosmic Particle Backgrounds

gamma neutrino UHECR
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Energy budgets are all comparable (a few x 1043 erg Mpc-3 yr')



Astrophysical Extragalactic Scenarios

E,~ 0.04 E,: PeV neutrino < 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators . .
(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei  y.ray burst
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Fate of High-Energy Gamma Rays

= y+y

p+y—=Nrx+X n*mn~11->E?® ~(4/3)E? D,
p+p—Nr+X ntn~21->E2® ~(2/3)E2D,

>TeV y rays interact with CMB & extragalactic background light (EBL)
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Fate of High-Energy Gamma Rays
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Astrophysical Extragalactic Scenarios

E,~ 0.04 E,: PeV neutrino < 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators
(ex. UHECR candidate sources)

Active galactic nuclei

y-ray burst

p+y—=>Nr+ X

E2®
obs. photon spectra /@

& source size

0.1/TeV PeV

Cosmic-ray Reservoirs

Starburst galaxy

Galaxy group/cluster
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Neutrino-Gamma Connection?

Generic power-law spectrum £Q, < 23, transparent to GeV-TeV vy
from Murase Ahlers & Lackl (2013)

op " lceCube (HESE 3yr) —+—
Fermi (IGRB) —+—

107°

E2 ® [GeV cm? g’ sr'1]

10° 10" 10° 10° 10*
E [GeV]
« s5,<2.1-2.2 (for extragal.); insensitive to evolution & EBL models
« contribution to diffuse sub-TeV y: >30%(SFR evol.)-40% (no evol.)

* s5,<2.0 for nearly isotropic Galactic emission (e.g., Galactic halo)



Neutrino-Gamma-UHECR Connection?

(grand-)unification of neutrinos, gamma rays & UHECRs
simple Fermi acc. spectrum w. s~2 can fit all diffuse fluxes

« Explain >0.1 PeV v data with a few PeV break (theoretically expected)
» Escaping CRs may contribute to the observed UHECR flux

5
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Neutrino-Gamma-UHECR Connection?

(grand-)unification of neutrinos, gamma rays & UHECRs
simple Fermi acc. spectrum w. s~2 can fit all diffuse fluxes

« Explain >0.1 PeV v data with a few PeV break (theoretically expected)
» Escaping CRs may contribute to the observed UHECR flux

7 1 KM &Waxman 16 PRD
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Cosmic-Ray Reservoirs

Starburst galaxies

Galaxy clusters/groups

“‘cosmic-ray
reservoirs”

CR confinement

Loeb & Waxman 06 CR

KM, Inoue & Nagataki 08

magnetized region w. CR sources

ufficiently high-energy CRs
escape without interactions

low-energy CRs are
confined by magnetic fields



Example: Galaxy Groups and Clusters

 Intracluster gas density (known)
n~10-+ cm3, a fewx10-% cm (center)

* CR accelerators
active galactic nuclei
accretion shocks (massive clusters)
galaxy/cluster mergers

1
€cr,—1Lj 450pGC,—5

AGN jet luminosity density Qcr ~ 3.2 x 10% erg Mpc ™ yr
cluster luminosity density Q- ~ 1.0 X 10*" erg Mpc ™ yr™! €er_1Lac.45.50GC, 5

pp efficiency Jop = Kpoppncting >~ 0.76 X 1072 gn_4(tint /2 Gyr)

E5d, ~107°-10"*GeVem 2™ 'sr™!
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Neutrino-Gamma-UHECR Connection?

Grand-unification of neutrinos, gamma rays & UHECRs
Explain v data by confined CRs with energies less than a few PeV
Escaping CRs may contribute to the observed UHECR flux

E20[GeVcm™2s1sr 1]

10—10
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10 —+ Fermi EGB —+ IceCube (HESE 6yr) KASCADE — all

== FermiEGB (non — blazar) [ IceCube (v, 6yr) KASCADE - light

== Associated yray — total == y — allflavor Auger (E x 1.05)
10—6 | = Associated yray — source Murase — Beacom 2010 TA + TALE (E x 0.91)

== CR-—all
. == CR —medium/heavy
+f+++ == CR - light

10—7 ]

]

10—8_
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Fang & KM 18 Nature Physics

E[GeV]
AGN as “UHECR” accelerators

CR nuclei: harder than CR protons
due to photodisintegration inside clusters
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Astrophysical Extragalactic Scenarios

E,~ 0.04 E_: PeV neutrino < 20-30 PeV CR nucleon energy

Cosmic-ray Accelerators

(ex. UHECR candidate sources) Cosmic-ray Reservoirs

Starburst galaxy Galaxy group/cluster

Active galactic nuclei  y.ray burst

®.. W
p+y—= Nr+X

-

p+p—=Nr+X
20 E2® docE-s
A w |y

obs. photon spectra gas density &

& source size source size \ ,: CR

A%
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Cosmic-Ray Accelerators

Active galactic nuclei y-ray burst

ex. shocks in outflows
— electron acceleration
— radiation (ex. synchrotron) CRe

CRs may or may not escape



£,2N(g,)

10g(G, [mb)

CR Spectrum (Fermi mechanism)

Basics of v and y-ray Emission

Photon Spectrum (observed)

-0.2

A A
Key parameter | &,2N(g,)
2-p~0 CR loading 2-8~-0
Enecr=E,°N(g,) 2-0~1.0
~€, ok’N(Ey k)
tOta| ECR~20EHECR Y:P Y:P
& E
" -
~T'GeV 1085V 102%%¢V e, pk~300 keV € max

Photomeson Production

1 1
Geant4
A-Resonance

p+y—=n+na" k,~02

p+ry—=Na"+X k,~(04-0.7)
at A-resonance (g, €, ~ 0.3 ' GeV?)

£,°~ 0.15 GeV m,c? I'’/g, ,, ~ 50 PeV

Photomeson production efficiency

log(e [GeV])
(in proton rest frame)

~ effective optical depth for py process
6 7 ~ -1 17°-2
foy ~0.2n,0,, (rl) o< r'C |
oc [-4 5t (if r ~ T2 8t)



Meson Spectrum

pion energy €,~ 0.2 g,

break energy £~ 0.07 GeV? /g, ,, ~ 10 PeV
~f E o-1~0
py=HECR '
HE charged mesons
320 (meson cooling time) < (meson life time)
e b e 5 £ — suppression at high energies
J | waxman & Bahcall, PRL (1997)
T —=u +v (v
A , i . M _M( Mz A , ..77:0 s y+)/
&, N(iv) ‘u_ — e+ Ve(ve) + VM (Vu) g, N(SY)
o-1~0 o-1~0
p-1~1 %-3~-2.0 B-1~1
£, g,
>
evb svnsyn S'Yb 8'Ymax
neutrino energy g, ~0.25¢,~0.05 g, y-ray energy €, ~0.5¢,~0.1¢,
v lower break energy g,P ~ 2.5 PeV *y lower break energy £° ~ 5 PeV

v higher break energy g,6m™Y" ~ 25 PeV °Y maximum energy € M2 ~ 0.1 g, max



HE Neutrinos from GRBs: Constraints

Standard jet models as the dominant origin: excluded by multimessenger obs.
- Classical GRBs: constrained by stacking analyses <~ 10-° GeV cm2 s-1 sr-
»% space- and time-coincidence (duration~30 s — background free)

- Low-luminosity GRBs and supernovae are allowed

V CR
o 'wﬁw 'W 'W W N
Mo MWaa e Ma g
>< | Y

)

—

T v

TIME

Bustamante, Baerwald, KM, & Winter 15 Nature Comm.

Classical GRBs (prompt)

[ per flavor .

- - Internal Shock Fireball Prediction |1
— - Photospheric Fireball Prediction |3
ICMART Prediction

il L1 vl Ll 1 |||||u-
10° 106 107 108 10°

v Energy (GeV)

lceCube 2017 ApJ



Photomeson Production in AGN Jets

AVAVAVAV) (|R)
accretion disk ‘

(UV, X)
@

>
‘ cosmic ray blazar!
=

KM, Inoue & Dermer 14

bIazar zone broadline region —
(broadband) (opt, UV) B l/“ ]
ST v ]
&AL T zp _
bl ol 'pJM
E'" ~ 0.05E" =80 PeV I'{(E,/10 eV)™! inner jet photons
E'") ~0.05(0.5m,c*e5/Ey; ) = 0.78 PeV BLR photons

py > At >+ N

E'> =0.066 EeV(T1g/500 K)~! IR dust photons



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape

10_5 F i L ] |
- HZ97 (Blazar) — — — ]
MPERSOS (LBL) .............. - N
. MPERSO3 (HBL) -~ 7 .
" 106 PPGR15 (BL Lacg e J/ _
7 E MID14 (Blazar w. §,=3) ——— // E
c;m > MID14 (Blazar w. £4,=50) - 1 leptonic w, neutrino norm,
s 1 BL Lacs + FSRQs
S 10 E
% " lepto-hadronic w. y-ray norm.
O, 1 BL Lacs (w.o. external fields)
NE 100 | 7 leptonic w. UHECR norm.
] BL Lacs + FSRQs
10
10

from KM 1511.01590 E [GeV]



HE Neutrinos from AGN Jets: Constraints

Standard simplest jet models as UHECR accelerators: many constraints...
- Blazars: power-law CR spectra & known SEDs— hard spectral shape
lceCube 9-yr EHE analyses give a limit of <10-® GeV cm= s' sr' at 10 PeV

B

{7 [ — 90% CL model-dependent UL

model flux

== Ahlers best-fit 3EeV
m Ahlers best-fit 10EeV
= Kotera FRII

Kotera SFR

ESO(E,) [GeV cm® sec sr]
3

107

IceCube 16 PRL

me Murase AGN s=2.3
Padovani all BLLac

108 :——_r-———\ ) Fang Pulsar SFR

N

107

E2 o [G

10°

10° 10" 10"

E, [GeV]

from KM 1511.01590

] leptonic w, neutrino norm,
1 BL Lacs + FSRQs

: lepto-hadronic w. y-ray norm.

BL Lacs (w.o. external fields)

1 leptonic w. UHECR norm.
] BL Lacs + FSRQs
1 (This model is still OK!)



Neutrinos May Come from Dense Environments

- Ify-ray transparent — contradiction with the gamma-ray and CR data
whatever the mechanism is a pp or py process

E2 @ [GeV cm? s’ sr'1]

1079

dal,

A

pp (v)

minimal py (v)

minimal py (y) ———

10°

10°

10%

10°

E [GeV]
High-energy neutrinos come from y-ray dark sources?

108

Multimessenger approach poses
questions for cosmic neutrinos

HIGH ENERGY The IceCube Neu-
trino Observatory in Antarctica
has detected high-energy cosmic
neutrinos, but the corresponding
high-energy gamma-rays from
their source regions have not

been found by the Fermi Gamma-

ray Space Observatory.

The high-energy cosmic neu-
trinos are believed to originate
in supermassive black holes
and some gamma-ray bursts.
These processes should produce
gamma-rays detectable by Fermi.
Looking at both detectors —a

multimessenger approach —indi-
cates that there is some unknown
“hidden accelerator” process pro-
ducing neutrinos without gamma
radiation, or something in the
source is absorbing gamma-rays.
“We found that that the suppres-
sion of high-energy gamma-rays
should naturally occur when neu-
trinos are produced via proton—
photon interactions,” said Kohta
Murase of Penn State University,
lead author of the paper in Physi-
cal Review Letters.

http://bit.ly/1Szr2eT

KM, Guetta & Ahlers 16 PRL

Unexpected but in py scenarios y rays are naturally masked by the yy process
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Real-Time Neutrino Alerts

DO NOT miss interesting v & GW events!

Astrophysical Multimessenger Observatory Network (AMON)
- pipelines to send “public” alerts
- v—y subthreshold events (in near future)

Neutrino (weak force)

Light (elemag)

Cosmic-ray L\ e
(strong force) 3 |
o

Grav. waves >~
Neutnnos

. \

Advanced-LIGO




Neutrino Transient Sources?

Remember: UHECR accelerators may be transients

2 Ey?
Lz =€zl > 2 x10% = erg s
Z2B
PeV-EeV v Tidal dis PeV-EeV v

rition events
g

GN jet/blazar flares

long GRBs short GRBs
, NS mergers
alamy stock photo
TeV-PeV v (prompt) EeV v TeV-EeV v
EeV v (afterglow) GW source GW source

GW source



Neutrinos Coinciding w. Gravitational Waves?

GW170817: supporting the NS merger origin of short GRBs

GW170817 Neutrino limits (fluence per flavor: v, +7y)

ANTARES, IceCube, Auger, & LIGO-Virgo ApJL 17

[} >
SO
o IceCube up-goin “’“?f; &
0° R Fetmetorrma o
—15°

theoretical models

GW (90% CL)
NGC 4993
neutrino candidate (IceCube)
neutrino candidate (ANTARES)
= IceCube horizon

ANTARES horizon
[ 1Auger FoV (Earth-skimming)

[T Auger FoV (down-going)

short GRB jets (Kimura, KM, Meszaros & Kiuchi 17)
magnetar in the ejecta (Fang & Metzger 17)

(see also KM, Zhang & Meszaros 09)

E?F [GeVcem™2]

E%F [GeVcem™2]

]03 L

102 L

102 L

ANTARES

t IceCube

|-

FKimura et al.
EE optimistic

~ 4,—,7
-~ ~
- -
~~ \
\
N\
\

o \\
4 e 0°
. /7\ .

| +500 sec time-window | E

Auger

Kimura et al.
EE moderate

prompt

-3
10 1

14 day time-window |

IceCube Fang &

Metzger

30 days ]
Fang &

Metzger |

3 days

02 10° 10° 10° 1

0° 107 105 10° 100 10"
E/GeV

« GW170817: off-axis (~30 deg): the models are still consistent
« On-axis events coinciding w. GW signals could be seen



Blazar Flares?

Flares: NOT well-constrained: good chances to see them even if subdominant

Y J (ex. KM & Waxman 16)
_ FSRQ, flaring Dermer KM Inoue 14
4g . =307, =107 t_=10"s ]
L vl e = 0¥ ergs’ ':::‘::::3-,—: \ . . -
o biiv ot A neutrino flares: even brighter
) = pk,14 <. -
5 - f oc L
g TN 4 ! :> L ocL?
) — ocC \% Y
— ‘ p N\ '.‘ . 4 Lcr L
< i SN % Disk Y\ | Y
D-,g £/ b /’ . Internal
9 2 "% Synchrotron * %
407, ) N
[ L 2010 2010.5 2011 2011.5 2012 2012.5 2013 2013.5
38 y HITH| L Ll I Liiin S AT SR AT I R _‘2.5%YTT\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\\‘\\\I{IYII;
10”10 10" 10® 10 10 10® 7 " Kadler+ 15

N

- Nature Phys.

big bird (2 PeV)

f—
(S)4

Association between 2 PeV event and
FSRQ PKS B-1424-418 (z=1.522)
Low significance (~2c)

e
3

-6 —2
F100-300000 MeV [10 cm s
’—l
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1 1 1 1 1
55200 55400 55600 55800 56000 56200 56400 56600
MJD




IceCube 170922A & TXS 0506+056

L11110770777777777777777777777777777777777777777777777777777777171777777

TITLE:

GCN/AMON NOTICE

IceCube 2018 Science

1

NOTICE_DATE: Fri 22 Sep 17 20:55:13 UT 5721

NOTICE_TYPE: AMON ICECUBE EHE UL

RUN_NUM: 130033 e :

EVENT_NUM: 50579430 6.5 - 5.8

SRC_RA: 77.2853d {+05h 09m 08s} (J2000), e
77.5221d {+05h 10m 05s} (current), :
76.6176d {+05h 06m 28s} (1950) : : ) S e  5.64}

SRC_DEC: +5.7517d {+05d 45' 06"} (J2000), 5 e Sane et T AR Lt
+5.7732d {+05d 46' 24"} (current), — 604 i // . s \_77\".41 77'37; ,77'.33_
+5.6888d {+05d 41' 20"} (1950) P 7 RN e e o '

SRC_ERROR: 14.99 [arcmin radius, stat+sys, 50% containment] s ! epamp— o

DISCOVERY DATE: 18018 TJD; 265 DOY; 17/09/22 (yy/mm/dd) g \ - / . N -

DISCOVERY TIME: 75270 SOD {20:54:30.43} UT = : e npd ; I Y

REVISION: 0 o - N et TXS 0506056~ - O

N_EVENTS: 1 [number of neutrinos] e 8.5 i QEr i T AEE A T il ~pp- .

STREAM: 2 Pt S S A AR S R ot

DELTA T: 0.0000 [sec]

SIGMA T: 0.0000e+00 [dn] e . '

ENERGY : 1.1998e+02 [TeV] = |ceCube (50%) | . - -

SIGNALNESS: 5.6507e-01 [dn] ) — — lceCube (90%) X s >t

CHARGE : 5784.9552 [pe] 5.0 - - : i = < o -

SUN_POSTN: 180.03d {+12h 00m 08s} -0.01d {-00d 00' 53"} MAGIC (95%) © PKS0502+049 "

SUN_DIST: 102.45 [degq] Sun_angle= 6.8 [hr] (West of Sun) Fermi (95%) 5 :

MOON_POSTN: 211.24d4 {+14h 04m 58s} -7.56d {-07d 33' 33"} TXS 0506+056 | .

MOON_DIST: 134.02 [deg] -

GAL_COORDS: 195.31,-19.67 [deg] galactic lon,lat of the event T - — T — .

ECL_COORDS: 76.75,-17.10 [deg] ecliptic lon,lat of the event 78.5 78.0 775 77.0 76.5

COMMENTS : AMON_ICECUBE_EHE.

- - Right Ascension [*]

- EHE alert pipeline: from the Chiba group

- Automatic public alert: through AMON
Track w. E, ~ 300 TeV
(ang. res. < 1 deq)

- Kanata -> Fermi analysis (Tanaka et al.)
ATel #10791 (Sep/28/17)

- X-ray observations were first reported
by the AMON team from Penn State
- Swift observations (Keivani et al.)
GCN #21930, ATel #10942 (Sep/26/17)
- NuSTAR observations (Fox et al.)
ATel #10861 (Oct/12/17)



Our Observations of TXS 0506+056

Quasi-simultaneous SED

—— UVOT: Ep. 1

HH
UVOT: Ep. 2 .
— XSHOOTER XRT & UVOT light curves
1077 XRT 4 NuSTAR: Ep. 1
XRT + NuSTAR: Ep. 2 -
= ‘N - i:g Eg; ‘/ T/\ 4 * Ep.2| - IceCube-170922A
i ‘ ® 6 | XRT historical quiescent
?IE T C?E 51 * XRT historical outburst
;)D 10-11 é Syl * <4 XRT observations
o0
5 =5 . t
! . i |
= ) I++++ by '.||'.H'
» 1 L L\
~12 \ . 0
10  dip
10! 10° 10° 107 10 101 EN;‘_\SS + 4+ UVOT observations
e[eV] " C\‘,m 30 + +
Ep. 1 Ep. 2 e bt T
= St = o 151 + H ++ t4 ++
1 e L 101
Fermi S = =
1 ~ 1
] 0 f . . .
Swift d || (I I | 0 20 40 60

Time after IC-170922A (days)

NuSTAR | |

X-shooter

0 o o
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TXS 0506+056 SED Modeling: Hadronic

Keivani, KM, Petropoulou, Fox et al. 2018

e [eV]

el,[prgs]

Swift-UVOT/X-
SHOOTER, Swift-
XRT/NuSTAR, and
Fermi-LAT data

UVOT/X-SHOOTER
v <104 Hz (ISP - LSP)

v = n-induced cascade
F, ~ F,: ruled out

v = p-syn. from UHECRs
very low F,at 0.1-1 PeV
P, <10%* erg/s

IC-170922A event
CANNOT be explained
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TXS 0506+056 SED Modeling: Leptonic

Keivani, KM, Petropoulou, Fox et al. 2018
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el [ergs™]

Swift-UVOT/X-
SHOOTER, Swift-
XRT/NuSTAR, and
Fermi-LAT data

UVOT/X-SHOOTER
V<101 Hz (ISP - LSP)

Leptonic scenario
v = external |C emission

Upper limits on v & CR
F, < (1-2)x10-12 erg/cm?/s
P, <10% erg/s

<N,>~0.01-0.03
for a duration of T=10" s
~< 1-3 % to see 1 event



2014-2015 Neutrino Flare

IceCube 2018 Science

IC40 IC59 IC79 IC86a IC86b IC86¢
5 =4 L L L L ! v
== =1 |ceCube-170922A A «F 4o
44 Gaussian Analysis \ .
o} . .
o 34— Box=shaped Analysis \ o
o .
2 2= .
| = 20
1+ !
o 1o
0 J_' L] = L] — r ] r :
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2012.5 2013.0 2013.5 2014.0 2014.5 2015.0

4.| = Best Fit: Box I N I

: , ’
= = Best Fit: Gaussian : 0

N
o

- o
Muon Energy Proxy (TeV)

w

log o Event Weight

56200 56400 56600 56800 57000
MJD



Observations of TXS 0506+056

Archival SED

WISE JOB0925.96 054135.3
10C0MHzH6cm 1 mi0um  LKJW) TkeV

X-ray flux ~ 10-'2 erg/cm?/s
v-ray flux ~ a fewx10-'1 erg/cm?/s
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How to Mask X rays?

N

cascade y\/

star?
BLR cloud?

\%
A
I
I
I

/;heath?

KM, Oikinomou & Petropoulou 18

scattered emission?

Not easy (cascade results from energy conservation)
1. de-beaming 2. fine tuning in the core region 3. photoelectric absorption



Implications

- Still ~3-46 so it could be merely a chance...
But possible to detect bright transients like this blazar flare even if the
sources are sub-dominant in the diffuse v flux
- If the association is physical:
A. If the single-zone scenario is correct, robust cascade bounds imply that:
Probability to explain 1 event is <~a few %
Ironically, the leptonic scenario is supported by neutrinos

Demonstration of the feasibility of v-triggered multi-messenger campaigns



Future Detectors

M 120m—240m spacing

I Tl
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|
| |
’ 1N

~1 km?3

better angular resolution
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dark matter

dwarf i Multi-Messenger Approach
galaxy ecay
cluster ( dark matter )

etc.

high-energy y
background radiation
(low-energy v)

dark matter 4

annihilation
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magnetic field y
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CR




Gamma-Ray Limits on Annihilating Dark Matter

10—23

— Adermametal 013 ! Dwarf & dwarf candidates
—— Nominal sample ]
10-2| — Median Expected | 45 sources w. 6 year LAT data
P 68% Containment
= 95% Containment Fermi Collaboration 17 ApJ
- 25 i
mg 10 weaker limits from :
~ ~~~=~-Reticulum II
= 1 [Tucanalll =Z==r~— " Thermal Ralic Cross Section
\b/ 10_26 (Steig 1 12) .
0 : 254h, DM DM — t"v
1077 . B Einasto profile
| | | THr~ ] 1073 —
10! 10 10° 10 -
DM Mass (GeV) -
~10% e
26 best-fit regions for T F
Galactic center excess = gmL
(not excluded by dwarf analyses) o E
T Thermal relic density
. . 107 = —— Observed, this work
Galactic center region F Expected
L [ 68% Containment
Inner 300 pC W. 1 O year data 10_27 ;I Il I| |:II95Io/°ICIorITtIaIJInlr.nen‘tI Il 111 III| Il Il 1111
0.05 0.1 02 1 2 345 10 20 30

HESS Collaboration 16 PRL Moy (TEV)



(ov) [em? s71]

Gamma-Ray Limits on Annihilating Dark Matter

1072 — Gaiaxy groups (this work) R Galaxy groups & CIusterS
95% containment
(8% containmment -7 ~500 sources out to z~0.03
10723 b === Galaxy groups, no boost -
Fermi dwarfs (2016) Mishra-Sharma et al. 17 PRL
10—24 L
10—25 L
107 g
__________________________________________ : 254h, DM DM — t*t
10720 B Einasto profile
Stacked Galaxy Groups 102
10727 . . - :
10 10 10° 10* L
m, [GeV] o E
= -
o B
\g/ 10 ?
L - - Thermal relic density
. . 107 E — Observed, this work
Galactic center region E e Expected
L [ 68% Containment
inner 300 pc w. 10 year data w07 9% conaimen |
_ 0.05 0.1 0.2 1 2 345 10 2030
HESS Collaboration 16 PRL Moy (TeV)




CR & v Limits on Annihilating Dark Matter

Cuoco et al. PRL 17

lceCube Collaboration EPJ 17 Cui et al. PRL 17
=== JCT9 Halo, Multipole === 1C5%8 Dwarfs DM+DM — b+bbar
s 1CB6 Halo, Cascades ANTARES (2007-15) 53
«:« JCMHGC —  Fermi+MAGIC Saxl 95% 10

T T T T T T T TTTT T
s ICB6CGC2012.34) = - HESS GC % (Emn)

- Limit dSphs bb, Akermann (2015)
—-- Limit dSphs bb, Albert (2016)
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2 = — Limit CR bb with systematic uncertainty 3
10°° . C BN 130 bb DM detection ]
. N " " - i
F : \\Z ‘f’ Nﬂm‘m 1 10_28 Lol Lol Lol [
- 1 2 3 4
1 10° (I ' Ly mom  [GeV]

WIMP Mass [GeV)
anti-proton w. AMS-02 data

v from Galactic halo and center stronger than dwarf limits for bb

complementary to y-ray limits anomaly compatible w. GC excess



Dark Matter as an Explanation for IceCube

1+ 1.6(Tq/2)
2.6

E;®, = E;O;C + E;DY ~4x 10~ GeVem 25~ !sr! [ ]rgr}ms(Ry/lS)‘l

-5
10 | "lceCube 2014 —+— ] KM, Laha, Ando & Ahlers 15
; Fermi 2014 == 1 o\ Feldstein et al. 13,
-~ 10 E Esmaili & Serpico 13,
m) ] Higaki+ 14, Fong+ 15,
'-.'m Bai+ 14, Rott+ 15
~ 107
& _\[:
O i
> ]
) -8 -\[ _
o I
1S -\[ 1 DM — v +v, (12%)
T 10°° | DM — b+bbar (88%)
1, (similar results in other
- “' 1 models that are proposed)
10—10 Y BRI PR BRI BRI BRI B PR L
10° 100 102 10° 10* 10° 10° 10’ 10°
E [GeV]

Galactic: y — direct (w. some attenuation), e* — sync. + inv. Compton
Extragalactic — EM cascades during cosmological propagation



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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Pass 8, eight-year Fermi data w. non-Poissonian template fitting method



Multi-Messenger Constraints on Decaying DM

1029

1026 Y

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

L T,

]
I
]
]
LT

Frmi-LAT

extragalactic w. astrophysical models
(Ando & Ishiwata 15)

extragalactic w.o. astrophysical models
(KM & Beacom 12)

Galactic

(Fermi Collaboration 12)

“ior

17

10° 10™

m, |GeV]
Gamma-ray limits are improved independently of astrophysical modeling




Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

10297”””% IR
DM — bb
1028_ 1
% 2
S
: N Y
3 N ] Anti-proton (Galactic)
! DI(Giesen et al. 15)
I Positron (Galactic)
/\ 4 ,- (Ibarra et al. 13)
260N vl Ll L ———————
U T(2 10! 10° 10° 1010

m, |GeV]
Anti-proton constraints are competing for soft channels such as DM—bb



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL

29
10%

CASA-MIA, KASCADE, Auger

diffuse limits on photon fraction

VHE g rays w.o. inv.-Compton (Galactic)
(Kalashev & Kuznetsov 16)

(see also Ahlers & KM 14, KM et al. 15,
Esmaili & Serpico 15)

/“cascade” bound
(extragalactic)

Fermi (this work)
IceCube (this work)
2] 1ceCube 30 (Comb.)

/24 lceCube 30 (MESE)

1020 T Y, I [ B

]
10° 10*

o o L L
10° 101

m, |GeV]
tension w. diffuse VHE y-ray limits that are important at ultrahigh energies



Multi-Messenger Constraints on Decaying DM

Cohen, KM, Rodd, Safdi, and Soreq 17 PRL
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Pass 8, eight-year Fermi data w. non-Poissonian template fitting method



Flavor Constraints on Neutrinos

Shower-to-track ratio -> flavor information (ex. IceCube Collaboration 15 ApJ)

Std. mixing " (fo:f,:F))s
6;,6:bf,10,30 "/ \_, 4 all free
NH 0.20 1:2:0)
' 0:1:0)
1:0:0)
1:1:0)
L 060
0.70
0.80
’
0.10
1.00
7 0.00

0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00

f e,®
Bustamante, Beacom & Winter 15 PRL
see also Arguelles, Katori & Salvado 15 PRL, Shoemaker & KM 16 PRD



Neutrino Decay: Normal Hierarchy

Neutrinos may decay via BSM
processes

HE cosmic neutrinos provide a
special way to test BSM decay

—— | == N,
dt (’7’7; EV>

k=T /My

Lgec = 0.01- 57 [s eV '] E, [TeV] Mpc

complete decay of v,, v,
disfavored only by flavors

Tz/mza

Mixing + decay ° No decay

9,~,-,8sz var. 3¢ 01 D =0.50

NH MD=0.10
08 MD=001

(complete)

0.8

O-;}%Cube 2015
1

0O 01 02 03 04 05 06 0.7 0.8 09 1
fo.0

Bustamante, Beacom & KM 17 PRD
(see also Pagliaroli+ 15 PRD)

13/m3 Z 10 Sev_l(ZZG, NH)
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Neutrino Decay: Inverted Hierarchy

IH is not ruled out by the flavor information

Inverted hierarchy (active only; v3 stable)

N

T |I\| 1 105
10— == |

103:”’ : _

102 -

\\ Astro. IceCube best—fit

S years
\ py sources

=
//

<L

10" excluded by excluded by
v oscillations cosmology

w &
—_— -_—
< <
N —_

neutrino lifetime 14, 15 [s]

—_—
<
wW

1074
107°

10—6 <7 |'|1|c;‘_2 1 - =T 1 1| |1|0I_1 | 1 1
Ecasc [GeV]

neutrino mass my, m, [eV]

Observing just one Glashow resonance event improves
the limit by 2-3 orders of magnitudes: t/m >~ 1 s eV’




Neutrino-Neutrino Self-Interactions

loka & KM 14

L: D GVV¢ Ng&Beacom14

Decay

L D GE Z/V Scatterlng Ann|h|;1:|;n

mediator mass ~ 10 MeV -
CVB

3 : :

= —G-w-‘

z ..

> —G=2x10"" £

z 3 H H H H
—.G=10" .

(=]
n
EV‘2 @ [1 08 Gevem?s™ sr'1]

° 10° 5 E, [GeV]
Blum, Hook & KM 14 € [GeV] Araki et al. 16




Summary

v-ray flux ~ v flux ~ CR flux
multi-messenger limits are now critical for CR and DM models

Cosmic-ray sources?

pp scenarios: s<2.1-2.2 & significant contribution to Fermi y-ray bkg.
cosmic particle unification is possible with s~2
10-100 TeV data are NOT explained by CR reservoirs
py scenarios: hidden CR accelerators?

Neutrino Transients?
TXS 0506+056 flare: the simple model does not work — need more events

BSM?
dark matter: constrained by Fermi-LAT and CR experiments

10-100 TeV data are NOT readily explained
various possibilities (ex. neutrino decay, neutrino-neutrino self-interactions)



Thanks!




Starburst/Star-Forming Galaxies: Basics

« High-surface density
M82, NGC253: X,~0.1 gcm3 — n~200 cm-3
high-z MSG: £ ~0.1 g cm™ — n~10 cm
submm gal. £,~1 gcm™ — n~200 cm™

 CR accelerators
Supernovae, hypernovae, GRBs,
Super-bubbles (multiple SNe)
Galaxy mergers, AGN

SBG CR luminosity density (Jcr ~ 8.5 X 10** erg Mpc™2 yr~! €cr,—10SFR,—3

(SFG CR energy budget ~ Milky Way CR budget is ~10 times larger)
advection time (Gal. wind)  tosc = taqy = h/Vy, >~ 3.1 Myr (h/kpc)V, 7 5

pp efficiency fpp ~ &pappnctesc ~ 1.1 Zg,—lvw 7. 5( esc/tadv)

E;®, ~107°-1077 GeVem ™ 2s™ ! sr™!



Can Blazars Explain the IceCube Data?

10_55 I I T T
: TG15 ———
PDPMR‘IS ..............
— 10 L DMI14 - -~
2 107 I IceCube
[ = P VN
S 408 L - el
O, | 7 P
S I P N\
Y107 : \ i
F | B
I | ; \\'\;‘.‘
10-10 -7 N L A
10% 10° 10° 107 108
E [GeV]

i BL Lac — two-zone
1 BL Lac — one-zone
i FSRQ - external field

KM & Waxman 16 PRD

- Cutoff or steepening around a few PeV (ex. stochastic acceleration)
But the models give up the simultaneous explanation of UHECRs

- Neutrino data at <~100 TeV are not explained by proposed models
and there are constraints from stacking and clustering analyses



Galactic Neutrino Sources?

~200 TeV is coincident w. “neutrino ankle” of Galactic CRs
Galactic scenarios are not ruled out but fine tuning is needed

*  Why the Gal and extragalactic have the similar flux at this energy?
If the same source population is responsible

AQE2PS AQ(ries) 510 (A2 (Plos) —25_1
47 B2PEG drct g€ .mgV AT 3 kpc &

 Muon neutrino constraints  (Ahlers, Bai+ 15 PRD)
Galactic diffuse emission: <50% (<20% from IceCube Collab. 17)
Unresolved sources in the Galactic plane: <65%
Fermi bubbles, un-ID TeV sources: <25%
DM decay: unconstrained

« Diffuse gamma-ray constraints (Ahlers & KM 14 PRD, KM+ 16 PRL, Kistler 16)
Galactic diffuse emission: <3(AQ/1 sr)%
Galactic center: <40-50(AQ/1 sr)%
HAWC will improve the limits soon



Subdominant Sources in the Galactic Plane?

-------- LHAASO (lyr, b < 2°) UMC (Jb| < 10°, 30° < I < 220°) CASA-MIA limit [b] < 5° and 50° < I < 200°
"""" HAWC (Byrs, |b| < 2°) IC-40 (y) (—10° < b < 5°,280° <1< 330°) 5 _9 9 1 1
........ CTA (100h, 6] < 27) HEGRA (| < 5°, 0° < 1 < 255°) E:®, <2x1077 (AQ/1sr) GeV cm™2 s7+ sr
Milagro (|b| < 5°,40° < [ < 100°) ®  HEGRA (Jp] < 5°,20° < I < 60°)
X Milagro (|b| < 2°,30° < I < 85%) B EAS-TOP (b <5° . .
. . CASA-MIA limit at the Galactic center
+  Milagro (Jb] < 2°, 85° < I < 210°) Tibet (|b] < 2°, 20° < [ < 55°)
[ ) GRAPES-3 (|b| < 2°,20° < [ < 55°) * Tibet (|b| < 2°, 140° < [ < 225°) _ ! _ 1 _
E2®, <3 x 1078 (AQ/1sr) GeV cm™2 s~ 1 sr!
@  GRAPES-3 (b < 2°, 140° < [ < 225°) @  CASA-MIA (Jp] < 5°,40° < I <200°) v ~

constraints on proposed models
- diffuse Galactic emission
(Anchordoqui+ 14, Neronov+ 14, Joshi+14)
too steep spectra

- supernova/hypernova remnants
(Fox+ 13)
gamma limits look violated

EZJ,, [GeV ecm 2s ! sr 1]

...........

Association of many events
w. the Galactic plane is unlikely

Ahlers & KM 14 PRD

10° 10! 102 103
Ey [TeV]




Example

Fang, Su, Linden & KM 17 PRD
updated from Ahlers & KM 14 PRD

Fermi Bubbles?

10°

r T T :_; T logE,[eV]
e 20 15.0
T mt'r‘ | = .v\ !
Tsa 1071 Tl “\ : 0- 114.5
T )
5 \\;_ S, —201 114.0
9. 108 . X /O —40;
= — HAWC 95% UL HH 90% UL on FB v "‘ SR 13.5
& LHAASO 1 year HH  Fermi J R S —60
------- CTA South 100h & CASA-MIA . \
ol HiSCOR 5 year ‘_ \I\ 80 13.0
1010-1 160 161 162 163 164 165 166 1(')§ 220 260 300 340
E[GeV] RA [deg]

« consistent w. ['>2.2 (although the cutoff is indicated by Fermi)
« Contribution to diffuse neutrino flux is subdominant



EZJ,, [GeV ecm 2s ! sr!]

Example: Galactic Halo?

Isotropic limits (Galactic halo CR model)

® GRAPES-3 ® HEGRA IC-40 (7) ® GAMMA
UMC B EAS-TOP *  KASCADE ¢ CASA-MIA
104+ : : pp scenario
-5 : I II
1076 :
1077V : : ]/+)/bkg—>€++€_
—
108 Y K
10—9 L . T LTI ':\
Ahlers & KM 14 PRD "
10710 L
10! 10? 10° 10*

Ey [TeV]

Airshower arrays have placed diffuse y-ray limits at TeV-PeV

ng = (10—4.210.25)(R/Rvir)—'o.fgio.s

Existing old TeV-PeV y-ray limits are close to predicted fluxes
— Need deeper TeV-PeV y-ray observations (relatively not expensive)

>< Fermi y-ray data imply s, < 2.0 — support extragalactic scenarios



