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Multi-messenger Astronomy

Photons
>1 cm ~ =R ~10 um ~] nm <0.1 Nm
o — Radio Microwave Infrared o X-Ray Gamma Ray
106 eV 104 eV 101 eV ~1 KeV > 100 KeV
Pulsars, quasars, radio galaxies The Big Bang Non thermal

(CMB) processes
Cosmic Rays

Electrons, protons, heavy nuclei : 108 - 1020 eV - Origins unknown. Observed first by Victor Hess in 1912

Gravitational Waves

Predicted by General relativity — Observed first in 2015
BH-BH merger ~410 Mpc away.

Now many events, including NS NS merger with EM counterpart

Neutrinos

14/12/2022



The messenger horizon
e ma waary  Y-QYyS do not fravel too far
gz « 1 TeV :Closest AGNs
CRs cannot point back
« Deflection : few degrees at ~50 EeV
« Horizon ~100 MPc - interactions with CMB
The neutrino - ideal messenger for the non
thermal universe
« Neuftral, undeflected
— can point back
e - Interacts only weakly
photons™———__ — can fravel Gpc distances

- (3K bkg).

py—=A-m->v

highest observed 7y energy

galaxy

local group

log(particle or photon energy, eV)

Nearby clusters [T

AGN & QSOs :I ° We hOpe -|-O see
cosmology . e,
« The sites of CR acceleration

0.1 1 10 102 103 104
Observable distance (Mpc) 3



Gravitational waves y-rays y-rays

First decade of multimessenger
astronomy

Cosmic rays ‘ Neutrinos




50 m

1450 m

2450 m

2820 m

IceCube Lab
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The IceCube Neutrino Observatory

/ 81 Stations GO
324 optical sensors Mainboard

Penetrator HV Divider

LED
Flasher
Board

lceTop

\
. Mu-metal
\ grid

IceCube Array i — = /
86 strings including 8 DeepCore strings Board LRIDAL ]
5160 optical sensors ' ‘

E, > 100 GeV

Glass Pressure Housing

Amanda Il Array
(precursor to IceCube)

~41°in ice

DeepCore
QO
\\\ sina = 1/n

8 strings-spacing optimized for lower energies
480 optical sensors
E, > 10 GeV &

Eiffel Tower S Z \
5 {
4 \ W

324 m ‘

v
/’
radiation //

CherenRs
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WHY NEUTRINO ASTRONOMY?

proton Source region, e. g
surrounding dust clouds,
Galaxies...

10°

AMS
BESS Source, e.g.
ATIC Supernova,

JACEE Interstellar
dust clouds

10°

4 > % » |

3

KASCADE(SIBYLL)

Satellite

N Tibetll(SIBYLL)
experiments

all-particle

[y
o

Tibet(SIBYLL)
KASCADE(SIBYLL,

Akeno
GAMMA
TUNKA
Yakutsk
Auger
AGASA
HiRes

Fluorescence

all-particle
detector

Intergalactic
magnetic fields

] ¥ & X o 0 > 4 nm

E2 dN/dE(GeV m™2s-1sr-)

H

PV Y
CAPRICE e
HEAT

ATIC

Ferml

O HESS

< CAPRICEe"
A BESS

AMANDA
O EGRET

102 1 10* 10* 10° 10° 10" 10" =<
E(GeV) Air shower
Feeatt L Atmosphere

x> oe O




In-ice Signatures
Muon tracks—> v, CC cgscgdes 70’” flavors

Good angular resolution: Neutrino Astronomy V., V¢ and all-flavor neutral current
(~0.6° at 10 TeV)

Vertex can be outside the detector: Increased
effective volume!

Fully active calorimeter: High energy resolution
Angular reconstruction above ~50 TeV

In both cases, v and v are indistinguishable

14/12/2022 M. RAMEEZ - TIFR 7




IceCube High Energy Starting Events : Neutrinos in a Haystack _
! signal vV i
“}joreherin Sk |
3 W | ‘ B T
atmos Vi e r0° £
10 §
T 10° g
....‘ é
$" .. j"”‘bo" 102 L:%
SRR
.101
~100
250
2000\&\
1500 150 &
6000 ol Uls 100 »®
—atmospheric {1 a,,, S —
e wig 100000 \ 5 &
ent/pej ©

Southern Skx | o
cosMmic I"a_)/ elected Yigh°Energy Starting events
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The IceCube astrophysical flux (7.5 years of data)

Phys.Rev.D 104 (2021) 022002

+75°
H+  Data Largest TS
Astro.
) BN Atmo. Conv.
% 10 E Bl Atmo. Muons EES ()
- ; +15°
3
N 24h Oh
®
- TT —15°
w 1004 H H
g : —30°
B} -
>
£
Equatorial
—T75°
10_1 rrrri | T T T T T
104 10° 106 107 , B
Deposited Energy [GeV] 0.0 10.5 21.0

TS = —2A1In(L)

No statistically significant clustering

60 Events above 60 TeV Corrected for trials
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Astrophysical neutrino flavour ratio

Muon damped
Standard m production

Confirmation of Glashow resonance at 6.3 PeV

Neutron decay a t, =328 ns b o .3.njs'af’ferti1 .
VeV, V, at source o 20 E, '
= 0:1:0 2 ] TR R 2,000
o 1.00  at Earth IR ,
: 1:2:0 118 L ::;EE
. @ ®g 5
116 é: 1,000 %
& g: £
114 $ 88 600
12 tE 400
E ‘i 300
10 q 2.
o
] |
g c DOM 54, string 67 d DOM 55, string 67
_________________ e 0.17 6 103; E -
2, 0.00 , 2 | f :
S L 0K L& & 103 :
N} N N) N N) \) N w ] ] :
0 o 400 - H
g ]
107 | T | T T T T
350 400 450 250 300 350 400 450
ICeCUbe, Ap.l 809:98 (2015) Time (ns) Time (ns)

IceCube, PRL 114, 171102 (2015)
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Measurement of neutrino-nucleon cross section
using Earth absorption

Vertical I 0.9 - :
180 . ] -=-Neutrino
170 0.90 0.8 ] 4 Antineutrino
Core-mantle ] A S
boundary 160 A __07 ” -;-'F Weighted combination
= T > ] w""‘-\; —This result
2150 ) (o) ] S
.............. 3 1OV N . .. S ¢ 06 I L
-; 140 0.60 o > T
© = £05
£1 0.453 o ] |
£ ° ) 1 f
81 G o 04 N
N 0.30 2 ) m ok
110 = ui 03 ;]-‘ t x
150 0.15 \o> 1
teelih 0.2 1 Accelerator
= i0° 10° 10* 10° 10° 00 0% 01 Data
hiotZaRL) Neutrino Energy [GeV]
1.5 2.5 3.5 4.5 5.5 6.5
IceCube, Nature 551 (2017) 596 logso(E, [GeV])
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Realtime Alerts froln lceCube
kéi@\ SN/

—_ GRB/

—
| Flaring Blazar

AIert\ Arts

@ Cosmic rays }
O Photons

@ Grav. waves
@ Neutrinos

Iridium

Real time (~1 minute)

public alerts since 2016 IceCube, 1309.6979 (ICRC)

IceCube, Astropart. Phys. 92 (2017) 30-41

14/12/2022 M. RAMEEZ - TIFR 12




TITLE: GCN CIRCULAR
NUMBER: 21916

I\/l u ‘tl— m esse n ge r a | e rtS : SUBJECT: IceCube-170922A - IceCube observation of a

high-energy neutrino candidate event |

. NG
EIQSEA 1E7r<I(<) %llgifglsoa Fermi-LAT detection of increased gamma-ray activity of
+ ) TXS 05064056, located inside the IceCube-170922A

. . |
Claudio Kopper (Univery error region.
Maryland) report on bel ATel ¥10781: Yavwvaki T. Tanake (Hiroskiome Umivorsityi, Sara Buson (NASA'GSFC), Dariel
i i Kocovski INASAMSFC) on behall of the Fermi-LAT cullaburmtion
icecube.wisc.edu/). E by Py i Kyt

| Covaenniald Cardfaarion: David 2P anmgueos: [Idaod UDsnvnpisan @ ansa gor)
)
On 22 Sep’ 2017 IceCubr Suhjacra: Garame Ray, Neutrines, ACGN

high probability of beim Refered fu by ATel M2 10792, 10794, 10 0801, 10817, 10830, 10831, 10833, 10833, 1084
. fw by ATel 42 10792, 10794, 10756, 10801, 10817, 10830, 10831, 10833, 10838, 10810,
the Extremely High Ené| 5 ei=) e, 10600, 0612, 11416, L1430, L1769

n tem r 22 2 1 V4 | | was in a normal operati]

O Sep © be ’ 0 ’ CeCUbe Ssued a interaction vertex that mm . -
neutrino alert: the detector volume, a | ws searcred tor el FiFSt-time detection of VHE gamma rays by MAGIC from
;ﬁ;;‘g;'j';,-‘uﬁ“;‘;;_g_:“; . adirection consistent with the recent EHE neutrino

A muon track event created by a ~290 TeV ray Spoue Telsccpe, event IceCube-170922A

o alsn rclodes 10 the)
Inentad inside the leeC

N eu‘tri no (l CeC u be_ 1 7 0922 A) o emengies abd AT F1CR1T; Razn:‘: :1;;—;3;;7(7.; ;h;?\-’l-: GIC Collaboratine

(ntossileomiesle ez,
Locecd, the LAl ©.1--2 Cranraea (Cernifvatinn: Razmic Mirgnyan (Ragmik Mirzoyan@ngnpompg e

« Found to be spatially coincident with a known 3wt eromar
blazar (TXS 0506+056) that was in a flaring ke, A W rad o b AL 8 10830, 1063, 0635, 10830, 1054, L0815, 10912
state s e

o nhsery
. b, | R ’
! w2 ST ODLTd e R . - - ... -
H o PrR— Aler tie ToeCube neatrine eveot EHE 1700224 dewced oz 22092017 (GCN it 2196,
i Blazar Was aISO detected by the MAGIC alr_ S lence w;m“f’ﬁ‘;’;mr-m:i?ﬁ "'nc:mun"::’..l m:!nu::m? PATITEaTaY :miu‘:x::kfn:ﬂ the I:I;u.zr TXS CS};!“-NH":{:: ns ne
. Vas rpy hare tom |29 SGFNL HIS AT 5020 (TAN, [Lam et al., Asiman. L, 1850 TENS-17IL (2001)), locaml &
e Melween Yare Ly, M BHE PHREZA anmarad direction [Alel 210091). MALIC nkze=ved thi ]
Cherenkov telescope in the days after the alert, e o oMM S £ e oo i 10 S s et 0k e
. th t 4 O O G V abmw::"ogs ﬁon’;i §cpupmb:r 23¢h dll Oll?mc:tit%d This is the fiost tiS‘\.m d;:iu ‘-u'}o-E BEMUNG JBYS LI¢
- racesured from a dicecticn coasistent with & cetected neatrine event. Several follow up obseovations|
WI v ra‘ys u p O e - [rom uler i.'bs’.:l"'il\':l".'.; huve becc x:r;u:wd m ATels: 210773, #10787, #10791, #0702, #LCT9=,
« This launched a very active multi-messenger
follow-up campaign that included observations

V10799, F1IOROT, GON: ¥21941, 921550, 221524, 921927, AZ1917, #2191 6. The MAGIC conut
from radio to y-rays.

Subgrcts: Opbuze Ciemma Ray, sCe, TeV, W UNE, Nealmimins, AGN, Blarar

- -——

persans lor these ohwrvatioms are 1 Mersopen (Rasmak Mirroyan@amppampe.ae) L Bemandin
elisa hernandin @deay del, K Natakesa (konvancjscatlleccaidasy.cn). MAGIC & a systee of
two Llm-dlaneter Iiagig Aunssphecie Cherenkov Teescodes kocated a1 the Doservarocy Roque
Ze los Muchachos on the Cazary island La Palma, Spain, acd desigeed w perform 2anuss-1ay
aszorony in the eoeray range from 50 GeV te preater than 50 TeV.

Recently published in Science:
IceCube Coll. et al., Science 361 (2018)

EUTRINOS
FROM A BLAZAR

14/12/2022 M. RAMEEZ - TIFR 13




Multi-messenger

alerts: TXS 0506+056

Neutrino direction was well reconstructed

» Uncertainty of less than 1 sqg. deg at 90% CL
* Positionally consistent with blazar TXS 0506+056

« ~290 TeV estimated neutrino energy

side view
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Multi-messenger
alerts: TXS 0506+056

At detection time of lceCube-170922A, very little was known about blazar TXS 0506+056.

As part of the large community follow-up effort, the redshift has been measured
z=0.3365 = 0.0010 (Pianno, et al. ApJd 854 (2018) 2)

But how often does this happen by chance?

« 2257 cataloged extragalactic Fermi-LAT sources

» Light curves above 1 GeV in monthly bins

» Likelihood ratio test comparing random coincidence (null hypothesis) to correlation
between gamma-ray flux and neutrino flux for several models

» Energy flux, Flux variability, VHE detection/detectability
* 4.10 preference for correlated emission

* Trials corrected:

« 9 previous alerts + 41 additional events that wou/d have generated alerts, had they
been operational

- 3.00 preference for correlated emission Recently published in Science:
IceCube Coll. et al., Science 361 (2018)

14/12/2022 M. RAMEEZ - TIFR
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lceCube Archival Data

Evidence of time-dependent emissions is observed:

Independent of, and prior to neutrino alert
* September 2014 - March 2015

* 3.50 excess over expected background
13 =5 events over background

IceCube Coll. Science 361 (2018) 147

2012.5 2013.0 2013.5 2014.0 2014.5 2015.0
- PO I S 1 PR o o o L. . . 3 L. . 3 3 L, 2 2 3 3 1 PR o o
T 4 Best Fit: Box [~ |
g = = Best Fit: Gaussian N
\
1
> ) \
= 9 = Y} ‘
“3 Y/
o0
< 1 i ||l |l ] | | I“‘ ' | lII H || |||lll LlLﬁl u . |\<\:
56200 56400 56600 56800 57000
MJD
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Multi-messenger source: TXS 0506+056

Two analyses provide evidence that TXS
0506+056 is the first of the long-sought sources
of astrophysical neutrinos.

When both results are considered together, this
provides evidence that blazars, especially TXS
05064056, is a site of high-energy cosmic ray
acceleration, and blazars are a potential source of a
sizable fraction of the IceCube diffuse neutrino flux.

Many question still remain:

«  Why TXS 0506+0567
e Adistant (4 Bly) and very luminous blazar
Why not closer blazars? (now solved)
* What other objects are out there like TXS

0506+0567?
* Ongoing investigations with partners to
resolve

 Continued alerts

14/12/2022
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NGC 1068

Science 378 (2022) 6619, 538-543

Trial factor reduced by looking only in the

sz Q506+056 . .
. O NGC 1068 directions of 110 gamma ray sources
RO :
e 3
o0
I I I | 2
<12 A
1 3 5 7 %
7LOG1O(pLOCAL> o
Lo . . _
_10g (plocal) o0 . L 15.0
b [ Signal [ Total I 10 1 I Best-Fit T
1 Background ¢ Data o L 195
§ 8 1 .
80 A 7 L 100 o
> 6 <
[eb) -1 -
= | <
60 5 5
® z i o
= c S 47 . 50 !
; 240 - —
o = 2
= ! RPN | 2.5
20 - P
1 1 1 1 O-O
. p— 2.5 3.0 3.5 0o 2 4
412 410 40.8 406 404 40.2 0 1 2 3 4 Spectral Index —2x AlogL
r.a. [deg] ? [deg?]
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Multimessenger phenomenology?

Murase et al v, + 1, e IceCube vy, + 1, t  Archival data
Inoue et al v, + 1, +  4FGL-DR2 MAGIC
1079 4 .
E .. B NGC 1068 Astro. v,
] ‘ % o [ TXS 0506+056 ~ =—¢4=— Astro. vev;
— 10_10 3 .:l.
7 ] : U —
n . . T —t—*— ——— 4
7 —11 o’ 2
1 E °® T
2 107 3 : -;; ! S \ E20 Sy
> ° <
é 10712 5 . # ‘T+ E s S
- -+~ + § 10-13 1 \‘
i ] 9 + v &)
10713 < “:f — :
] fg' } 103 10 10° 106 107
1 [ E, [GeV]
10_14 + ‘.I 1 1 1 1 1 1 1

10°% 10722 107? 10~ 103 100 103 106
Energy [GeV]

This field is ready to be disrupted
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Search for neutrinos in coincidence with gravitational waves

binary neutron star merger

E%F [GeVcm™2]
2

—
<

—_
<
[\S)

o IceCube up-goin
0% Rx=-—Toec e dbmrs 1073
_15° —— GW (90% CL) 103 ¢
+ NGC 4993 :
¥ neutrino candidate (IceCube) 102 _

¢ neutrino candidate (ANTARES)
= === JceCube horizon
— == ANTARES horizon
[ TAuger FoV (Earth-skimming)
[ ]Auger FoV (down-going)

i

E2F [GeVcm™2]
2

GW 170817

+ null results from binary black hole merger neutrino searches ;
U (U TR TV EATIR
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—_
o
[\S)

10"

ANTARES

e ————
-

oo

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

+500 sec time-window | 3

IceCube —\_’_Ij:i

Auger

Kimura et al.
EE moderate |

10"}

ANTARES, IceCube, Auger, LIGO/Virgo, ApJL 850:L35 (2017) 10—2;-

| 14 day time-window

10°

e Kimura et al. —-—-—.. Kimura et alj
' EE optimistig 0° prompt ]
Auger
I

107
E/GeV

Metzger
30 days

Fang &
Metzger |
3 days ]

108 10° 10" 10"
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v from GWSs? (contd)

GW (99% CL)
GW (90% CL)
GW (50% CL)
X neutrino

o |=—=GW (90% CL)
| % neutrino (IC)
X neutrino (A)

LVT151012 GW151226

PRD 96, 022005 (2017)

ANTARES, IceCube, LIGO/VIRGO
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Correlations with UHECR arrival directions?

JCAP01(2016)037 N G7K
N Hor

Galactic

No statistically significant correlation.

14/12/2022 M. Rameez - TIFR 23



ex®y(ep) (GeV em 2 571 sr )

—@+ Ahlers et al.
—— Waxman-Bahcall

Correlations with GRBs?

IceCube,
Apl) 843:112 (2017)

excluded region

....................................

: allowed
1 1 IIIIIIi 16%7()Illi [ ] [ ] 1 1 1 111

10%

14/12/2022

10° 109 107
Neutrino break energy e, (GeV)

M. Rameez

No association with five years of muon neutrino
track events

Conclusion: <1% of astrophysical neutrino flux is
produced by GRBs

Non-detection rules out GRBs as the dominant
source of UHE cosmic rays

24



A diffuse Galactic Component?

Realistic models are currently below the IC
Sensitivity

Astrophys.J.Lett. 868 (2018) 2, L20

—_
o

a —
Reco. Signal Expectation [a.u.]

—_
e
)

—_
e
™)

150 200
RA ]

Diffuse spatial template from Fermi ° map,
combined with IC effective area and angular
resolution
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- IceCube UL KRA~
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The Future

M. Rameez - TIFR
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Rubin LSST

14/12/2022

The IceCube Gen2 Facility

High Energy Array (HEA

be-§ IceTop
Deepcore/PINGU

IceCube Gen2 Cosmic Ray Array (CRA)

Transient factories

GRBs
SNe
Neutrinos

Gravitational waves
FRBs

Optical transients

We are about to be overwhelmed by
data.

Great opportunity for citizen science
and outreach

M. Rameez - TIFR
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Credible DM Detection *will need* multiple messengers

Indirect detection

DNV T——)

LUX
XENON

COGENT
DAMA

IceCube
Antares
SuperK

BAKSAN

Direct Detection
Decay and
Hadronization

DM

Collider searches

ATLAS, CMS ...

Fermi Galactic Centre Excess,
AMS e™ /e~ excess etc inconclusive

DM annihilation rate o p?
Also DAMA, Cogent modulations

decay rate < p

14/12/2022 M. Rameez - TIFR 28



What can we expect?

Surprising correlations, falsification of assumptions — keep an open mind

Short term

Muon variation (%)
Muon variation (%)

Teff(K)
IMF (nT)
A DO N OO

01 02 O3 04 O5 06 O7 O8 09 10 11 12 13 14 15 16 17

Time (year) 01 02 03 04 05 oO0s6 _lgl7m0eB (OeraIL;)) 11 12 13 14 15 16 2:7 Posted_4 512

Developing atmospheric CR secondaries and in situ measurements of the IMF into an input for Earth-climate models

Long term
Galactic diffuse neutrinos? More confidence in our understanding of CR acceleration and diffusion models

Long shot
=0ng Shot Anchordoqui et. al. Phys.Rev.D 72 (2005) 065019

Quantum gravity — neutrino flavour ratio from a multimessenger source

14/12/2022 M. Rameez - TIFR 29



Conclusions

* Neutrinos and Gravitational waves are two astronomical messengers that
have come of age in the last decade.

* Neutrinos — Diffuse flux, two high energy sources with EM counterparts
* GWs — 23 above 5 sigma
* Multimessenger phenomenology is nascent and needs fresh ideas

* Upcoming transient factories — great opportunity for citizen science and
outreach

A revolution may be around the corner
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Backup

M. Rameez - TIFR

31



14/12/2022

M. Rameez - TIFR

32



Diffuse flux also discovered in other channels
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The lceCube Point Souyce samples of events

No Veto

Lower

Energy
Threshold

declination

Tracks r.a.

Ingredients:
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The IceCube Point Soug'ce samples of events

No Veto

Lower E,

Energy ‘é

Threshold S
9|l

Tracks

Ingredie
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AV

he IceCube Point Source samples of events

1.50 1.50
— [C86 20122018 — 1CS6 2012-2018
1.25 - % —— M.G.Aartsen et al.(2017) 1257 N — M.G.Aartsen et al.(2017)
1.00 - — = MNL.G.Aartsen et al.(2018) 1.00 - —-= M.G.Aartsen et al.(2018)
CH
(.75 - W - = (.75 AN o
A Preliminary <] R Preliminary
(.50 1 (.50 1
0.25 - P 0.25 - R
3 4 5 6 T 8 3 5 60 7 8
logo(E,[GeV]) log 1o(E, [GeV])

~600000 tracks, from IC40, 59, 79 and 86 (7 years of IceCube)

Northern sky: u from v, + v, CC interactions
Southern sky: Atmospheric u
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All sky point source searches - 10 years

7H° . .
T —_Preliminary

Northern sky p value : 10764°

Southern sky p value : 107°-37

0 1 2 3 4

- 10?;1(1(}710(-(:1)

-y
-
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Fraction of Background Trials
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All sky point source searches

--=- Northern Hotspot

------- Southern Hotspot
S Northern Sky
Southern Sky

Preliminary

1 6 8
-Log10(Piocat)

14/12/2022 M. Rameez

Northern sky p value : 10764>
Southern sky p value : 107°-37

Post trials, p values of 0.099 and 0.75
respectively.

No statistically significant excess!

Compatible with the background only
hypothesis.
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NGC 1068 as a candidate source (from a Catalogue search)

Hottest Northern Sources

020 .
= T e Unblinded NGC 1068
= 1 Background trials
< 0.15 :
5 Preliminary
B :
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Z
M
S
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> ]
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Only 2.9 sigma, accounting for trials.
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Cosmogenic (GZK) Neutrinos?

Yemp +p = At > p+1°
>n+n’

No detection in 6 years of data

Favours heavier composition for UHECRs
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Supernova Remnants (SNRs) and other Galactic Sources?

Astrophys.J. 835 (2017) no.2, 151

Supernovae — energy budget —— Model = = Sensitivity —$— Upper Limit 90%
OfGaIaCtiCCRS 10_10 - 1 1 LI | IIII' 1 1 LI IIII' 1 1 LI IIII' 1 1 LI IIII' -
- Crab Nebula (0 = 22.0°) 1
o _ i , Amato et al. 2003, ' = 107 ]
Individual and Stacking —T - . —— Kappes.et al. 2007 -
searches for neutrinos from 2 : :
: XN 1 Dot SRR oal N -
Galactic SNRs | 2 -
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O - 4
> i i
<)
Young SNRs and PWNs from = - .
SNRCat, HAWC hotspots oy 10712 T -
<5 = =
. A » .
No significant excess. € - -
Optimistic models are being I |
excluded . . .
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A diffuse Galactic Component?

Realistic models are currently below the IC
Sensitivity

The Astrophysical Journal Letters, 815:L25

(2015)
@%

!

—_

-
e
N

3 3
Reco. Signal Expectation [a.u.]

100 150 200 250 300 350
RA ]

Diffuse spatial template from Fermi ° map,
combined with IC effective area and angular
resolution
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Correlations with UHECR arrival directions?

JCAP01(2016)037 NGZK
—— Galactic plane Prellmlnary N

---- Supergalactic plane 90°

<5%

———

~ -l

&> v tracks S
X

V cascades . o Equatorial
UHECRSs (TA) -90

e UHECRSs (Auger)

No statistically significant excess.
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ex®y(ep) (GeV em 2 571 sr )

—@+ Ahlers et al.
—— Waxman-Bahcall

Correlations with GRBs?

IceCube,
Apl) 843:112 (2017)

excluded region

....................................

: allowed
1 1 IIIIIIi 16%7()Illi [ ] [ ] 1 1 1 111

10%
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10° 109 107
Neutrino break energy e, (GeV)

M. Rameez

No association with five years of muon neutrino
track events

Conclusion: <1% of astrophysical neutrino flux is
produced by GRBs

Non-detection rules out GRBs as the dominant
source of UHE cosmic rays
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Astrophysical neutrino flavor ratio

v, 1V, v, at source )
Muon damped ' 20
Standard m production o

Neutron decay

lceCube, ApJ 809:98 (2015)
lceCube, PRL 114, 171102 (2015)

* Production of purely electron neutrinos at the sou

* “Muon damped”: muons lose energy to synchrotrou lauialivll wWiLliii/liedl dSuulLe

* With future data, the neutrino flavor ratio can constrain magnetic field amplitude at source of astrophysical
neutrinos / cosmic rays
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no[Mpc 7]

How many standard candle sources?

Mertsch, Rameez and Tamborra 2017
JCAP 1703 (2017) no.03, 011

107% ¢
1072 |
104 E

1070 |

PS limit (MC)

correlation sensitivity (MC)

PS limit (analytical)

10~ L
i correlation sensitivity (analytical)

10—11 i | | I I I I I
‘I_‘. cIE S '

Also see,
Murase and Waxman 2016

Phys.Rev. D94 (2016) no.10, 103006
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