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Early examples of
multi-messenger astronomy

= Solar flares and cosmic rays
~ 1950

15 17 19 21 23 X
GREENWICH TIME  JULY 251046

Fi1c. 1. Curves of (I) hourly readings of the percent in-
crease of the cosmic-ray intensity above its pre-flare
averago (H) the relative increase in the width of the H,
line above its normal value (Ellison®).

= Neutrinos from the sun
~ 1970
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Multi-messenger observation
Searching for neutrino counterparts

Supernova 1987A Rings
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Supernova detected clearly
Neutrinos perfectly consistent with expectations
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Multi-messenger observation
Searching for neutrino counterparts

Aartsen et. al. ApJ 809:98
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© B Astrophysical (v, +v, +v,)
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Astrophysical flux detected.
Not clear where they are coming from. Links to the mystery of the sources of CRs
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Multi-messenger observation
Searching for neutrino counterparts

Aartsen et. al. ApJ 809:98
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Key parameters of IACTs

Energy threshold ~ 50 GeV

Field of view ~ few deg in diameter

Response time ~ 30 s to a few min

localisations ~ 0.01 deg

<
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Phase space for MM targets

Localisation
precision
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\ SIS,
QQQ . I Universitat Potsdam Clemens Hoischen . MMA with IACTs . 14th Rencontres du Vietnam - VHEPU . Quy Nhon 9

gz
S

H.ES.S\] * %m



Phase space for MM targets

Localisation
precision

100s deg?

few deg?

SNRs, PWNe
Starbursts, ...

arc sec

10-3s few s 100s s days years

Time scale of phenomenon

Q SOVEISigg
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Phase space for MM targets
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Phase space for MM targets
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Key parameters of IACTs

Energy threshold ~ 50 GeV

Field of view ~ few deg in diameter

= Response time ~ 20 s to a few min
. . —_— -1 ——— Model++ CT5 Mono (~ 80 GeV)
= |ocalisations ~ 0.01 deg o e T Model++ CT5 Mono (~ 200 GeV)
£ 102 ———— ImPACT CT5 Mono (~ 80 GeV)
agn m O E ] e ImMPACT CT5 Mono (~ 200 GeV)
= Sensitivity > 107 —— Fermi-LAT (~ 75 GeV)
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Key parameters of IACTs

Energy threshold ~ 50 GeV

Field of view ~ few deg in diameter

E? x Flux [ergscm™2 s7!]

= Response time ~ 20 s to a few min
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Neutrino | Gravitational

Phase space for MM targets  triggers Waves triggers
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Neutrino | Gravitational
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- Neutrino | Gravitational

Phase space for MM targets  triggers
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Neutrino ravitational

or MM targets  triggers I Waves triggers
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Multi-messenger observation
Searching for neutrino counterparts

Aartsen et. al. ApJ 809:98
Conv. atmospheric (v, +v, )

=== Prompt atmospheric (v, +v,,, 920% C.L.) |/

B Astrophysical (v, +v, +v,)

10° 10° 107
E, [GeV]

Astrophysical flux detected. Perfectly consistent to see them.
Not clear where they are coming from. Links to the mystery of the sources of CRs
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Multi-messenger observation with IACTs
Searching for stable neutrino counterparts

= Collective effort to search for neutrino counterparts
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Multi-messenger observation with IACTs
Searching for stable neutrino counterparts

= Collective effort to search for neutrino counterparts

ULs from H.E.S.S. and VERITAS
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

Iridium
Online Event ceCube | lceCube > EHEAlert apmoN
Filtering -» Live Live &
System South i i North =»HESEAlert=» GCN
South Pole, Antarctica Followup
...................................................................... : - e ™

lceCube Data Center, Madison WI

................................................................. >
10°
10°
10°
10% % . ‘ —— -
10° 10° 10°
Delay (seconds)
Q PVersigy, from Aya Ishihara, Chiba Multi-messenger workshop 2018
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

Iridium

Online Event IceCube ~ lceCube ¥ EHE Alert > apon
Filtering - Live . Live &

System South i | North ™™HESE Alert ¥ GCN

: South Pole, Antarctica : :
teueuessesseseanetnsasaennaetesesseeneseansesenteneasaennannes : : wp_ FOllowup o

Reconstructions

lceCube Data Center, Madison WI

" In the order of 0.5 alerts / month
- = |ACT duty cycle
= No access to the entire sky every night
= Current IACTs are nicely spread out
= Few chances to observe with low latency
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Q oVersigy, from Aya Ishihara, Chiba Multi-messenger workshop 2018
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

IceCube- 160427A 160731A 170321A 170922A
From IceCube:
Right Ascension [deg] 240.57 214.54 98.33 77.43
Declination [deg] 9.34 —0.33 —14.48 5.72
Median angular resolution [deg] 0.60 0.33 0.33 0.25
Deposited energy [TeV] ~ 140 <100 >120 >23
MAGIC data taking:
Zenith angle range [deg] 18 - 26 45-65 45-60 22-52
Effective observation time [h] 1.85 1.3 1.0 12.9
IceCube UTC Date Obs delay Exposure VERITAS
Alert ID (hr| thr| publication
IceCube-160427A 27 April 2016 0.05 3.15 (98)
IceCube-161103A 3 November 2016 0.06 1.5 -
IceCube-170321A 21 March 2017 19.3 0.5 -
IceCube-170922A 22 September 2017 12.2 5.5 (59)
Date Alert Delay of Duration of
identifier observations observations
Apr 27,2016 IceCube-160427A 2d 15h 2h
Jul 31,2016  IceCube-160731A 16h 2h
Nov 3, 2016 IceCube-161103A 12h 2h
Sep 22, 2017 IceCube-170922A 4h 3h 14m
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

IceCube- 160427A  160731A  170321A | 170922A '

From IceCube: |

Right Ascension [deg] 240.57 214.54 98.33

Declination [deg] 9.34 —0.33 —14.48

Median angular resolution [deg] 0.60 0.33 0.33

Deposited energy [TeV] ~ 140 <100 >120

MAGIC data taking:

Zenith angle range [deg] 18 - 26 45-65 45-60

Effective observation time [h] 1.85 1.3 1.0
IceCube UTC Date Obs delay Exposure VERITAS
Alert ID (hr| thr| publication

IceCube-160427A 27 April 2016 0.05 3.15 (98)

IceCube-161103A 3 November 2016 0.06 1.5 -

Date Alert Delay of Duration of
identifier observations observations
Apr 27,2016 IceCube-160427A 2d 15h 2h

Jul 31. 2016 IceCube-160731A 16h 2h




Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

2009 2010 2011 2012 2013 2014 2015 2016 2017

15 September, 2017

1 October, 2017

15 October, 2017

ON&G\WONG\\D
\J L L .

Modified Julian Date

Modified Julian Date

® MAGIC (E>90 GeV) @ VERITAS (E>175 GeV) a HESS (E>175 GeV) : * (A)
I
|
Lo 3
|
: T : , 3 21 ?+
@ Fermi LAT (E>100 MeV) ® AGILE (E>100 MeV) - j (B)
t '_ + +—+—
+: S S , —
| |
e o, .~. ““’Q.“.’ +* ’ ’OOO’M... W’””"“‘“c’.’.’"’““’ M 0.’?“.*““"’ X | . X .
@ Swift (0.3 keV - 10 keV) | : : (C)
|
¢
I
{ ! : +
' $ [
’.SWM( héton index)Y '
p ’ . (0
.
|
1 +
.ASAS SN V-band) l Kiso ( b nd) A Kanata (R- band ) '- ' )
( g-da .. :. . ° [ ] (E)
o ,M i EE R
|
|
I
@ OVRO (15 GHz) m VLA (11 GHz) | ' c
t . 4 L] e [ ® at a a . ( )
‘M - ‘A i | .
|
RV o P PO .
|
e " A e A A . | _—t A e
55000 55500 56000 56500 57000 57500 58000 58010 58020 58030 58040 58050

arxiv:1807.08816v1

QQQ . [l Universitat Potsdam Clemens Hoischen . MMA with IACTs . 14th Rencontres du Vietham - VHEPU . Quy Nhon 27
O{P LD

HES.S\] "°

%am



Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

log(Frequency [Hz])
8 10 12 14 16 18 20 22 24 26 28 30
1 I

T T T T T T T T . T
-101 -
10710 = i T 5
§2 '
i v
1011} * - -
- E i ]
| - 1
» i
0 N
| 4
5 % a4 v
Q0 .12 o pooo
— f—- — -
3 10 i * 2 ]
Ll 3
O 4
s
=
O
‘W
10~ 23 o -
E .l 3
. Archival % SARA/UA —— INTEGRAL (UL) —— VERITAS (UL) ]
e s VLA s Swift UVOT 4 Fermi-LAT —— HAWC (UL)
5 e OVRO # ASAS-SN ¢ AGILE —— Neutrino - 0.5yr ]
10-14F : e Kanata/HONIR ¢  Swift XRT 4 MAGIC === Neutrino - 7.5yr |
; v Kiso/KWFC o' NuSTAR —— H.E.S.S. (UL) ]
[ 1 ) ) 1 L A 1 L L 1 L ) 1 L L 1 L ) 1 L . 1
10-° 103 100 103 109 10° 1012 1015

Energy [eV]
arxiv:1807.08816v1

Q gﬁ\""ersil‘é;
QQQ ..,\, I Universitat Potsdam  Clemens Hoischen . MMA with IACTs . 14th Rencontres du Vietnam - VHEPU . Quy Nhon 28
O‘fs* LD

%m

H.ES.S\] = %m



Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

= TXS is fluctuating just at the edge of detectability above ~100 GeV
on timescales of ~ day

= Continuous high state at ~ 1 GeV for months

= One Neutrino ...

o
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Multi-messenger observation with IACTs
Searching for temporally varying neutrino counterparts

= TXS is fluctuating just at the edge of detectability above ~100 GeV
on timescales of ~ day

= Continuous high state at ~ 1 GeV for months

O N . and zenith angle in IceCube is of astrophysical origin. This probability, the so-called signal-
. ne GUtrl no ... ness of the event (/4), was reported to be 56.5% (/7). Although IceCube can robustly identify

—> More IACT follow-up of Neutrinos needed.
—> Optimised monitoring needed.

— T
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

AVEISy£.
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Multi-messenger observation with IACTs

Gravitational Wave counterparts at TeV energies?
= (Indirectly) Ongoing since 20 years

= Searching for high-energy emission from GRBs
= GRBs predicted to originate from NS-NS mergers

= NS-NS mergers predicted to generate Gravitational Waves

eren,
\J N
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Multi-messenger observation with IACTs

Gravitational Wave counterparts at TeV energies?
= (Indirectly) Ongoing since 20 years

= Searching for high-energy emission from GRBs
= GRBs predicted to originate from NS-NS mergers
= NS-NS mergers predicted to generate Gravitational Waves

= Gravitational Waves are actually detectible now
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

12h z ;
@_Sun \ /
O’E-.lfVioon | lf imi 1 .
0- O \ IACT limitations:
| == WA = FoV to small to cover significant
"""""" s N fractions of localisation uncertainty
3 05"‘-.“: Ny § N I_J RO =
4 X I / ;/ﬁ/\/
16h X o 7. /A 58
; ";‘- B S ..".';:.‘ = GW [
x . radio )

.. optical/IR [
24h X-ray [ ]

20h ~-ray (all-sky)
Broadband follow-up of GW150914

The Astrophysical Journal Letters, 826:L13 (8pp), 2016 July 20
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

10-12 Stochastic EPTA
1074} l/ SKA
IACT limitations:
< sA\ = FoV to small to cover significant
& ol 6%? fractions of localisation uncertainty
:g Extreme mas E?ggs
§ 1o = BH-BH mergers are not expected to
S . emit any radiation other than
o gravitational
S
10726 - - - =) 0 2 v "6
10 10 10 10 10 10 10 10 10

Frequency / Hz
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

GW/GRB 170817

Gamma rays, 50 to 300 keV GRB 170817A

IACT limitations:
= FoV to small to cover significant
fractions of localisation uncertainty

= BH-BH mergers are not expected to
emit any radiation other than
gravitational

= NS-NS mergers are also in
range now

from NASA

AVers; .
\ N2
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

H.E.S.S. still tried...
and observed the counterpart location as first ground based pointed observatory.
only 5 minutes after the three-detector localisation was circulated.

10.5 T 1 § 1 A | ) § 1 ) 4 "r“, it T 1 4
6 Fermi-GBM detection of sGRB BAYESTAR map VLA/JAGWAR Radio detection
10' 50 < E < 300 keV GCN 21513 2-4 GHZ‘ I‘-100|¢“y et al. (2017)
(GCN 21528, Goldstein et al. in prep)

107 - N
p— INTEGRAL detection of sGRB A =~ - SR )
‘:’? 108 75 keV < E < 2 MeV : GR ICAL Tin - . Sziigﬁr‘cﬁt‘c{"c{‘}lgn
g o (GCN 21507, Savchenko et al. 2017) (GCN 215‘07' Coultdr et al. 20172)
= 10 |
2 10 I H.E.S.S. upper|limits (95% CL)
2. 10

Fermi-LAT limit (95% CL)
x N
w“ 107 ¢ (Fermi-LAT 2017 in prep.) | 28 q-¥ .5
6 0 0,2 0.50
S 10722 |} ' 303?-283uv
w GW170817 detection 3 '
13 GCN 21509,
10 PRL 119 (2017) 161101 Chandra X-ray gounterpart
detection 0.8 K E < 5 keV
10-14 (Troja et al. 2Q17c¢c)
——
10°1% La - -~ . - " . - -7
010* 10° 10? 10? 10° 10 10° 10° 10

Time since detection of GW170817 |s]
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Multi-messenger observation with IACTs
Gravitational Wave counterparts at TeV energies?

Declination
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Optimised follow-up strategy:
= Combined galaxy catalog + localisation uncertainty

= Automated
(see arXiv:1705.10138 for details on the schedule calculation)
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Multi-messenger observation with IACTs

Gravitational Wave counterparts at TeV energles’?

107 , -
Fermi-GBM detection of sGRB i1 VLA/ JAGW” R Radio detection
10‘6 . 50 < E < 300 keV CN 2~4 GHz, I'1oo|vy et al. (2017)
(GCN 21528, Goldstein et al. in prcp)
10.7 B T . 4 d
— INTEGRAL detection of sGRB > ]
™ 10'8 N 75 keV < E < 2 MeV S5S17a detection
" (GCN 21507, Savchenko et al. 2017) announcement
£ 20 (GCN 21507, Coultdr et al. 2017a)
—
%" 10°10 53 H.E.S.S. upper|limits (95% CL)
‘5 : l;ermi-LAT limit (95% CL) : : :
3 ; n0.1<E<1GeV 1€
% 1071 | (Fermi-LAT 2017 in prep.) | 5.2% 23> 01" "10.50.5"’6"
g B 3
o -12
S 107°Fl  Gwi70817 detection $031-2.88 Tev
i GCN 21509,
10777 |§ PRL 119 (2017) 161101 Chandra X-ray ounterpart
detection 0.8 E <5 keV
10'1‘ 5 (Troja et al. 2Q17/c)
10'15 : o o A 1 L . 1 L
010 10° 10* 102 10° 10* 10° 10° 10’
Time since detection of GW170817 [s]
Another take away message:
= No GW detection in this case = no follow-up what so ever!
 Just another weak and poorly localised Fermi-GBM GRB.
e, @ Now: closest GRB ever! GRB with most intensive follow-up!
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Multi-messenger observation with IACTs
Prospects for the coming years .

Multi-messenger studies with IACTs are heavily
driven by observations:

= Taking risks and perform exploratory observations o
» Probe the rich transient (optical) sky
(ASASSN, ZTF)

* Get prepared for the radio transient sky
(see MeerKATs THUNDERKAT program)

* Learn about Multi-messenger source
candidates even without Neutrinos and GWs

= Collaboration between IACTs
- Exploit having 3 running sites:
* Distribute monitoring of Neutrino candidate sky
regions if possible
* Optimise GW follow-up scans
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