9 L ! ;
.a‘ ' ”3‘.. &.tm /“..‘ %" T e .-. .95 o
8 » .. L. PR o Y Y-‘- ‘. - .2. X RN » s ¥ . - TR
LIRS . ‘.. ‘:’“ N A o.(k.:";‘.\ ...'.’." .!!:'.'.‘-'.'.. ' st ot ’r,."?’. '.:Of’-t:.‘“"‘t:"V. ‘g,' ‘\f’l
...Q,'..lqvﬁlﬁ e ‘.-5645 ol tt.s’.!.sf".',‘-'.f y e % %% % »’r"“*""‘"’ } F'
&“'."5"‘." ‘\'. .‘.(h. l‘. ‘.‘ R N s S o oe " *’v'- ‘\ ’
he’ & \° ._‘_‘ o s a N A I ‘a‘ "0 - ,"("/c.e* "‘
P LU -‘.* N M “ ". . .“-.A' ) - & . - - ANy - C e n” \’~ "
y ® I8/ SE R .’\'l'.'a(.,.‘. - *‘*"-' o aNS :-.55 Rl e - R T R X /'o_‘,z’. " ”" lsf’
PO S AR RN bt S nes e LS ey o & ke TR R L RRRR A RS L "" £ s s
® . e ".'. "_‘J".' . » ~ 4 ’.‘o: - '..’.’_' ","5" -"
e B\ AR : s hank s ek Y5
- ‘ Ry :.. . : 3 / \-g,-‘, \ ;.-‘...;‘. K
RIS i -.‘."."'b o
; 4 » « N L IS
, -.o' * ?-o' . S0 87
R ) . . "‘,“'\‘.-".
& N M A X
3 L ‘. “ '._“.,“‘ .
a A . .‘ .. -
- n . . . ‘ . »
B T . I eSS Y
' A r ‘ DS |
.‘- ..o .‘ ‘ . .‘ h"‘
i e 8 78 ot Wt
0'..5'..5' ““'.‘
- - - » - -. “ -
. N > .
0. 78 > - LA .
r,saO.- -‘..‘o..‘
7 W ® .. v 8 . .g‘ -
. ‘.' = F Wy oS oS
a_ oA, J a0 _ 8
s 8 . - - - »
o ® o - . .
B, ¢ A, “TAZ o 2N LN
. Ay e g F YLl - - - N 2D
» - r - o N » - - - . —r - AT " 5 %5
.. - : o : . ; ? - g 8 a . - <~ A o ' AL s —~ : . ..- . L an s .‘ Y - -8 ‘. .
. Teas 7 .'o-...'oo. .-°"-0..'.."A00“““ ...0" .5'. '.‘v“.".o“
.';':.; H Mene ) ARAAAAs - PR N aA A ....-". Y.L '.‘0‘~'.o.‘
-~ - 8 s I mw Un v - P PR Y LA L - .- - af ges - ’ - . ‘f Vo
: ? v .. : : <A o .a. I - S BAARAAN oA AS anf a 8 . = a £ o a B ? ‘. : " - . ‘-
. - - - - - - - .
g > . & . Fér SK ‘: sl 2AAsAAAAAALASG o A g aAs s 2 - " - ’ , o ® o
o e vl ¥ 0 ab ti . - . - royYveYyYwyY. S - a2 ~ a A” o g e
L - - - : L .- - p H era on - - ARl e s & - - a8 - . - o - - : ? g .‘.‘ - -
v 3 : 8 a e v 3 . : ? ~ 9 ~ it . - Y Y'Y Y Y Y Y T - - < - P f - < = Ji ? 4 I "
t S » : : . t t ol W ,- - : ' B A a . . - ET Y OIS - . AL AAAAAAAALAS AR vy §- - ~ . - . . o . ; . T : ? .
- : v v : . . _— a a A A . B . r Y Y Y Yy T aAlAsS g 2 A8 afS PO ™Y" . » »
-..'..'_..."_° - : : - & aSAAa A A o Yy Y Y v 2. a & ? - . -. ; - » - ? ? : y - ;
\."‘ .-.;‘,"-:,:_.. n o = S o b B oSS AAAA . vy "y - anss ALgT e ; ; Y T . ? E
- - - D u o - - o » - s - . - - - - E & - v - - =
8 N R, "y % 3 e L
' "‘ - - - R . ) > - ) J > - | E . -8 ,'.0 ‘-
ol tie i £ v T e siAA Ll R SR AL IR LTS
- ‘. ‘~'s. 1 I:: - i, ' & 153 1 s2e 3 & "{ AR '-! ’-.f"-.“ ‘f-‘_:--f,"‘!-'-,..‘ -
- " . 3 o 7 5 o - - o) & - e “ . B - " -2 o r 4"
T T et 3T FaPaTEr BB R S 3% i T Yo PRIt M T BT
N Oa, Ty A » < -, * - 7 s >t = = -)'3 ’-:.“'.'... e {4 - "' - L
- . < » - - . - - f - ‘- 5 PO -, . . - S - w - . - s > g
“7- .~ & - . - - #lSTIlU‘GfO( - -y 2 ¢ “ Sl < : ' - e _’. ?’ ’ o vog _-* - - T a .\’
P (‘ ‘& - Spoce-Eghh Em”onmﬁ‘\wlﬁeseorgﬁ -t 3@ I Lok 0. Vi !'p - .. S i—. i
. Fous o -e"“-,-' IS ...-,’ & e ey W e S gy R
TS Ty ﬁlﬂﬁlﬁ'ﬁfﬂixg‘k ' gﬁ" %t 0 AR L UBL SR Al T =
kel CHRY T P 3 - P ot g IV &
RS SR S o HE FREET — 7_g‘=|‘ 7’ 2021#&1}%24@-265,# S Tl e -
R e T et SR s ity W s o e b,
Rl & B . —— S TR S, SRRSO e Y.
- e . ‘2 - R/ - S - . g . ’ ‘
o e . " / ,
T & .t ' ¥ et 4 5 — ‘5



Super-Kamiokande

Cherenkov light measurement of neutrino interactions using 50,000 t Pure Water
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History of “Kamiokande”

Kamiokande
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ENERGY (MeV)

® Kam-Il (11 evts.)
o IMB-3 (8 evts.)
A Baksan (5 evts.)

| 24 events total
20% % + ++
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Time (sec)

Super-Kamiokande (1996-)

SK-Gd (2020-

SK — SK-Gd
Super-Kami?)ande Gd PJT
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Improvement of neutron
detection efficiency

Hyper-Kamiokande (~2027-)
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Construction started in 2020
Volume : SK x 8



Multi-messenger for Transient events

m Alert publication

0 Supernova World-best sensitivity

o 100% efficiency for events in our galaxy

e |atency of alert from neutrino burst: ~10min (— 1min)

m Follow-up observation

O Coincidence event search with the events
e (GRBs Off-line
e Blazar TXS0506+056 (IceCube)

e Solar flares

On-time analysis

o GW GW150914+GW151226, GW17081
O1 02




Follow-up “observation” by SK

m QOperation (&)
O 24 hour operation (only ~5% dead time)
O 411 acceptance (21T for Up-going muon)

SK available for all transient events !!

SK do not need to have a special operation when an alert was received.
Only analyze the data corresponding to the event time.

& Telescopes: Pointing, Weather condition, Moon ....

m Statistics 2
O Very small effective area
~104cm2 @ Ev=1 GeV
~10cm2 @ Ev=1TeV

* Difficult to enlarge detector
* Reduce background




Event Categolies

Low Energy

Super-Kamiokande IV
Run 61525 Sub 35 Event 6606827
0

Solar: géne 0,66 dirks= 0.17
Charge(pe
2. -
uuuuu

4l hﬂL‘\AI"I Moty

o 500 1000 1500 2000
Times (ns)

E, = 3.5 —100Me

Background :
Rn, Interaction
of CR muon, etc.

(a few events / hour)

Direction:

No sensitivity
(except e scattering)

Fully Contained Partially Contained Upgoing Muon

-~

Super-Kamiokande IV
Run 999999 Sub 6 Event 117

Super-Kamiokande IV

Run 999999 Sub 9 Event 225
18-01
oner:

Super-Kamiokande IV
Run 76804 Sub 27 Event 26199887
1

3
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g e
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2,2- 3.3
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< 0.2 0.2- 0.7
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E, > 1.6GeV

Background : Atmospheric neutrino (~10 events/day)

Direction:

~ 10 degrees
Acceptance:

41T

a few degrees

27T



Transient follow-up system

1. Receive a GW alert (Notice) via NASA-GCN.
2. Wait until realtime reduction data becomes available.

3. Process the analysis
- Search the event in the time window (GW: £500 sec)

- P-value estimation

- Flux upper limit SK realtime process
SK data \

_.-GW.alert reatment ",_.A??!'.Y?".'?.JQEQ.Q.G.S..S__\\ | ~oneiday
GW alert —-—> Notice receiver Watcher wait > IEeedan;?oen '

Y watch \ o Treeneeneeneeees

append
Event search Dedicated

Event database
' p-value estimation é— realtime

Smmsseeeeenenssssse ' etc. 5 process
TODO e j ______________ ; < 40 minutes
- Improve the process time
- Define the criteria for publishing  [Reportthe resuit | NoOt activated yet
the results to outside. via GCN circular 7




Coincidence event
search with GW in O3a

The Astrophysical Journal, Volume 918, Number 2 (2021), arXiv:2104.09196



https://arxiv.org/abs/2104.09196

For

GW events: GWTC-2

Third GW operation (O3) from April 2019 to March 2020
— 56 alerts published via GCN notice

GWTC-2 covers the first half of O3 (April - September)
— 39 confirmed events including some new events from the
realtime alerts

each GW, we have: Masses in the Stellar Graveyard

in Solar Masses

time of the event

sky localisation

estimated distance
estimated masses of the two objects

can be roughly classified based on masses
(m < 3Mg=NS, m > 3 My=BH)

GWTC-2 plot v1.0
LIGO-Virgo | Frank Elavsky, Aaron Geller | Northwestern



Coincident event search

m  Search window: £500 sec on GW event time
B Search neutrino candidate events in four samples

Low-energy sample: Comparing the result with the expected background

High-energy sample: Check the reconstructed neutrino direction and
GW event localization (GW skymap)

High-energy samples

Low-energy sample EC PC UPMU

Standard solar/SRN selection
+ 7 MeV energy threshold Standard atmospheric selection
to ensure stable bkg rate

expected background
1000 seconds = 0.729 0.112 0.007 0.016

10
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e 3 of 39 events were
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Event direction and GW skymap

GW190910
AN Skymaps in equatorial coordinates
Red: GW localisation and 90% contour
Blue: SK FC events with 1o angular uncertainty

Green: SK UPMU events.
Shaded area: SK upgoing sky.
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Significance of each event

 Define the test statistics for separating signal (GW location) and
background (uniform) and compute p value

GW190424_180648 A
GW190426_152155 A

GW190513_205428 A

GW190620_030421 A

GW190527_092055

GW190602_175927

GW190728_064510 A
GW190814 -
GW190910_112807 A

GW190924_021846 A

® Pspace

X Ptime X Pspace

=1%

1 p-value

1.p8%

12.59% 100.00p%
®

12.62% 100.00p%
X ®
.65% 21.02%
X ®
12.61% 100.00p%
X ®
7.20% 57.11
X
6.37% 50.49

103

T T LA L L LR L |
101 10°

GW190602 175927

_________________ .-

30°

36K . 30° . 240° | 180° ! B /
................... ~60°

The most significant GW+v coincidence is
for GW190602_175927:
p = 0.22%

Considering the number of trials (N = 36
follow-ups), we get a post-trial p-value:
P =17.8%

No significant event was found in this search

13
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B Eiso: Total energy of neutrino emission at the source

109 4

10°7 4

assuming isotropic emission.

For each GW event

| =+ BNS —
#
| =+ NSBH : x
-+« BBH &
+
_‘_
e
W190521
:’5— #
. ——A—
_‘_
T C—
+
Bl —A—
GW190425 —h—
+
—h—
102 10

distance [Mpc]

1057

Eiso [erg]

1055

Combined result
for each GW type

<4.91-10°°% erg T

<3.48-10°°erg __ v

v T:::ﬂ??::f::
b

¥

<4.16- 10 erg
------ \)u *
1 —_——— Ve + De

— All-flavor ::::._i._.::::

BNS NSBH BBH

GW type
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Prospects of realtime followup by SK

B The realtime process was established in GW-03.

O New process to minimize the process time is under
development.

O Defining the procedure to publish the results

m Followup program was under discussion:
O GW-04: ~1 event per day
0 GRB: ~1 event per day
O High-energy neutrino event by IceCube

O Novae
0 Solar flare Any suggestions are welcome !!

16



B Searched the neutrino events coincident with 39
GW events in GWTC-2.

O The observed events are equivalent to backgrounds.

O Flux and Eiso upper limited was estimated for each
events and total for each GW event categories.

m SK realtime system for follow-up is basically
ready for any type of alerts in GCN notice

O Improvement of process time from ~ 1 day to one hour
O Define the filter of events for GW in O4 and GRB

17



