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Abstract

Abstract

The breakthrough in GW(gravitational wave) detection has provided us with a com-
pletely new window for observing the universe, allowing us to capture cosmic infor-
mation that cannot be detected by electromagnetic wave observations. Due to the ex-
tremely weak nature of GW signals, existing detection instruments struggle to capture
them. Even if GW signals are successfully detected, their positional accuracy is often
low, with inferred GW sources potentially located within hundreds of square degrees
of the sky. GW signals, as transient events, may be accompanied by brief electromag-
netic signal windows. Through joint observations using electromagnetic signals and
GW information, we can gain a deeper understanding of the universe. However, the
large uncertainty in GW source localization and the transient nature of electromagnetic
signal observation windows pose significant challenges for follow-up observations with

ground-based and space telescopes.

Facing the challenge of GW follow-up, this thesis proposes a series of optimiza-
tion strategies and develops an automated observation planning system for wide-field-
of-view telescopes (with a field of view greater than 1 deg?) to perform joint follow-up
observations of GW electromagnetic counterparts. The innovations and main contribu-

tions of this research are outlined as follows:

1. Target Selection and Priority Setting: This thesis proposes a novel method
for target selection and priority setting. This method is based on the contours of GW
error regions. Compared to traditional algorithms that select targets based on cumula-
tive probabilities, the new method selects targets and sets priorities from the inside out.
When telescopes observe targets according to their priority, this method can on average
reduce turnaround time by 40.92%, allowing for the observation of more targets.

2. Telescope Network Collaborative Observation Strategy: To enhance the
joint observation efficiency of the telescope network, this thesis constructs a method
for allocating observation targets based on the size of the telescope’s field of view. This
strategy ensures that there is neither omission nor excessive overlap between the obser-
vation targets of different telescopes. By employing this strategy, the network composed
of four telescopes in our system can, under the best conditions, cover an area of the sky
that is twice as large or more compared to when not employing a coordinated observa-
tion strategy within the same observation period.

3. Automated Observation Planning System: This thesis develops an automated
GW follow-up observation planning system that can automatically receive GW event
alerts, execute observation planning algorithms, and send and archive planning results.

The system is designed with high scalability, supporting customized follow-up observa-
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tion algorithms for different devices. Additionally, the system includes a web-based user
interface that graphically displays GW error regions and observation planning results.
Currently, the system operates stably during the fourth observing run of the LVC(The
LIGO Scientific Collaboration and the Virgo Collaboration), providing follow-up ob-
servation planning services for multiple telescopes.

This thesis belongs to the field of astronomical informatics, focusing on the devel-
opment and application of collaborative follow-up observation optimization strategies
for telescope networks, aiming to provide GW follow-up observation planning services

for observation teams.

Key Words: Gravitational wave, Gravitational Wave Electromagnetic Counterpart, Multi-

Messenger Astronomy, Virtual Observatory, Follow UP Observation
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Figure 1-1 The Gravitational Wave Spectrum
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Z% GRB170817A FllJ54:4E NGC 4993 B R 2| — RFNBHE TR, 22—k
B IS A A, GWI170817 2k Fkr= AL | ST (Es . Xk
JLEI ) 22 5 B i BE R I 3% 2l 3145 T R A M BRI 9ok}, FF kS8 AT 2017gfo
[F)EAE H G S E T S O P T B G U= T3 B —3, X
B N RSE I 2 T3 B o AR BGX IR TI5 | 75 FE g% B A )5 E
LA PAR A EBER . —. SR R SCR PSR T-6 5 . UL B A
(A BRI J BEOOE I SR s =, DR R B IR R AN UL 51 R A TR M
£k 40 MPc(Abbott 45, 2019), 15 Y12 KX 2 28deg?, J2MF ERGIEHIT] )
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131 RXEREBTE

RCE AL 18- 5 72 Wi o I R S A BRI e R 1 A J i 40 e 2 R 1Y
AR SR A A TR SR I U, A BB i B8 e, e B I Y
TR KB F R .

761991 4, EEIRFHEAST CGRO (Compton Gamma Ray Observatory )
LR, —&HT UMM asmE2ixsg. g CGRO TR TN 25
AU, 3T BACODINE [ 25 T B 3l R 43 5 - 2 Fe 1) AR An 45 4%
NRIXE . 2 )5 BACODINE W28 T4/ GCN (GRB Coordinates Network ) [ 2%
(Barthelmy %%, 2000), AL53 KANEZRAAREE A KICE, RIS AV e REE I
RIR BRI 5 LI o 20 142 90 4R, Pojmanski 5 A$2H T 4K H 3l R
(All Sky Automated Survey) Jji H (Pojmanski, 2002) Fix A8 il B R AL R 58, I
T 1997 4E5LBL T B EhiEtT. ZWH BAne WA B, AR AR R R T R
RIKBATEERM, R AIEFER R, e, IMTERNCFEER, 45
RO EAR  BEE IR SR A R, ROCEHRIRM T — P TRoR . . &
TAFIFERY R SCER 1 HE UL R SC &S bR, VOEvent(Williams 2%, 2006), VOEvent 3%
AT @t Bdaig=, MaEEgm BBk, MR T B R AR TLHEAN
LA A BRI AT S R AL BN . VOEvent 4840, DASE IR %28 4114 Bk J5 UL
T, AT 1 AN TR S AN I A8 R SC =2 P e o7 3 RO I 00% . An 1 1-2
7, HEl GCN W28 T2 ki AL AR 2% (General Coordinates Network ) (Singer
85, 2023), T EA R B ZAEM (51075, i) BB &4 . GCN
W28 B Rl FE PR 2 AL ) ROCE B, —Fh@las Ay, T A R i 4
2 A HESEIHE 35 BB GCN Notice; 75 —2J2 R 3CEF IR A GCN Circular,
T 1 HAB R S o M B I 2521, 520 J 4845 5 . GW170817 DA
T Vi i £ 22 3 BEWLIN 9 2 8 1. GONZ AT B ] 0L 0 614

132 JShE0 SR

X5 | e v Ak A J UL I 7 325G P AP ORI - —Ff BT Tiling
AR 7B T WL (Ghosh 45, 2016; Coughlin 4%, 2018; Almualla %%, 2020; Schiissler
4,2023); Jy—FhE AR RN H AR TE 3 B AW (Nuttall £, 2010; Fan 45, 2014;
Gehrels 2%, 2016; Rana 4%, 2019a; Schiissler 45, 2023)., 15+ 2 &2 WM& VAT | Sk
PR AT RETE £ B ER SN BARIEATORIN , S A RBAS IR LI Y DI, 40 25 R X T
FREE R, (] Tiling 18 <78 55 W8I SR 1) KA 37 B B 4E — 4> Tiile A REAS WL
EARER, AW ERRE AR B, K72 E (FOV >= ldeg”)
A R Tiling 38 FK 78 3 UL I M IEAT IS BEVEN , /NS S EE (FOV < ldeg?)
TR N e B RS AT S B L

Zhttps://gen.nasa.gov/circulars/21505



https://gcn.nasa.gov/circulars/21505

B e

" VT‘ransient , //// o
o a0y Large ° / /// ///

0 Lar
- Missions 1l
- M
F. Ground ow-frequency
Stations Radlo Arrays
SP\%

) Radro
Medium I’\’ 4 \ Network e L_J Telescope

Missions \l
yrs

1”‘ Gravitational Wave

SmallSats Interferometers

L O General Coordinates Ground
Network (GCN)

1

CubeSats

Optical Neutrino
Telescopes @ Detectors
1y

Kl 1-2 GCN kgl
Figure 1-2 GCN diagram

PlJF: https://gen.nasa.gov/

1.3.2.1 Tiling ¥ X &=

Tiling 436 AR BEUST A I, WSTEAR, BV AL Tile, 34
WOOLS | B 2 R DS 50 2 R B 4011
BORAIR A AU IR B, B AR SONBH L(a, ), I
10 P 6 REERAIT. BN AcAs WELER, HIRILI A/ MR
BT Tile, FFUAREAER AT RICHBERE , WA REA™ Tile 92
o

ai+Aa 6J+A5
T, = / / L(a, 8)dQ (1-1)
a; 51

Hort a8, J2 (i, j) Tile X R KERALFR o
MRIEEEA Tile 1Y ZITEERHE Tile BUOLSESR, Bk, 51HERZER KR
oy Al Tile 945, DUSCHANRERALARSE (5 B —4 Tile 4%

1.322 BEEZRNN

Laura K. Nuttall £ Patrick J. Sutton ¥F 2010 4E$2 ! T R BN EH G774
5 IR fE 32 B R (Nuttall 5, 2010), ABATARIEA: 75 7R ZER
RWEERWAE . BEEANCEGEE, XEEERETHY, AR
P i B Z UL 25 | 7 i FLRE R A4 . Nuttall S AR5 E T GWGC 23R
(White 5%, 2011), #ZE3RKids% T 100Mpe N 53,255 MERMAE . BEE]. B B
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A ALEMMERERMEE
133 FIRIRANEE

it ISR A A PR A J Tk I R O et , X R ATER A H 34k
TP LR B KA (CBLIR) . HAT, AWl R 8 BLRiR
VUK RGN

JEARVLRCEEE © XAVRA T R B LN Bl S A R H %, K
SHIPLESE A W AR BT B KA (Bloom 45, 2012). BXHYILHAE TR
R, HASTIAGBI R o (EE R SR T X R AR e s S 2R il X
SRS, AT HE 2 IR SRR R O -

PEMRARBRIETE - X RRSAE o0t HE RO MR 5 7] — R IR AR R, 6
KO BRI Z R B B (Alard 45, 1998). FEX 5K 257 BBl AL
MR BI AR BT I TR BB RAR o AR Y 32 2 R A
SIBRALT B AR M e HA SR SRR H bR SRR AR R, AL
G ARG, SERIEAY R .

1.3.4 [SREMEHk

5 GW170817 FRFIR, 76 LVC B52 = YoilizsT (01-03) 1831
WSS SR 4 KRB BIHE| SRR 90% Bt AR5 25 K X i T 2 1E
BT BERA b 7 2023 AEFFRE IS PIRIEEST (O4da) o, 4RIEIRYE] 73k
AR 90% BRI K IX ARG 2 1 ik 29972deg” (S231029y3), Frhf
TEIR N 82deg? (S230627c*), HOLEE ATl 291MPe, 1525 KX [ i fH
50k 2015deg® . 51 7 I 5 AV I T 66 B e S Bk g 2 5 | 7 iR 25 K IX
FEE, BRE SRR T AR RS, R, B M s A
T S I L SR RGBS AT SR A I L) S
K5 8 U 2 R A T

L4 ERSMARIIK

SoFF-5 | 35 AT IS R ) 48 2 L A B L RT AIE T 3] 2010 4F, FEiX —
A, LVC BIBRNSENE T 8505 | 7 i B2 4 %) PRk F 2 o0k 7 A i I OB T 1) 52
1% (The LIGO Scientific Collaboration and Virgo Collaboration 4%, 2012)., 1Z{XK 5256
[EEHEH 7 “Tiling i8R T A1 <18 B R MMERE” , Bk T 215 600
WA . ZJE, RICFEZFEAWGHEZ 3 B S I BvE , BEE St 5 bl
WL SRS SEYE , WG IR 2 & g 2 [ M ERSE .

3https://gracedb.ligo.org/superevents/S231029y/

*https://gracedb.ligo.org/superevents/S230627c/
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B e

L4.1 SR MRS RO B it
1.4.1.1 Tiling SREERI 3

RICFAZ H AT Tile BIECH © Jolt )N S0 B[] % Aok [ AT 22 Tile L0 05T
J ASE S FE R B [ Py SRR die KAk 2 5 2O eleadt Tiling S

1 BRI Tile WrR R Aidt TiRZE R XA A #7730, Nihar Gupte
SFASRH T — R T B R S AR S Tile 5734 (Gupte 45, 2020), I #3 fi f)
/Y Tile B8 H 58 MR ZEE R IXRERH-FH 5 %€, BA E 2 TN
Rl A e 58 . Shaon Ghosh 25 Ak HE 17 a7 BA5E B ~F- il SR W RO 3 A 5 P-4l
SR [/ — A5 F1EcF A Tile (1 F2TARARAIEE] 95% Tile £ H , 13 AIZR
MR Tile MRS A e HEFF IR T8, Tile 2 AT AH %0 H 68 2T AR AR 8 2]
95%(Ghosh 2%, 2017), Rana £ Ao 7 Al A [R5y Tile T B2 300 5 (o] bk 1]
$eth 7 — PP TR TR MR S/ N [l 2 5 18] 53 (Rana <, 2019b), sl HEA#
Wi Tile u] DLAEAIGO0 T SO WL Tile AR, DASE BB e Bl R IR, Ff
S22 (87 A LA T A S UL _E

1412 BEERKAINIHE

RICFEZF BRI TGS EEREN: — T, Bl ERERE
B, PARESBIRERE: S, MG E TS, TR e s R
RIS

HET, T THT5] 70 i A4 5 BEXL I i & 264 HECATE E % (Kovlakas
4£.2021), GLADE+ E 3 (Dalya 4%, 2022), NED-LVS E 3% (Cook %%, 2023), FH:
Ht NED-LVS 2% Hitu & B R ENER, W 7 1000 MPc DAY
25190 FA-EE&, HiuFgie 30 MPec LN eI E R ImE(E R, HHETE 400
MPc DA &HR B R . FEid 80 MPe 1 25 |, NED-LVS E %t GLADE E£Al
HECATE E %% ~10%20%(Cook 4, 2023).

H Rl 2 AT DI ki 5| b E S mSERERMEE, 11
FEZEFRREEIEERN GRS, G ARE T E LS. Singer 55
AR TRTOCR I B B &2 18 £ 5 R 5L (Singer 4%, 2016b):

2
Ppixel 1 ( Dgalaxy—Hpixel )
— — 2 Opixel
Ppos =Py = Pixel area ' Npixel "€ pre (1-2)

Hr, Py RAERRUEHERMR, Nyw 28 BEZNH—LH T, HE
MR, Mpixe 28 E R R, opixe R4 ERRALIIRMES, T
D gueny TR TR A B 20 B B

Ducoin &8 A& T —Fh 3T B #HE &AL 3 2 R IR HE
(Ducoin %%, 2020):

P*,galaxy

Pmass = ZP*

(1-3)
,galaxy
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P
o = ﬂ (1-4)
ZPpOSPmass
Pot = Ppos (I+a- Pmass) (1-5)

;H\:EF' P*,galaxy %?ﬁﬁ%%ﬂ@‘fﬁ%@ii, 2 P*,galaxy %ﬁ%ig V\]Fﬁﬁ%%%‘fﬁ%
LA

142 ZERFHREFHYN

T A B I BB A B, AT BRI A R MR A P
I AR AR G RERITE S 2, B, B RG0S | 7 gk B 4 5 Rl U8 N 38
R A T A R B B 0 2 & B I A I i =X A [F] 37
H I e T R AR, MG B oy B B el KR
PR TE I B, At BE 7045 P DAL S -4 T S ORI, i e it e A ORI Hsf ) o 22
B BB T I EE S, N [F R B BT | I R 25 R XA [R5 B
DU, BB 4 78 T I S8 BRI 22 R IX IS TR] o — B2 DA T B i T
e BT PR, 7T HH A 1) BE AT 45 ) 4% i T DA 35 32 B I A 7 4 2 R R
AN EE RS i L RV N W et ol R 151 B e VAR R S @ VA B N
THT 4D 71 A

H BIAEAE BT 73 FURE T I 45 BE UL 0 9 4547 GROWTH® , GRANDMA®,
BOOTES%FH?‘Z%}C%L’%‘EE}H‘J GWFUNC(Xu %, 2020) %:, H g GROWTH A
GRANDMA [ 2&{#i ff| Gravitational-wave Electromagnetic Optimization (gwemopt)
LT 5 AR il A% 5 | g e A AT I AR K] (Coughlin 45, 2019). AR H]
AT Z2 o0 SEI I 2 65 | 7 U0 S e O AR R, L AR S R P ST I £ Y
BB AL e ATHE Y, 2 e N4 B B U e BRI H AR e . 03
FESE A PRAHEM o« X Se g i e 0 B A B 57 O B AR Bl s, sRAES | Tk
FEN R EE AL HARE SN KX . Z A G Bam s gt i 224k,
A 2 G — G Bindi.

BOOTES %% 0 55— 15° X 15° §5 017 2 7645 BOOTES-1a, H. 4 ¥tk
AN s (Hu 4, 2021). BOOTES M 45 () #1 K] 5w <& 8 13 fif | BOOTES-
la DA IR 35 0000 % o =W 5 | 7 iR 2 K IX., BOOTES W] 2% H %) HoAt B s 45
W MR R R, SRS B W] UL BRI .

GWFUNC [ 2&fifi | GWOPS #4775 | 738 = F g i AR K (Xu %5, 2020) . GWOPS
SEETRTE | 1 SR S RE LI R R S B BRI A R S, B s AT 5l
78 r R AL . 0T B B (I B AR A B AU IR B, DA SR A
AEFEANEFBLFEUEIARE ST . XTI B s, GWOPS [FRIFER B R BRI TE
FIfEE, T D HEWTHE QT 545 B R UL 5B, 2 JE AR ) 4% rh BT

Shttps://www.growth.caltech.edu/

Shttps://grandma.ijclab.in2p3.fr

https://bootesnetwork.com
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B e

BE H AR AT WA FR 2 27 HEA T LI H AR i) 0 B AT LI i BE V27K, 2021 5%
TR B B r-F- 55 | 7 e AL R U 520, GWOPS SR 18 S i 7
EAE I H AR BER S RE , BE S A Bm BRI T AL 22 %, i de e
THER B b Brge i b i) e se, i BBt 5e H SO0 B AR Aol i v .

1.5 FEMRABE

T ) 224 i ] PA) S 5 ) 2 K i ORI 5 | 7 90 P A R AR ) 75K, AR SO
T B MRS5S M SR B Y 5 | T IR LA R A UL AR AR A
ATFAE LVC 50 GztT (04) MR [ A B m s ) 4532 (I MLl T g . %4
G2kt GWOPS RGN T, fHBENE S (1 1 1] S 3 B2 s B 190 225 4 L AL el
g, FEOTNAEERE: FXF51 05 BEVLIN A7 St 5 9 265 i ULl H s ke
FERIR . UL H AR E] 23 B SRE AN H A5 EE SRR BT -

MM A bR B PESETE © G IEREE R X A e B0 H A WL H B
DUSEg, Fedm/ UL B ARECE N AR LINOL G, SEBLEORI R TR
1

MEITE PR BETHTE - KF51 BRI RIKAE I H s 73 Be 2e W0 46 7 1 254>
S g, SEBLM AT H ARp PRl B . H AR AR B B S AT, D
AT B L DRI FE o, i AR 0 S B ) 45 ) L

MM A bR EESETE - (i T 51 B Fn] e B s Ta]  BR 1, SR amse—
e S BE S OULI H ARAR 2> AR AL, PR st e A B S TR R B
3 G L UL A R SRR R AR I B B Y m T UL i AR A
Jegk, LHES LI B AR I, DASE B T X0 F [ Py L SR T AR )
FIHPRERIK

1.6 XEZH

A KA

it . BENGE T ARG 5, 51 0S| i F g
PRI BELI ) P s 5 R R, HN T ARSI E BN, WE—E5] it
FEL R X I 4% J BB ORI B K] 2R 45

5 BT | 9% B OIS AT S R T TS ISR
Ze R IR U BRI S W I B 2R A5, ARSI H AR 2R 451, 2 T —
AET R MR R, Rl Bl e 5 | 073 5 BEULI A A £ it
TR

55 = TE5 | 70k 5 LI A B AR SR MG e TR S R . AT AT
TR XTSI B ORI P A2 055 00, A S B P T 1) B 3 45 ) 5 P s o O 30 00 ) 8y
HEZL BT R

VUS| P SRR Z2 1T R AW LR GBI L. T8 T AR

11
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A I ALRIIZA T AR AL S B A AR LVC 5P UOiztT (04) 1]
WL 124 TR DL

I ] S ARG S ST AT B T
PR H RSB

FNERGE S R RS AN A TG, PR T — 2Pl AR
BENA .
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S 25 5 BENLIN AL M BEE A S

$28 S|hKREEEYNHL E=EEIEIL S T 5#ER

51 7 )5 BEOLI & — SR A AR R ISR A ALIE H AL, [ B B i
Bl BT5 1 B4 A e 7 R KA AR, ARMEXE— IR AE A (8]
BN 52 O 4l R DX UL, PR wh Jes U 0 5 e g5 A5 B UL I 1 A AT 0L 0 Esf
RLEAT IR o 38 3o ] 5 A B OLIN T3], A BT SEAL I 2105 | 5795 HEL T 17 5 14
JUARFNRE = B B U IR p AT 3. ARZERE 51 g 5 FEOWL AR S 10 R AT HL A 1
ST, LR B B S B I B LR AR . 51 R K K B Hd A i
LI S, 1t 7L 5 | e DL AL [ AR e e, R — 4
AR RIS EAHRR .

2.1 BimEWMAREM

FESEERULIN Tk B A A i R iz sh A4l , BOOLI H ARt
A EA AR H AR AT WA . B G 352 2 2 R AU ERY L R 4R, AR
PRRER BT, A DARFLR R R, —Rle AT E W R AR, G goRs
NREAH, B R — R A RATE: R AT AR R AR AT
W FEPRRAERAA, BRI T SRR ARG, T2 n] R 2 25 1F

(% %, 2019),

2.1.1 WEAREHE

(1) HUPRLTR: UL H AR Al WA S sl i K R R R, B hkayH
PR R PRI RS 2 5 WL I H A T LR AN AT W R P 3R . i Tk H #%
TG G 3 IX 22 R ZE 7284k, [F]— B 20 AN R] & A1k %3 6] — A8 H AR a)
WAERAR (7] G dik AN [ s 220068 [R]— AL H A i) ] Lt AN TR 9

(2) A2 B 5 B R R AR SRR NG 8l e A
WK/ iR, DARREINRYOE TR BIeE s, BIEE R —&dk,
ANTRTILIN BE 7 ) B e 58 RE 8 WL ) H A g A [ Y

(3) KRAMBITROLAI : 2SI 2 28R R, Tk T
MG M B AT 4E RS, ISR TS 3h .

@) WM EARAH: SEREAR, EATENETF a5 RN A
K PRI AT PASR 35 ZEHEAE W] ULISHTR] Y BEA T . ToO (Target of Opportunity , #Lif
HbR) $8A AR e T S K B R R RS, B B B
Ny BT i 5 o X e PG 1Y) 58 BE R IS ) T AR Ak, SR A doe RO D AL
BN RE S T MR B B BRI ER AT, AT TR A S U «

(S) HMZR: A HiBkey BIR T, H BRI KPS ek, oy
B RO E BIIEIR . 2 H BRAE R 2 i s 00 H A Xy, sk 20y
JEM MR AR KRR, MR ek IR ST, (A Bire

13



S 5 90 245 [ ORI 5 | g e e Y S O A5

PRI B 2 IO RO 52 52 W H Ao PR H 2RSS0l B ArAs vl A2
AR LR H AR R A Al 2 2R 3RO 52 B2 AP AE A MR AL
X HE— AP e 1 X A B AR ] I e o AR . TR R AU T T A
LS AR S o IR R R UL s TR R AR EESREm , DA KRR EERR AR H AR
I Al WA TEAE T

212 BEAREH

B T LA BT W R REL AL, AT o — Le AR R AR ], (HAE R
I B AT RERG 2, T T A B LI P A — SRR A R A

(1) B G  5R : FEAS R UL 1, S e e A DA DT il
PRAE DR ) [ FE I TR) 2 AN R Y, AR REAS S B S HEDLI Iy, D00 R sk 2> ] A P
], RFE S AL R 1) 2 EE 2 0L H A= 5

(2) I HARAIEIE LA A FEII H AR e goe AR, WL ed
i ) H B AR RS ARG R Bber e . P Se gy il S R v R I H Y 5¢
I, BERS S R A L] A, FEDEA TS sy, R RIE R ek
AT I s R SO0 P 1

UGB AR AN ST, (HAE RS R P R AT RE T AT 2, PASE
TEULIN T3] (A AR

22 S|hHKRIRERK

G 3 RZE R 5 | T BRI G B A R 5 | 7 0 8 55 B 5 A o B A AN 78 1
Dank, BHPAGLT I LT A (Singer 45, 20162), 7RG | 7 B AT AL T
AR AT . LVC 45 B951 iR K IX PA HEALPix 4 KIER (Gorski 45,
2005) [ AMAEAE FITS SCPER . H AT LVC $24EWFl HEALPix 43X FITS 3¢
8, 5l 2beiE HEALPix RN Z B o KR, AN SCH HPREXT HEALPix HLX %
M HEALPix #%3CHY FITS SCPFREAT /M4

2.2.1 HEALPix {41

HEALPix & Gérski 5 A\B 1 —Fiols Rk I 20 40 3%, BRI
s AL . ATANAR R DA MR, KBRS R, AR
5 - HEALPix EREFIRE 2 12 AR U AL, HARIES L Nge HEFTHE
—B Ay, AP A TR R4 A RN AT . 24 Ngge = 2
it BRIGBOE TR N Ny = 12 X Ngg” MR, SRR KSR K
“BE (pix)”, BMEEHHE SN IHS . E2-1RIR T Y Ngge = 1,2,4, 8 Bf
XoF I R 3K T K 7 L o

HEALPix A7 AN X 545K, 4020 “RING” #XA1 “NESTED” .
RING X% ERE T, W& S FRIARM TR R T, AR K e

8https://heasarc.gsfc.nasa.gov/docs/heasarc/fits.html
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525 5105 BOULI ] A e A A

Figure 2-1

2-1 Y Ny = 1,2, 4, 8 IH0f b2y 2R i &1 53175 ¢
The partitioning of the sphere by HEALPix at N

side

Pl https://healpix.sourceforge.io/

=1,2,4,8

2-2 HEALPix RING ki 45 7 2Pl
Figure 2-2 The number index in RING mode

15
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S B 1 2% PR R LN 5 |y e P SRS AT 5

36 32 44 40

2-3 HEALPix NESTED 5445 755 &1
Figure 2-3 The number index in NESTED mode

. RING BT, Hi's Ry SELGERIFRGEARIFIINNV ER, REY
SEILERIE PR AL 5 L5 4 . NESTED X BT DU XU 454 25 X8 b 47 4
5, BMEENR TSRS BRI B RN R SR AR, R
MEETE Y HIERI G552 npix,;, ABAER T — 2405 A& g5k
[4 X npix;, 4 X npix; + 1,4 X npix; + 2,4 X npix; + 3], VU043 PIAS [ 5 342 B A2
FEETNRINT TS . LA A% NESTED 281 T 1) 455K 51 F1 RING 452
UHH[R] . NESTED A i 0 e SCHrm U S I R AL, WL SRR . X
NARI)SESR , NESTED #EX FviHg 38 HEA T PR i) 7 RAE B FoRAE, AT S2 3
P T G B TR . [B2-2 FEI2-3 JBIR THE Ngge = 2 1500 T P Fh 5
R RE 9w 5 B A A

222 RERKMH

HEALPix HAT¥2) 8], AFARME. T35 0%, RA HEALPix
FARFRGI IR R ZE R, AR TR0 Z 5] 78R Rer A8 1. bR
HEALPix [#2/2{i il NESTED #:U% 5 Ak %5 0" (HEALPix (R 5= %K5|
AR G RARRTESCHE T, T2 il 1 A4 TS5 HEALPix R R |——XF1) 11
HEALPix 2R EME , FHRAFLE FITS SCIFH, 434> HEALPix AR5 76k T FTXf W A7
RS U R E R R R, & KRR R RIERI R —. AT CBC
(Compact binary coalescence, FUSMEIHH) F4, FITS AR ES 75 1
VR G BE BB A 1

*https://healpix.sourceforge.io/html/intro_Geometric_Algebraic_Propert.htm

Ohttps://gamma-astro-data-formats.readthedocs.io/en/latest/skymaps/healpix/index.html
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525 51005 ROV A B - A

Pl 2-4  ZFrdisapik
Figure 2-4 Multi-Order Sky Maps Example

ZWBEEEGE 2R R R (HEALPix B E R B
) Fl UNIQ &5 #5X) HEALPix & KEMR, BIER/NEZE RIX SRR/
FSE N R X ) 43 R (Singer 45, 2016a), UNIQ 25 [0 — ik £ )24
HEALPix % Z /) 4mhd /7 % (Fernique 5%, 2022), BEET N4, il NESTED £
PR ERG| ipix, ZmhdtE— UNIQ & 75|

uniq = ipix + 4 X N;;,> 2-1)

[EREH, HRYE UNIQ 5| uniq, WJLATTEAIH

N =2 [logZ(uniq/4)/2J (2_2)

side

ipix = uniq — 4 x N;;,> (2-3)

UNPE2-A 7R, 24322 K s AR AR (R, 22 9 7 o P8 B AR 20 PR 1
UNIQ R 5 KRGk, X T AL EAG R R X3, 2 [ 8 i Rl w0 R
¥ UNIQ 5| KAtk

2.3 5| ik IR RE R ALK i) A Ay 2 A A
231 FEENX

N T ARARG IR AR IS AL P8, A SCFE AR o SO ARG
RS, BRE XSS ILER2-1,

"https://gamma-astro-data-formats.readthedocs.io/en/latest/skymaps/healpix/index.html
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Table 2-1 Parameters and symbols definition

2% X

Tels HILHE R IRES

N, TR HH

[Tstart’ Tend] Tstart %%Xm?ﬂu %ﬂﬁu%@ﬁﬁ HTJ‘ I‘ETJ Y Tend %%ZT—\‘X%?D_\IU %)]l_[.ji” éﬂ:ﬁi‘ Hj‘ I‘Eﬂ
S SRR ZERIX (PA HEALPix 375

Tile, ESSin: W T ESE SNV EIVIPNYE S,

R R AWIES

232 HEXENX

X 1 BB R AE G Tels

Tels;2 B W IR ES, FRYHT AEH RS BERER, BiEE
LS R AE & vk (X b R B (Latitude, Longitude, Altitude) . B2 36851 3% K /)> (Field
Of View, FOV ), #L37TEAR . B e e/ N JOMIN =5 B2 £ (Altitude,;,, Altitude )
B i A PR G 1] Duration,;, 55,

w2 5 R IERIX S

IR RERK S 2 H HEALPix #iAr) 2 REME, B MR ENAFRZ
PEERT | TR JE AR, - RebR i HEALPix EQ A1 2 B 78 55 B T REEN
G — PR R bR E HEALPix B4

3 BT | FERE 2R A T IR R XS A Tiles,

G EEUN B A5 Tiles /2 B e i 72468 Tiling FA A BRI B 55 90%
FIR KX, HAEMAE AR FET, T [Ty Tenad WHIL Tile 5EA, {0
& Tile By H LB RBRARAR (ra, dec). RITE T prob. 45 ID. Jijg Bt
IIZHR Tel yame 51T LI [E] Visibleg,, TR AT WL ] Visiblegqo H:H' prob
A PASAE S mi i B PRE L Se g% .

w4 IR % R

R 2 R @XSFHRnEs i, X —2145 I i i H #x Tiles;, &4
Tile AR HH S B AR X Hof 1] Tile[Obspe] o

233 RS

2R VLSS 290, — & B BEA s L REL I — > H Ax.
L 2 WL ) 25, LI H b L RETE B 2 0 T2 H ARl D i 8] 712 F
N HEFT IR o
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S 25 5 BENLIN AL M BEE A S

208 3 WL HARLIH, Sy 1 e A i S B LI BT, AN [R) ER AN X
[7]— DAl A T B AR UL

234 HEFRE

BRI R EAL 7, Bk e B RO, Il R %
A RO MR R A P, BRI SOE R R A, BTER Lo
IMEHEA SR AT, A SoR AR M AR A R B DA e |
5 AR AT VT S AR AL 3, [ P A
5, LSRR A SRR A

PR x, € (0,1} LT, YRR L Tile,, MR N 1;
2B H 0.

FURRBRRL: MR A7 B S T AL WL R T =51 A O

Ny, |Tiles| Nyop | Tiles| Ny
maximize Z = Z Z X; ; * prob; — Z Z Z X+ Xg ;- Overlap; ; , (2-4)
i=1 j=1 i=1 j=1 k=1ké#i

Forft Overlap, ;7R HLLES i (1) Tile, SHTEES k AOE R Tile 22 [alf0 T A 1H
BUG Tile, SIEBIGILE], 1ERET R,

2ok S -

(1) MITE DLk :

| Tiles|
Z I(tr € [Tile g [Obs;; el Tile ; [ObSgiel + Duration, ;. 1) - x;. i < 1 (2-5)
j=1
AR A T FE /R R B 1) TRRAEAE—I %, Bah @ 22— Tile, £F
LGB 25

(2) WD) 2y 2k -

Tile;[Obs;me] = Tile;[Visibleg,,]
Tile;[Obsjpe ] + Duration,;, < Tile;[Visibleg,4]

2 SR R S 5 SO F T AL B ¥ 965 Y PAY ) Tile SEATORIN, SR8 LM P
FEAE
(3) HEDMMILy kK :
Niel
Z Xpj Overlapi,j’k . I](Overlapi’j’k >7)<1l = x;
k=1,k+i
Nie

Z xj - Overlap; ; , - 1(Overlap; ; , >7) 21 = x;; =0
k=1,k#i

(2-6)

;=01
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H, o HBCEMESEAABIE, 003 (BIir30% MES), AR 4E
e i () Tilej 5 2 /DA HAVE By Tile f77E#Ed BIE R B AR, S
B i AW Tile, AR HARZY 5

235 EEUKAE

FEAR TR 1 B B E BT R A T s T, (B ST 4 2 11
HOPE R AR SR P AU B 2T o S R PR B ORI . A5 SR
TSR A AW I L FE R LA A A
R R AR LA T R R, TRA5 30 2 R AR o ELER I B8 1
SRR F— T A

24 REING

AT S T 5] 7 JE REVLIN LR A ) AR R . e, ARTRT
SR B LIS 2152 B A FP 20 s 45, LG H s XL R A7 F) i 240 5 DA K 52 i
ST RIEE AR . KI5, ARG T A HEALPix £ AR 5] 7 iR 2%
KRR TR, DA R HEALPix Pl 44 Sk 1 1o B 1) J SR
BRI SCR o dpeie, ASTEAGEE T — AL T BB MR i Bl i @ﬁA@&E
PRFEAS A H AR SR, FEBETT T 38 B I RE 3l Bk e A E A UL ) 24 5 4 A4
TEA AL LI 78 35 2R 3 0 JC AR A, Ak ﬂiﬂﬁmﬁﬁ&F%M@ﬂ
RO TERARYE . NV SeAR TS AR 51 iR 2E RIS R
S H FR, $EE T 0] H T 2 5 P 25 A WL ) A HE SR

20



55 3 & 510 U05 BOULI L] A D10 A SR ST RS ik i

$3E S|NREREYNH LB KI KSR T IRERE

4k b — RN 751 B BEMIN B 2R SRR S, AR m
— PRV AT RE X e RIS Y T SR 3 57, it T ) B R 4
AR I BRI R SRR D, DATE Y S BRI A A SR B0, i e MR A SR
R o REEMER BT AR S B I Hh S B R AT MR T P [l SRR SE
PRI H AR R AL AFRFZS N G RIRR DR, AR H br e 5a
R BB 2R Y R A SRR ARSI R B8, e fa XA N b A T S A T
JREARR M TAE.

3.1 MNEIREREE

WL H AR 82 51 35 BEVLI AY O s 420 0K, B B S R e Sk LT
QI E o DR HARSR AT A IR 5| DR ER X, HEALFS i
H “Tiling S8 KFHAMFI— ZR 5 Al AE— WL R30I PN 56 i) 1 X3, B Tiles
SRIG, AR Fh R LA S AN Tiles LI H ARZCEH e 43 74, I8 UL
H 5 Tile B IE2% -

3.1.1 Tiling &%

“Tiling FIR” 2 FAEAL PR RURL RS s (B )32 I AL AR, T
HAERSCWM G, & BAERE A B AN BRI 7 A8 BT
BRI T3, BN Tiles. FE5| 10 F 0 RO, “Tiling 5357 1 40—
G PR REE R XN Tiles WA, B PRAEA FROLI BT S BERT R4 X 4k
W, (Rl P Tile 22 8] BB REEEA SR = LAY m] SRR R U

“Tiling JIE" AEoA—FZ B BB, B RIF 2 B Semnl K H 2960
“Tiling ¥5” KL W H A5 (Campbell %, 2004; Blanton %%, 2003; Li %%, 2009),
A1 0k B2 e 5 0L 0 A B T 2 (i — 2 T Y Tiles 4% (Bellm 45, 2019) 4y [
ROULIN H AR, X4 Tiles REAE TLAEDF I E BB RE, Z MRS E
v Tiles WASAEN T — 2 AU B AR, 24 e GEULI ] BAR S (T Y Tiles 4
RIS, FFEhzAT—FP “Tiling 59987, ARIGE T HR I 9 K/ NHTEARE S 2
VCECH) Tile, AnEI3-1 BB 9k, FIRxE A Tiles MARIEAT M4

e, MRIEAREE T I HI AL 4 50 BERE R BRI AR 6 7 1) 0 B 4 S 4%
w7, B AR AT R R, 1A R R AR . AR S h B B e A
L7 IR TEREDE , i ) BRI CR R AR R e SR A e Kk L, A
R ZAEH

Ndec = [ X ] (3-D

fdec
, H fhee REBATRTESRG 10 BRI (FRALZEE) .
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Pl 3-1  Tiling 50k 5kl
Figure 3-1 Tiling Algorithm Illustration.

WaJ5 , BIETE A IR S5 NI AR & Ty 15 21 0 A — FR AV EL A ol s, Fefi)
B Eh B e G A o 2207 ) 1) D E RN AR A I R R IR G e, TE)E
_ fra
Aa(®) = cos(0)
Horr cos(8) )2 aRE 6 INARTLE, fro R BImENATEIRETT M TERE (FRAL2 ).
WL HRE AT, MR EL A 7E R ER b 1411 R4 FE W 35 N 2 Wi s, DA
T I bR 1 i 2R B B3 ) LA AR

TR 1 MRS Tile ol SAR KR (ra, dec), FOV R/, HHHEARE Ngge NHEEH
NESTED £, N HEALPix 18 &ZZ&5|
Require: (ra, dec):Tile 1.0 S AL AR
Require: f,,, fuces Tile TEARZEIRETT 1 L1550
Require: N4 153 HEALPix B Z R 5| Ngge S5
Ensure: pixes: Tile t 271 HEALPix 14 £ 5|
lons = ra+ array([0.5,0.5,-0.5,=0.5]) * f,,
lats = dec + array([0.5,—-0.5,-0.5,0.5]) * fyo. #47 Tile PU/ 5 AR AR, F4PU 4
i
max gep, = 1082(Niige)
pisx = cdshealpix.polygon_search(lons,lats, maxdep,h) {fi ff] cdshealpix #x 1] P4
NIEALEH) HEALPix B R KT

Return pixs

(3-2)

TEAF%) Tiles WIS JS, AEC A4 Tile By FO Rl B ARAR A B B LA K/
FPEFITEOUT , T —2 5 206F Tile 15 HEALPix 42 RGO REA , MRIGFILL,
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B AR FAEAS Tile XA 5 19 HEALPix R E5]. T4
(A E Ry Tiles (A%, HBLATE TR AR Tile 81 HEALPix B 5[4
B, O NSCE, RIRTE SRR 7 2T 5 A Tile X6f B2 R TR AN

Tileg, = Y, Pix; (3-3)
ieS
Hrr S J& Tile 75 HEALPix 18 Z XM R G WS, pix; & HEALPix 1§ &
X N AR . A 138 AN [ 43 HR Y HEALPix B%, FiSeit B T Ngge =
256,512, 1024 fF 4L T Tile XJ L1 NESTED #ixX N RG[MEA, HORFEN Tile-
HEALPix W30

312 ETFRBREXEREZ

TEH] CH$23)], Shaon Ghosh &8 A b T ] B 48 B 1l B vA AR R HE 77 -
FHERSEX TR —A5 1 73 S Tile 19 BT AL E] 95% Tile 2L H (Ghosh 4,
2017), 5 THRSRHE TP A A Be e DATE /D i B FRgi B R 55 AH R r Rt
MR, Bes 2, SULIARFEECH /) Tiles B, (MRS Al B L GEs B 25 1
FIMERT R,

REMRH i AT o5 BTSRRI &, (H AR SR
FAAETE . T 51 iR 22 RIXI A 45 . HEALPix R &R TR &
PEPARF SR asF R BRI ZE, Ve ECE A IR 2 TR Tile 76 RBRAE
A 2 B A AR HE T U R UL B, X 28 ) Tile F:30E
piI v o A L ] W B /N | 1 2 - N1 ) 1| NV R R TR = R T RS D VIR
RPIR . HI, AOERE MR, BESAE ORI 55 B TR A [F B
DA 750 DA/ [ 8 s T R e W T 005

R T SR EIAERHE PR AE R R, A SCER T — R TR B IR
BEREIEER . REVER 5| 1R ZE R KRR B B RRE: , 1 i o B S5 MR A AR
Ry GnE3-25 7, $ R EEIT B e f/ MBS TR AR S5 T B wdi o BTk
REERARZ, TE—FR5Z (Layer). FANZE MR Tile {5 FHAH R AL
%, HNFZRBI B RTINBZD, Blr T s XK S e R .
[F]— 2N Tile PL/e 5 HE =M E PR IO K, Biamsinl PAE f i & =0
TSy . AEF—Zge ) Tile FHATEEH, X Pk PR THEOR R = A 5
(P [ E, BRI B AE 45 LI H A B A TR/ N Rl R s, AT e R PR MBI T
TR A AR o X AP v e T AR HE 7 P4l S R ™ A8 MO Tile 78 35
WER B SEHAH LR Tile ZEZS AL E_ER 25, MIMA B 5 & B AIG [B] 4% i 1]
MITTHEFHRI R . R RE E3-3F R mAR R, AHZEEH T s .

(1) MRIE51 IR 2E K IX HEALPix BUEHT Ngge, RO TSETHEAS 5|
(%) Tile-HEALPix W&t 3014,

(2) 8 5% Flalbg it 8 [0.05,0.10.15...0.85, 0.9, 0.95] % 5 (1 X 35 1 34 AL
Mk, BEmHE G IR E GO AL 1) HEALPix R &S| Hdikst 5%
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10% area: 44 deg?
30% area: 166 deg?
50% area: 355 deg?
70% area: 686 deg?

90% area: 1,469 deg?

60°

30° B 30°
0

0°

-30° -30°

Pl 3-2  5UHPRTERXANZ SR Sk
Figure 3-2 Diagram of different levels of the GW skymap according to probability thresholds

Start

Is the tile partially
located in the layer?

Add the tile to the
priority tiles list

Add the tile to the
observation tiles
list

Calculate
telescope tiles

— 1 | *

Calculate sky
map's hierarchical
layers

N

Iterating next B
layers list No

s every part of the tile
included in the layer?

Return to the
Yes» observation tiles
list

Iterating through
tiles list

Is the tile list done
traversing?

Is the layers list done
traversing?

| Added priority
clear priority tiles tiles to the top of
l the tiles list

Pl 3-3  JRRER LR

Figure 3-3  The steps in the hierarchical selection algorithm.

24



55 3 & 510 U05 BOULI L] A D10 A SR ST RS ik i

A 2y i) B 2 2 U S I 4 300 P 22 B (L

(3) eI M N B S iR R, SR 7 Tile 5132, *f % HEALPix &3],
WA 58 AL TR WAL TR RN T %20 Tile, $5¢ 4200
TR Tile BB A AHIRRAIN ST, HBHBA 6T %EG Tile 765817
T2 55 i

(4) W BB LR Tile 5132, H45 M 00 SR BRI b P it

EFE LVC $R4ER 5 i1k, ASCHR T R R v SR HE R T
SHAEAERT R T AL (200 deg®, PAPIATHANZ | 07, BRG] 3 405, fE
18 25 52 R W KA TR B MR 00, S R TR R K TR R R,
I [l 9 B g 7 o BT AR ALK B AN S AR BEAT IR . M BE BSR A T Great
Circle 232 RIS FIAFISE LI B A 6] i i -

d = arccos(sin §; sin 6, + cos d; cos 6, cos(a; — a,)) (3-4)

Her, ) M1 ay FoRENWIRG, 6, M 6y iR H s AREs . 5T Great
Circle TSPV H AR E 0 B RR RS, 7T RAE S P AL AP AR SE Bl
W RE PR S

Pel 3-4  [I%EEh gsnt LER

Figure 3-4 The Comparison of Turning Distances

R3-SR, EREEERETEMFW R (200deg?) 5L, SA%ZHE
¥ AR T s L TAH R 1 B R . (EAE3-4TT AR, R v S
THEF PR LG, ARG e H AR [ B B R0 JCIR BE I Wb, S ]
LR B/ T 40.92% , S T3k 83.36%. 336 EL Ak S B I S B 4 T SO0 i
SRTFT BB Sk R I AR BB
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Pel 3-5 B 2 VHIER A L ifer EE b

Figure 3-5 The Comparison of Cumulative Coverage Probabilities

32 BimEMERihEMI L EE

TR AT BR AU B, el v 2o 0 BOUL AT 55 4 B, SR 5
TIPERTE R KA e R AT 2 2 5 AR R 1) S B P A AR AR SO AL LA
AR EAN N G — PR T KR B B M 45 i P R DAL B0k, R B e
MRAEA B BRI, AR5 D BRZEZER KA 73, H A A7 SR H
FRIREG AR e, DAVIHEAT BRZEAF T SE BN 1 fre KAE

321 HNBHRATRMETE

FEREAT VLI LIS, B B ) H Ao U@ A WL s 18] B Al LAY . PR
B, A astroplan(Morris <, 2018) 1153 H L 5 Tiles IIARHIAES | B304
KAG 24 /NI AR 2 SR BT RS 2 A SRR T AL Tile AR, TR 2 AR Y
LY

o MUBRALER AL BT KIS E B R SCPrbBE AL (L. . HER)
ey 1 fie /UL I v B AR A ROUL I s B A, A PRI 1 s B B A S8
TG A -

o HIGRMIPRE: WNE3-687%, BefAPH R ATEHF-2k 18° DU Ay
1B, AR SA O 355 3 14 P 1] B

o JURIS T EROLEL: AREIFRIVIA A A A SR B2 A BRI 2 T (K
i 0-1), SRJEAIH H BRASE VTR H An 5 A Bk TR i fo e sy (1x307),
PAREAR H e X W A 9
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Day
sunset horizon sunrise
| 4 civil
naun'c.af
asrr
Onon?

3-6  BEED R
Figure 3-6 Twilight Types

ElJ5: https://www.weather.gov/Imk/twilight-types

TESEFREEVER, ] astroplan R PASEBEIT A A4 Tile BYTEAN T WL B,
HARFHEARIC N AT BORES, X 2 BRI e 2200 H A 20 By 2K -

def observable(telescope , tiles , times):
observer = Observer(longitude=telescope.lon*u.deg, latitude=telescope.latxu.deg,
elevation=telescope . altitude*u.m, name=telescope .name, timezone=
telescope .timezone)
# ST A MR E o I S B A w0 H AR ) 7 A R
illuminated = observer.moon_illumination (times [0])
moon_separation = np.ceil (illuminated * 30)
# O SOOI 24 g%
constraints = [ AtNightConstraint(max_solar_altitude=telescope.twilightxu.deg),
AltitudeConstraint (
min=telescope . min_altitude_constraintxu.deg, max=telescope.max_altitude_constraint=u
.deg), MoonSeparationConstraint (min=moon_separation*u.deg) ]
targets = tiles [ coord’]
observability = is_event_observable(constraints , observer, targets , times)
# Uk A A SRR Tile
keep = numpy.any(observability , axis=I)
return tiles [keep]

322 HUIARSEREN SESHHER N

FEor B AR, G LA AL R
(1) BUHMRIEHEIMN : &8 B Bl R NI THER , DLSEIk T8 K B
BT S5, PATE AR e ), BRBIE T B 5 | I BRE R X
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(2) BESBHEEIMN : FE BRI AR, B PR 40 S B L] DX I 0 S DX e
AR BB X, e L K, R R XA e . AR . FESERR
i, BWE A E SR (B 10%-30% ), AfARA 4R S e Sl i X 3k id
B4 R R X

323 HELHESR

(D) BGHEF SHIR LS+ BRI KN g 25 W B S B db A 7
FERPHED, WAL RTA, AR, et .

(2) BB XIRRIS G5l LA B R S e, e o BCRY Tile JF4R %>
FCXLI H Ao Jo 2 B B ¥ LA LB ZUM , MU 7 BE R IR K X AR LT
UaorEe, THERAH S BT D A R AR, DA G A X

(3) I H b IBE Ik« AEORFFEE MR B A AW AGE PERY [RII , ARYS B35
i F Tile BPLSE, XM EMOR%E , SASREM m AL AL ),
—IRERARA GO H AR BE SRR S I

(4) DRI : AR B 2 i i - BT LI B AR AL, AR 58
RS2 B WL s 1) B, 3 R A UL IR, ARSI A Al o LI s B BT
T WA SR ARG R, OO AT AP L5 2

33 MNBtEAERE

 —3
Sorting the tiles Divide observable Iterating through
list by multiple night into equal the observation
parameters time slots tiles list
No:

Return the tiles list
with observation Yes
time

No
End ) Skip the tile

Pel 3-7 ORI H b Dl S R R Pl
Figure 3-7 Observation Target Scheduling Algorithm

assigns
observation time Yes
to the tile

free time slices in the

Is the tile list done
ing? time slot for the tile?

traversing?

pURIINE RN ViR R 4 | B R LN U pYIRIIUN S ALy TN BTy (11 A5 R DU R
Jedn, BRT B B T A FE R R, HA% O H R A A FRAULIN s ra] R
BB L R BT OR . S EIB- TR B ER, T TR AR SOR AT BN H Ar i
JERIRAAT A
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33.1 BtrHEF RS

TEF BRI HARRI LB . RIRNLE . Fel AN & 5, A8 SCHK R
N RIS XTI H AR A THE -

(D PESegedey: Fe E3c, I H bx Tile ARYE e Z A A R BCE T A
MIPLSE, TR E Jeih B IR Se SN m BV, LI s P SE 2 H o

(2) HbsTemtilsbyy s REOL H b B A o e T B B ) dse UL v JE
i1, Ji AL/ 180° I 2 %E SO B AR THE IR o FEDESE AR R H 15 D
N I AR TR I TR L 2 HE T Rl o SIS R DA S 20 A
I E BRELI B, 9 R Ao g T R I _E R 2k

Q) A&ty ¥R ILeoF BIHER R B s, 224 A br
HITR NN KA THERS o $2 BEARZE A/ NER BB I, A R TAERE ST
ol B R R, AT AT LA R B AR

332 HEZFBRSEAR

TESER T X B AR & ST 5, B Rt AR Ta) B8 R i E AR - T B B
X — i B A% CAT 552 KR i B ) Ao 2L A A 28] A8 B A SO0 s ) B
HA RN 35 20 BRI 2 A S Bk, SRR R M 2 2 LI R A o i . Hy
I, AR SCOREUT — RN 2% J& R i ] () BRAS AL 5 B0 A 20 B 5 28, PAIK EIHE SRl
DU BRFEXILI H AR IO

(1) Do RS 43 P A F 08 0t [ AT BRAS H AR A v B s (] BB A5 A
BRI B R (R

(2) ARG : ZEHER S I H FRg) 2%, AHER S R H FR 150
76 Tile JF4f, ARHEFHPTTRBRCIREL, MUK 2 Bt 28 W] LB 18] 3 BBl P A e 1)
FEDY, HRE B RS  EAE S H  #A4 RO B AR JGVA R B A3 i 23 PR B () A
AR D A B IR SE R H bR, AU G, MRCSRIZ H R AREAR K
TS A UL A 1

(3) RALA ISR = 25 B RIS 43 AC 52 S8 JE AT e ORI s ], 8RR
WG HARSIZR, A e B340 40 B 52 05 T 40 00 vk &5 ELAG 2o 9 2 v i H v
PEATANFE o

3.4 REBING

AR H A B T T 1) B I 4 ) i UL R SRR S, LN
FIbRged . BB 25 bp ) O A5 000 H AR R = KA DBk ¥5E, Tiling 55
RN T A R RO 525 | 1B 2E R IXY Tiles RIS, 45 G HETH R 2 K
PRk A B L F A5 tile FODESES . HIART #2 AR HE P o LBk, 1%
YRR T 40.92% Wl AL RS . B RTBE N 28 P E] O A 2 BEW H ARERTY, 1l
A S SIS N, SA AR RO INAT 55 A M B, B PR R XY
5S¢ BT T AN B e 5 I B UL I S R ) R ORI A« B, RN B R BE SRR S B e
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. THERRIFIR S R I TG HER , iz s T 20 B 5 A DAL LI s B
ZHE. N EARARSCEN G ia i TR ERIRE R LIRS 1T R G A K% R G
LI R 124 TR O
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4w 51RO REETT A GRS St TR L

$4E S5|NEEHEULNRNEITREMERSEITER

T SCEE A5 05 5 Rl XL 15 R R 43 BT 5 A ) SR R
AFEH, ARSI T & H I ERETT RS, %R 52X GWOPS
REMTHR, EEEVREIEI T EXT TELIA S5 W 4 15 | 738 i X o

TE 2023 4E 5 H 24 H, LVC FBIF)E T BRI TT (04), 33X YU &
Wi 2 2024 4E 1 H 16 H, 2R T 45— m&40%)~ﬁﬁ7i%mm1¢,
R E) 81 BIHA m g B E M. ZRKC AL (04a) IR E
iBAT, FREEMEWTS | 7 SR T R R SOOI B

ZARGMEA- TR, EEHAPERS. W SER RS . Bl
WSCHT-Aits 22 6 T X 5 A By J 2 DU AN BRCHRAB 1l . AR B8 0 pS A AR R S5 7R R 4
PAS B S A R G BOR AN , EHET | 7 i RS b . SRR ]
PIHIE . KA SRR, PARTE Oda IE] 1) 8L Rz TRICR .

Single Page Application MQTT Email
(VuelS, HTML5, Aladin Lite) Message Message
- HTTP/HTTPS m MQTT

Schedule Algorithm

Flask Backend

Provide APIs Tiling Skymap

Handle Input Select Target

Read and write
databases

Set Observation Order

> >
Data S "

4-1  JaBEYRNRLRLETT RSP
Figure 4-1 Architecture of Updated GWOPS

4.1 FEEMSIRER

e —FHRE], GON 22— MHTILsg Kb gt . ZEMEHIEAE 2
WFRAPER I ARG . LVC BIERLINE 51 T (55 )5, il GCN AAfi
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IR ER, ERE RS ATIUMANZ, —. 51BN R, HIX
AR AN IR R 28 H DR e B B0 S e SR 8 = 51)
By, TS RIET R &M =, 5 e iR
X, 51T IRRARAR R S IR 4, DA HEALPix 42K X EZ R TE X fr
FEAE FITS SCfrps 1Y 517 ERB S5, X1 CBC Ff:, HiRasm
ST R R TR S50, A4E B P S| 9 BNS. NSBH. BBH HI>E B Hiii
M 7 AR

GCN i@ Apache Kafka'*ji4 BBAZIA & A ., Kafka &— Rk R 4
MRIHE RS, R AT RS EH R, (1A Scala i 5 & « Kafka 2445}
A Broker, Topic, partition, Producer f] Consumer. Producer P=4EjH 5., [n] Broker
i) Topic % ffi; Consumer 7] [ Broker ft) Topic, =EzlAM Broker H 47 iy Bk 4T
THPR, Wi offset I ATHFHL A EAYTH B . R SLiE 1 # Kafka Consumer,
T THRRATN ‘igwn.gwalert” [ Topic, SEBL T 5| )7 iR V4218 .

S240409f GW Skymap received (significant:False)

&
notify@mail.china-vo.org fizE GWOPS GCN Listener <=7utf-82q2GWOPS_Gep 0 &5 | © =B85 | - wn
WA GWOPS 2024/4/9 (A7) 8:44

D 52404097 PRELIMINARY_2024-04-09-08 44 14fits
760 KB

Please find attached the fits file of S240409f. The full alert content is as follows:
{"alert_type": "PRELIMINARY", "time_created": "2024-04-09T00:44:10Z",
"superevent_id": "S240409f", "urls": {"gracedb":
"https://gracedb.ligo.org/superevents/S240409f/view/"}, "event": {"significant": false,
"time": "2024-04-09T00:39:07.555Z", "far": 4.124481016433266e-06, "instruments":
["H1", "L1", "V1"], "group": "CBC", "pipeline": "gstlal", "search": "AllSky", "properties":
{"HasNS": 0.0, "HasRemnant": 0.0, "HasMassGap": 0.04264138160689884},
"classification": {"BBH": 0.32329497413830244, "BNS": 1.5408118931744222e-13,
"NSBH": 1.1581553678792657e-11, "Terrestrial": 0.6767050258499618}, "duration":
null, "central_frequency": null}, "external_coinc": null}

Pl 4-2  EARIBIE R BilP
Figure 4-2  Alert Email Example

M Kafka ji B AFCEI 5] 75245 DA JSON PR A SCAS 5. fiRprix
SO, A BRG] DASRAGA B DAL DU 32 S S A R AL AR A . R,
SERRIE R R SO T Base64 4y, 5 FITS M2 H — Bt i SoAR 745
B DATE T4 . S T FRIBUSIAHY FITS S0, ARG T Base64 iS4
XA T HEIRORE . BEG, KRR ISR FITS SCME. 51 tm 4
PR Al 4 I ) DA B2 5 | 1 PR 2T ) SR T4 05 AL BB WL R R 55, DA E
et Xl A LG B LT B R £ ORI R . RIS, RSB L5 |y P A
R AR TR, JEE A S SIT BEE (Usignificant”: true) [,
T B P R R, T @ A A TS BRI . PRI4-20R0R T 2R 58 K RE
PRIESORGY, HP & T 51 PR A 245 BAIULH, IFFA {1 HEALPix

Phttps://kafka.apache.org/

Bhttps://www.json.org/json-en.html
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S REGRE N 5] 7 3EE (L5 2E R I BN FITS SO, NIy o] 5251 g
7 S231206¢c 1@ Kafka 18 BRI 15 | T B HAR 2 -

{
“alert_type”: “UPDATE”,
“time_created”: 72023-12-07T12:27:137Z"”,
“superevent_id”: ”S231206cc”,
“urls”:
”gracedb”:
< “https :// gracedb.ligo.org/superevents/S231206cc/view/”
},
“event”: |
”significant”: true,
“time”: 72023-12-06T23:39:01.4982”,
“far”: 1.931982867404817e-35,
“instruments”: [
"H1”,
PR
I,
“group”: "CBC”,
“pipeline”: 7 gstlal”,
”search”: ”AllSky”,
“properties”: {
“HasNS”: 0.0,
”HasRemnant”: 0.0,
”HasMassGap”: 0.0
},
“classification”: {
"BNS”: 0.0,
"NSBH”: 1.1609442144219883e-52,
"BBH”: 1.0,
"Terrestrial”: 0.0
},
“duration”: null ,
“central_frequency”: null,
”skymap”: "UOINUEXFICA9ICAgICAg....”
’,

“external _coinc”: null
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42 MMFLRIEIE R G

FEWLI LI ) E R GRS AHEZE Y, A T TR RERL B, [4-3JRR
T F A e Rt AL R ) E R G e BRI E ), A M REHUREH
EARRESS, T XS I T4

AR WEEGE GWOPS R Aanhte, HEE TR
WRIET | PORER X MERER, ik T iRERK AN EER, A5
iz VIS GETTH WA, 25651 TR B s AR 1 . B AR e R g 4
S8, B E RTINS ek, AR5 275 Il B S i UL I AL 3
i 7

ML br e PERE S - BB R O AR I RAES | T BRIEE R I, e —4l
WL H AR, AU H bR RERSAE— N EE TR N S8 O . B SR T Tiling
A, FRZERIXRI A Tile £ . AR5 BT R B 2R EERL, Pkl
Tile ZALTERADUIMN H AR, IS8 Tile (005890, SR i rg e H Ax i
JEMOER

M L broy BB« FEBUBE, RAETELG % BA B B A
FREVERE . A RNER R, 2o A A B S e H ARy n] WAL
Do RIG, MRAEX SR BA KB B M 28 U RE T, A B e B SR H bs 244>
e, DAIISE RS Bn B I 20 B Y R D0 TS B M R D L R RE A e KA

RN E bR PR - TR G T T 2 Bl B A B B UL H AR EA T A
LI P HERE o LW H AR OE e . T ULINHR] . BAR G ESE R, XU
TUNGTFP AT IR, SR 5 AR S s B B G I T R E UK, K HE T ) 0 0 e
[

PR TR T R 2 ST BRI SO R AR K R BE PR
BB A X AR R AL I AT BA S S R AT E SO &
AL AL 3, AT A L 00 AL 1 28 8 B AT 1 B T IR AT 7
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5| 7NRRERK 3| 7NRRERK
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LM KIER

end

Pl 4-3  BEBRE RN € R GeA kB
Figure 4-3 Modules of Observation Planning System

43 MMAXKI LTRSS

LI I AT 2R SRR P T T N - 2 I 5 BAS T S ) A A R e
A A5 V7 1) R LRI AT R AE LR AT, TR I P 7 T ) A A A T
A2

431 HEWIIEZMRSE

LI B % 115 2R SE3E 3 18 1] RabbitMQ' 34 B ACBEAK A1 MQTT > M % 1
UL AR K 20 U I AT A, T X RabbitMQ 314 L BA S Al MQTT HpSUE4T {7 i)
7,

RabbitMQ &—NTFERIY BT LE, i MQTT ¥, Mz 556 i Er-
lang® 155 58, MQTT s —Fhis B A0 BAE P, RabbitMQ i id J
B R B MQTT fESC BN MQTT M) . MQTT SR % AT X
HATIEAR, SCE0 T IHE LA AITE BT R P ARAE TRl B A 3 AniE BT 1R
FOAI AR AT A s bR, S8 REA R Y BYE. MQTT il
W B B A B R BT B AL T R SR, — N B A 2 TR L AT DA T
B, AT B SE B TR R84 ) 1 2 B 1S

MOQTT 8GR R AAT R, BlLE EEURIF s, TR KA A A Rk
W ME— AR IR, BT < RIS AARREMES, B RITHE
FrER T HREAER— Topic Z. THE KHETE KM MQTT j5 B, wZmifli A
SERERY A, RNBRIS ST IE BT . T EFRUCGE vT DA A A Gl BT B A ER A T
T, SARERT PA—WRMEIT A

Yhttps://www.rabbitmq.com/

Bhttps://mqtt.org/

Shttps://www.erlang.org/
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MQTT s E A A AR Qos SRt PRI B AT A P 4. Qos 73H
=FARRIMZES: Qos 0. Qos 1. Qos 2, NIEIZZHE T IHE T HEMEFIRCE.
T A3 BN = A Qos AT AT :

Qos 0 : JHEKIE K. &HE Qos 0 IHE, —4 MQTT JH.E BB B2h &
%, SRR T SRR TR I IR, JHEAT P A 2 A E AR SC, TR
RAHE WA ELER L.

Qos1 : #/DKIE—R. 1E Qos I #ixzUT, KfHREWIHIRHEE 20F—IK
FNIEITFE . WERIHE oM B IR R 2%, KM E X EAZIEE, 1THE
XPWENI Z N EEHE

Qos2 : HAEiR—IK. Qos 2 Bzl @X Qos 1 BIA By —LFAY, 7E Qos 2 fiL
{F, HEMIEASER, WASHEEEHMZ K. Qos 2 ilid i Jr Mk i
FHr=, MR T A EE TIHEMRSC—EFme| T FHE, FE U2
THEERE.

Qos 0 BIFUABEARUIETE B4l SCRERS &R BLY), Qos 1 BIxUT 1T 53 Al GBI
F ZWELEIEEMR L, Qos 2 BI:UTEEREMIRIEE A EK, NAERIEHE R K
HE—K

FEASCHE A MQTT UGk iE B, 8 Qos 2 BIA N #HTIH Bl
U R IE SN T O 8 R AT PG R AT IE S RS, THE RS
s JSON FAFRM G, XF T ER] SCfF, RG] base64 it 5 K ik,
PATET-AE A Fh SCARIREE P AL R AN A7Aif . ORI T BA AT DAGE 3:F MQTT %% P 1] R %)
[ 1) Topic I FR] , S48 J5H T base64 RS YEAS 21 S5 B (1 W8 I LK1 5L
Gan

432 HHEEZETHEAR

FRITELR KA TG A5 TR . R RIX . 5k 1E 3 B R A K
TCAE LI ) I 1 R %F-5 0 Flask Web!7JIR 452 HE 22, Scoil R 1%
Hsb i s B AL BE ;. 454 PostgreSQL' ¢ RAUMIR G B RS, Hils 15
TR SR e AT S RO R . BT VueSY¥T kR JavaScript HE
ZEFN Aladin Lite(Boch 5%, 2014) #9Z si f H , SEEL T 8hAS . myXpy PR
TR ) A2 AR . B RG0SR Bl G im - B A, 388 TIFARCRE
RGN AT AEPE . B NA R STE T — AN A, N £ SN AR E
Tt SR RS B 2

4321 TFHEURE

KA R M ET XA B EERAR, EARKIEAL L%
P, Fl TE S R R ML R R ) — BRI e B . FEXFRI RS

Thttps://github.com/pallets/flask
Bhttps://www.postgresql.org/

Yhttps://vuejs.org
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S KB PE R R A AR AT AN, 1SS A TR] 1 5 Bk Il 2o 2% 18] Fr) 1 G Bk
(LS

Co——
ido id o d o ido
grace.id NN A% grace.id N s— 1 graceid NN ———L grace id
Vpi page  characcer |  telesco pes rL eeeeeee pe_name
log lert_type hedul hedul
d ful_content  text | time_create d d
eeeeeeeeee d
EXXN oms |
grace.id 3 de & graceid NN
lert_typ name 3 1 telescope_nam
fi longitude ling
ooooooooo latitude time_created
me created altitud
fov

Pel 4-4  BEIRLRIAERS B e Bodia e gl
Figure 4-4 Database Structure of Updated GWOPS

ARG, AR TG T 2 R BV R IR ), AR 2R A
BT 51 70 IR A A . ST DR R B N R A 3R
[ I, ARl THRERXRE (B 4-4), BRNBNMERRGE R EZHE
WAL R I . 32T SR A SORFRT 45 % R R IS5 AT D RESEA T HLAARH 4 -

GW_Alert & : GW_Alert FA7-Giff 151 S E M PRI A TEN , grace_id 2
FIHPCERN IS, WA HABR IR K7 B, A4S . event_page
28] J1 P S AE GraceDB |1y U444 , alert_type 4R (19257, 434 (Early
Warning. Preliminary . Initial . Update . Retraction ) Fifj, full_content f7fif |
SEREREIR N ZS, time_created {057 T AR BRI AR 1 1] .

catalog 3 : catalog FAFH 1A 115 3 B R 513 grace_id 51| KK E| GW
Alert Fff, HAEARENZS . catalog FEAFAFRIIEAEAE 716 = R YEK.

sky_map 3% : sky_map KA 1B IRZE R KAFE . grace_id KHK T
IR () GW Alert Fif4, fits FEA7Ak fits #5000 3| HEALPix &%, contours
FEAEW T B THR A 3 55 R IXYE

telescope K : telescope FA7- T A I R EE A SHL, Hr name
INEILEE AR, HPRAE A B4 )E (longitude). £5)¥ (latitude) Ik (altitude)
Zaith. RN (fov_w, fov_h), #IZTEAR (fov_coverage_type). /M A FR
(min_altitude_constraint®), fx KN PRl (max_altitude_constraint) DA A BT AE X
(timezone) WAL FIEHIC R .

Phttps://gracedb.ligo.org/
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tiling % : tiling FI05% TEM R E it (GEA telescope_name JCHK) FIF|
Jruk ey (Gl grace_id SCIK) A5EIRULIN H #R Tiles 204, tiling “FE AT
PIERAFAHE T KR Tiles UM RIXARFR . B35 BIHRRS(E R, time_created
SR T VAN H AR Tiles £2H /B[R] -

schedule 3 : schedule F 074 X F E Rt (G telescope_name FEHE )
MG I (Gl grace_id XHE) 15| RWLIMIFLR], schedule FEfefift T Ak
AR ARR] , ALFERI H ARARAR . PUSEg. AT ULES TE]FR R o B U8 0 Hsf ) AR
RG] SRR B 255 B, time_created 10035 1 A LI 0 R 14 Ak 1) 7%

multi_schedule : multi_schedule FZic 5% T4 5| ik 4 (i grace_id
KHR) B 45 )t R LR, telescopes 77fift 1 i m] WL ) BRI R A A
schedule {7 F £ L AEAf T A S Be g WL IR K5 ., time_crreated 5% T A i
UL KK Py B ) 285 o

4322 EFHEEARS

FAASEE IR 55 72 i ] Flask Web HESRVESM BRI, BOTIFSEBL TRy
TEBEN ARG, NI RS 5] 35 IR A S8 . A
o5 PR fitmsh . ERERTESARRINRE, T R4-1FEN51 i £ 2 APL 3% i
IS IEE.

41 fERAIRSy APT
Table 4-1 Query Service API Table

API 11 etk

Japi/gwList BRI P AT UL R 5 | ) B 91 5=
/api/gwInfo/<GW_ID> ARELEE T 51 7 S A PRI PR E S B
/api/telList AR 25 LI R ) B2 5 41) 2%
/api/telnfo/<Tel_ID> RIS E B A4 PRI RN B
/api/skymapContour/<GW_ID> ARG 78 5 | 7 e 1 78 i R X
api/galaxyCatalog/<GW_ID> R E 5 T e R R RS
/api/schedule/<GW_ID><Tel_ID> ARG E B B T4 7€ 5 | F1 B E R I AL
/api/tiling/<GW_ID><Tel_ID> FRHUEE T B B Xt 45 5 | S S50 Tiles %4l
/api/multiSchedule/<GW_ID> BRI L [0 268 X6t 25 7 5 | 3 =R R M [ L 00 R

44 RFEITIRA

1E Oda WM A7), A R GE vl B A B 8 K OCR Ak T D AR I == iU
ML, BLEANT:
e CPU: Intel(R) Xeon(R) Platinum 8369B CPU @ 2.70GHz
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o N77: 64GB

o ffi{%: 492 GB

o BVEZR S Ubuntu 22.04.1 LTS, PNAZH(AS: 5.15.0-46-generic

o JifE1E S« Python 3.10.12

o HPE)% : PostgreSQL 9.6.22

RGiAE Oda WMz THIA], N2 G EE NS, B AR /N
R (AIFA-25T7) LR R R, R IO L %
FIXT R B L0 AT BA o[]Sy, i R EP-WXT #8454 LEIA T (Zhang
85, 2022) 147 H AR LR 5| 7 REM B, R IR 45 2R R 31 T B
S asray i talEil] YN

H 42 S5 R B S L A
Table 4-2 Telescope Network Configuration Table

HEHANK  MEAE (B, $E)  kEE K RSO WDy

XL_30 117.5775°E, 40.3958°N 900 2° x1.35° Tiling
XL_100 117.5775°E, 40.3958°N 900 1° 0.7° Tiling
HMT 87.1777°E, 43.4708°N 2080 1° X0.66° Tiling
GOT 88.5772°E, 43.5224°N 1795 1.2° x0.8° Tiling
XAONS_100 87.17E43.47N 2037 1.125° x1.125°  Tiling
XAONS_120 87.17E43.47N 2030 0.12° x0.12° Galaxy
Weihai_60 122.0509E37.5358N 110 0.5° x0.5° Galaxy
Weihai_100  122.0509E37.5358N 110 0.2° x0.2° Galaxy
Mistg_50 74.8967E38.3297N 4526 0.072° X0.072°  Galaxy
EP 2 TR 3600 deg” Tiling and Galaxy
LEIA o C1NER =z 18.6° x18.6° Tiling

44.1 JMFRIER

75 Oda WMGZATIN], R M ILIEILE] 1790 KB J P -8, 2540
(75| S e K A AR AR5 ARG, BEE 1698 MR T 1 ik
PR, Ho o 80 Bl A mSE T B I . RGN B R S 2%
H L I 4 R T A BT A TS | S ORI K, A L e A B B |
PR T 24 /NRF P ORI ERFTE] , A SOV B Sk S BRI AT B . R TR DA
J1 A $231206cc?! g, S231206cc i RIIHER 90% i KX K/ e
342deg?, HEWF B YERE B2 1467 + 264Mpce, T2 140 7 2845 3 000 B0 ) 155
B

https://gracedb.ligo.org/superevents/S231206cc/view/
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223436150 +32 08 49.60

=
Q

|
| .
“‘LEIA OBSERVATION SCHEDULE ¥ X

index ~ + ObsStartTime 4« |ObsEnd Time + |Exposure Time ~ | sum prob add
© 2023-12-07T20:45:06 2023-12-07T21:05:06 1200
© 2023-12-07T21:05:56 2023-12-07T21:26:46 | 1200
© 2023-12-07T21:26:46 2023-12-07T21:47:36 1200

- RA

0.4992077553128115  357.49430860561466 4.889989397670158 143
0.20413397060419586  346.01626795799086 | -14.11073731065024 101
0.18335740484266347 15.684207257670078 10.202462093931313 91

Pl 4-5  LEIA BLMIRBLRI 2 il
Figure 4-5 The Example of LEIA Observation Plann

Z% 1 UTC ) “2023-12-07T12:27:13Z” 0 85| 9% =4 S231206¢c
A1 UPDATE (/%4 , FFFF0Ria 4T AL R B3 78 UTC iffa] “2023-12-
07T12:28:26Z” 52 1% EP-WXT #£%# LEIA T2 E 1 5B BRI, 1F4-5 K508 )
R4 #F UTC BE] “2023-12-07T12:28:4977 14556515 1 B &5 325
1E UTC Bifff] “2023-12-07T12:34:05Z” & “2023-12-07T12:48:02Z” KK 52K T %
Fe4-2rp PRI B 0 G R AR . PAS%RE mini 7] K 30ecm B4 (XL_30) HHix
Bimfl, F4-3JR/N T RGERZHE LN S231206cc i XM FL RIS 45 %, Bt
SEHE ST SERE LI BRI S5 21

F¢4-3  XL_30 WM RIS
Table 4-3  XL._30 Observation Planning Results

ID UL 1] BOLIE OGRS HARTHERE FAR¥ TR ESaRcEES RERAAR

7963  2023-12-07T12:28:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:01:34.990  0.017939109664580028 [355.954896, 1.8]
8144  2023-12-07T12:33:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:13:21.243  0.01749508504485927  [357.169737, 3.15]
6881 2023-12-07T12:38:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T14:02:43.724  0.013191471103168713  [349.612467, -6.3]
8682 2023-12-07T12:43:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:36:53.750  0.009384289650498088 [359.141963, 7.2]
9040 2023-12-07T12:48:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:12:12.510 0.017385562923939363 [4.64, 11.25]

8860 2023-12-07T12:53:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:48:40.003  0.01599616631082765  [359.997785, 8.55]
7783  2023-12-07T12:58:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T14:49:48.737 0.01804312730590954  [354.743386, 0.45]
8504 2023-12-07T13:03:33.697  300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:36:53.750 0.018612380831433614 [0.312485,7.2]

FEX) LVC I ey s i rf, A SO B M2 (R A Tiling M5 =
AU & BB B ) B2 PO ] R SR 55 A 1 ) I SRR O WL I AR R AT T EE .
El4-6JI 7, 2100 DXk s B2 5 19 8 A 1 D [ 00 3095 s 78 i ) R X AR
1117 5 €0, DA ) 2875 AR A i Sk N A B i TR A o e B2 PN RT3, B
W4 S35 K I 2 S Y R, AT T 1 A 2 5 | i B RERT R AR Yy ]
Voo FERAENOUT W PR SR i AU 00 78 =i v AR R o 81 R ok P A UL 00 5k
WL 7 5 AR A DA IAE S A RIS OL T . i A [ B e iyl LR XA A
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1000
967.88 W Before Using Algorithm
B After Using Algorithm

overed Area

288.24294.95

S$240501an S5240505av 5$240512r 5$240514c S$240515m 5240520cv

GW Event

Pel 4-6  SORNIEE 25 K DX i B L]

Figure 4-6 The Comparison of Observational Coverage Areas

[F] S EOW I R DXCHE e DI /D, AR B8 P ) O 00 58025 Py O 00 7 . 1 A 45 B
JE AN [ L0 525 4 0L 0 5 i T A 24
442 KEEHWER

N“‘ G Gravitational Wave Follow-up Observation Plan & Transient Identification Center

Pel 4-7  JJCBIp I 0 0 385 i DX APl
Figure 4-7 Map of Independent Observation Coverage Area

4-75 [K]4-843 I fEoR 7 XL_30 F1 XL_100 2 7645 J5 BEVLI 5 | 7 98% =4 SS231206¢c,
T WA ) i O 00 72 P R DX (8 P A SR S 4 s B O ) 2 8 1 A ) s it O il 7
TRIRX . EEF, FE AR T XL_30 HimGli Z i K IX, a4
2 7 XL_100 e B 22 my RIX . al A2, AETC P R) S BE LI ) 1 0
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SR 558 19 2% i [ R 5 |y e A P SRS AL 5

N AR EE BRI R X2 K BEBAE R, X5 X Al b
PRI, SRR I SR AR 9% 5 A i R G RS, AR S e
FAURIN A DX 27 i) FE AR XL DX 3R R 2, AT 38R 1 22 B s B DL ) e

N‘_V DD Gravitational Wave Follow-up Observation Plan & Transient Identification Center
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Pel 4-8  Blpln] 0 A0 00 00253 5 DX el
Figure 4-8 Map of Collaborative Optimized Observation Coverage Area

XL_30 A1 XL_100 Bimgi7e Oda (0], i FH R GeHe A v m] 0016 o ue i oy
%, X 33 RE| ik (nR4-4r7R ) AT IS BRI o T 00 0 g e A
e R RCETR G e AR5 | s B, BEE B kAR @, A H B uim g 5=
SINTRT, ARBEVLIN RN 5] 73 S22 R B A o
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F4-4  XL_30 1 XL_100 5]y 3 o Wmise vk
Table 4-4 XL_30 and XL_100 GW Event Observation Statistics Table

GIvIbE s PURIPS 3¢ WL H 39 BRI E (=0 1K)
$230521k 10 2023-05-22 21
$230520ae 9 2023-06-01 21
$230522a 7 2023-06-01 20
$230522n 5 2023-06-01 3
$230524b 6 2023-06-04 23
$230524x 1 2023-06-07 1
$230529ay 5 2023-06-06 15
$230601bf 9 2023-06-02 33
$2306050 1 2023-06-06 8
$230606d 3 2023-06-06 26
$230608as 1 2023-06-13 2
$230609u 3 2023-06-12 15
s230615az 3 2023-06-16 2
$230619aa 2 2023-06-20 19
$230619bd 1 2023-06-21 17
$230621ap-f 1 2023-06-24 14
$230622ba 1 2023-06-29 1
$230627¢c 4 2023-06-27 25
$230630am 3 2023-06-30 13
$230702an 2 2023-07-04 12
$230704f 1 2023-07-05 7
$230911ae 1 2023-09-12 49
$230914ak 1 2023-09-14 66
$230919bj 1 2023-09-20 5
$230920al 1 2023-09-20 36
$230922¢ 1 2023-09-22 73
$230922q 2 2023-09-22 43
$2309271 2 2023-09-27 58
$230927be 1 2023-09-28 47
$230928cb 2 2023-09-29 52
$231008ap 1 2023-10-09 49
$231014r 1 2023-10-14 2
$231020ba 1 2023-10-20 43
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Figure 5-1 The concept of Aladin Lite.
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PlS-2 51083841 S231206cc ANl 32 VR4 42 el BRLALSS R
Figure 5-2  S231206cc GW event visualized with various probability contours.
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Figure 5-3 The visualization of the candidate host galaxy for the GW event S231206cc.
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Figure 5-4 Observation planning for the GW event S231206cc with XL_100 telescope.
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Figure 5-5 Observation planning for the GW event S231206cc for The Telescope Network.
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8503 2023-12-07T14:08:33.697  300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:36:53.750  0.014228778303477217  [359.869686, 5.85]
9039 2023-12-07T14:13:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:00:26.257 0.015379187577933377  [2.600818, 11.25]
8683 2023-12-07T14:18:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:48:40.003  0.01547248786292309 [2.019392, 8.55]
9395 2023-12-07T14:23:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:35:45.016  0.013308749432621565  [9.200576, 13.95]
8143 2023-12-07T14:28:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T15:01:34.990 0.013323321070582886  [355.16671, 3.15]
7603 2023-12-07T14:33:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T14:49:48.737 0.011605591965951713  [355.058545, -0.9]
9570 2023-12-07T14:38:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:47:31.270  0.010036930909839079  [8.718449, 15.3]
7962 2023-12-07T14:43:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:01:34.990 0.010666604073618285  [353.953909, 1.8]
9571 2023-12-07T14:48:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:47:31.270  0.009600919457823036  [10.791939, 15.3]
9572 2023-12-07T14:53:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:59:17.523  0.008933669432093836  [12.865429, 15.3]
8681 2023-12-07T14:58:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T15:25:07.497 0.009822127392791766  [357.126067, 7.2]
9216 2023-12-07T15:03:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:12:12.510  0.008574412195268583  [3.067337, 12.6]
9396 2023-12-07T15:08:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:47:31.270  0.007655524882366879  [11.261355, 13.95]
8859 2023-12-07T15:13:33.697  300.0 1 2023-12-07T12:28:33.697  2023-12-07T15:36:53.750  0.008135853619468928  [357.975309, 8.55]
9393  2023-12-07T15:18:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:23:58.763  0.0074762595929412775 [5.079016, 13.95]
9746  2023-12-07T15:23:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:11:03.776  0.005709357696387041  [14.557383, 16.65]
9041 2023-12-07T15:28:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:23:58.763  0.007459775025404423  [6.679182, 11.25]
9219 2023-12-07T15:33:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:35:45.016  0.007038344016246048  [9.215402, 12.6]
9038 2023-12-07T15:38:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:00:26.257 0.00683107329882644 [0.561635, 11.25]
9037  2023-12-07T15:43:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T15:48:40.003 0.006141460776795423  [359.030557, 9.9]
9745 2023-12-07T15:48:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:59:17.523  0.005271428623356675  [12.469859, 16.65]
9569 2023-12-07T15:53:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:35:45.016  0.005263137462084129  [6.64496, 15.3]
9744 2023-12-07T15:58:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T16:47:31.270  0.004781058139013983  [10.382335, 16.65]
9573  2023-12-07T16:03:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:11:03.776  0.0044752752403077614 [14.938919, 15.3]
9574  2023-12-07T16:08:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:11:03.776  0.003748608644785763  [17.012409, 15.3]
9748 2023-12-07T16:13:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:22:50.030  0.0030981718237003794 [18.732431, 16.65]
9397 2023-12-07T16:18:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:59:17.523  0.003412215659237735  [13.322135, 13.95]
9747 2023-12-07T16:23:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:22:50.030  0.0033845780251519067 [16.644907, 16.65]
9575 2023-12-07T16:28:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:22:50.030  0.003254177360611532  [19.085899, 15.3]
9918  2023-12-07T16:33:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:11:03.776  0.002957158458579543  [14.563561, 18.0]
9743 2023-12-07T16:38:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T16:47:31.270  0.0026905503253126704 [8.294811, 16.65]
9917 2023-12-07T16:43:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:11:03.776  0.0027635906437696515  [12.460637, 18.0]
9749 2023-12-07T16:48:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:34:36.283  0.0026305574516376664 [20.819954, 16.65]
9919  2023-12-07T16:53:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:22:50.030 0.002130366911144908  [16.666486, 18.0]
9576 2023-12-07T16:58:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:34:36.283  0.00248502488182148 [21.159388, 15.3]
9750 2023-12-07T17:03:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:46:22.536 0.0021275105972149385 [22.907478, 16.65]
9577 2023-12-07T17:08:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:34:36.283  0.0016809794111934235 [23.232878, 15.3]
9751 2023-12-07T17:13:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:46:22.536 0.0016270066226800033  [24.995002, 16.65]
9920 2023-12-07T17:18:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:34:36.283  0.001409365508432505  [18.76941, 18.0]
9921 2023-12-07T17:23:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:34:36.283  0.0011775712924586696 [20.872335, 18.0]
9578 2023-12-07T17:28:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:46:22.536  0.001129200281264555  [25.306368, 15.3]
9922 2023-12-07T17:33:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:46:22.536  0.0009321644139384176 [22.975259, 18.0]
9579  2023-12-07T17:38:33.697 300.0 1 2023-12-07T12:28:33.697 2023-12-07T17:58:08.789  0.0008551300321434466 [27.379858, 15.3]
9752 2023-12-07T17:43:33.697 300.0 1 2023-12-07T12:28:33.697  2023-12-07T17:58:08.789  0.0011198204642330412 [27.082526, 16.65]
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