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ABSTRACT

Artificial satellite-based telescopes face several challenges during space observations, often resulting in the
acquisition of limited information. It is imperative to maximize the use of available data and develop methods to
obtain more accurate results. In X-ray telescope observations, images are degraded due to telescope aberrations,
resulting in image spreading. This spreading is quantified by the point spread function (PSF). When studying the
spatial distribution of celestial objects, correcting for the influence of the PSF is critical to determining the true
distribution. In astronomy, Richardson-Lucy (RL) deconvolution [1, 2] is widely used for this purpose. Previous
studies in X-ray astronomy using this method [e.g., 10, 11, 12] often use a single-shaped PSF for the observed
images, limiting the correction to local regions where the PSF is assumed to be uniform.

However, when the region of interest extends over a large area where PSF variation cannot be neglected, a position-
dependent RL method [e.g., 4, 18, 3] becomes necessary, using the PSF at each position. In this study, we have
developed a program that applies the position-dependent RL method [3] to the entire field of view in the Chandra
X-ray satellite observations. We have successfully processed and clarified images covering the entire region of the
supernova remnant Cassiopeia A. This method has the potential to deepen our understanding of the universe through

image enhancement in the field of space observations.
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Wyy = arg min (](W) + ATMJ- VW (x) |2dx) (24)

EERIN, InNEM L

RAG)
Weir© = 3222w @ (m ®P

b, TITANIT T T VT ANERB, Ayl TEANT A =X TH D, CER[6] Tl Ay ~10"4 23 f i
TWD, ZOFEF RT VA ZXOEFEIZ2HEE 2 0 2 DV ENHER STV A28, [RIRFICEB T O~
v U D E v ) RIENERE STV A (6],

3.5.3.2. Total Variation ®IERLFIE
SCHR[ 7] CHEZE X 4172 Total Variation O 1ERI{E % IV 7= RL ED g A HEE BEWypy 1%

Q@f”)(f) r=0,1, 2 (25)

Wy = arg min (](W) + Apy f VW (x)| dx) (26)

cERIN, TNz L

W,.(§) ( H
WA ) W, ® P

1= ATVdiV(IVWr(f)I
LD, ZIZT, WL(OERW.(EDARL, div()IZFEE T, CHR[7] TlEdpy~0.00203F i Tnb, =
DIFEIT, BT Vv ) A XOEF R 22 2208035 0 | Bl @ Tinkhonov-Miller O J5E & b~ Ej{4:
Oy UHREESND Z ERHER STV D[],

3.5.3.3. Bilateral Filter D EHI{L.F1E
SCHR[8] THE S S A7z Bilateral Filter D IERIME~ » 7 & Fgpy, & LT

Form, _ﬂ exp ( |x —s‘Iz)( exp(—lWr(x)z_amwlz»dfdx (28)

B, 22T, RQ@)DEMDOIEHBEBOEIIIGIIB T 2HAEZRK L, 2 OHEWOEICK 5EA %
FLTWD, LRSI LD &, o X425 PSF O¥FEERE LIZHBE. o, = (R/3)2E L. o l3WDH
KfE (max) &#&Hx/ME (min) ZHW T, 0, = 0.01(max(W,) — min(W,))2 & LT3, ZOEANLEZ HW
Tt B E B Wyp 1T,

Wyir (8) = ®P)E r=012- @7)

Wgp = arg mmi/n(](W) + ABFFBFWT) (29)
LRI, INEELS L

This document is provided by JAXA.



94 SFHIZEWFIE B AR U IT B S A JAXA-RR-23-007

Wr+1(€) =

W.(§) ( H
1+ AgpVFgpw, () \W; Q P

LD, R8I TIE. Agp~0.053FDLIN TS, ZOFEICEIY, VX I T7—F 7727 oMo
BHRDIERE S LTV D8],

3.5.4. Blind RL ¥

RL {EIZEH BEM O PSF Z 7% 23, PSF % A %10 Blind deconvolution (Z i T 5, Z D FHIEIE,
SCHR[9] CHEZE S Blind RL VE L FEIEI D, T OFIEIL, BEOEB & PSF IXEEMIC AN X ATRETH 5
ZEEFAL, BEOEB S PSF AR AICKEMICHET 5, #TiE

®Wﬁ8 r=0,1, 2 (30)

H
P ® = PO (g ® W) @
Wras® = WO (g g ® P ) © T=0,12- (31)

LERIND, BEFEIZBWTXG)OPIE, BHEMIZE Z 5115 PSF DR 7y — /Ll E& bR =iy /5t R
HPHAIRET D Z &0, PSF DIIROHIREZ 52 5 Z & THERE O En#ifGFTE 5,

4. BEFE

ZZTlE, 5 ETHWD PSF ONLEKFMELZZE L7c RLIEICHOWTHT 5, RL KX, B
BIZxt LE—® PSF # HWCEHE SND Z E0n3%V, LovL, %1 C PSF B2 258 bR T
%o EEE, KE®)TIE, PIOICBWTIHATEZ LICR D PSF 29 Z L RABEINTEY, Zha PR
WNZRT T2 OITPe () ZHAT 5, 22T, Pe()iE, HATE TR OGS PSFICESW TP ZFHT S
B ThHb, ZDL I L ThEKRFR RL IE[3]I1E.
H(x)
§Pe(x)d¢
txRIND, ZOXBHIZEY, FEFTTHI A O PSF TitE N5, 7272 L, HEFEICKE N T, §HHE =2
A MO, PSF # 7 B VBN THET D Z LN LWGEA L H D720, AFETIE—EXMEIC
PSF 47V > 7 L, ZOXEEIZ PSF 290 B2 THEMAT 5, 72k, GB2)IE, MEIN T TIET
I LIEE OB ERRBSC FANE FEE AR DEDL Z L L AHETH D, FEBEICCHR[3]TIE Chandra O
BT — 2T 282, R7T Vv ) A XD 72 BE0E 4 85 < 7212, Total Variation 1E Rl % fl A A
AEFEDRESIN TN D,

Wrss® = W [ Ty Pe(x)dx =012 (32)

5. Chandra FrE CTEBHI L =B ERB I VAT E A ~DHEHA

S1LERLET—%

AHFZETIL, Chandra HEOBH T —F ZEH LT, TNoDT—F %K 1 [T, 7 —FEITICIE,
Chandra fff 2 OFEHET — X WLER X /7 — T % Chandra Interactive Analysis of Observations (CIAO[13])
EEMA L, &1 OBIT —ZIZ% L, levell DA X2 K77 A L5 5 CIAO D chandra_repro” % H\\ T
ATALBR 24T - 72, ABHANE, Sl & v — A>T\ A 72D, CIAO O’merge obs”iZ &LV 1 DD
BICHES LT, AT LT,
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# 1. AWF5E T U7z Chandra iR OB RIREE N A7 A OBLT — 2

Obs. ID Obs. Start Exp. Time Detector R.A. Decl. Roll
yyyy mmm dd (ks) (deg) (deg) (deg)
4636 2004 Apr 20 143.48 ACIS-S 350.9129 58.8412 49.7698
4637 2004 Apr 22 163.50 ACIS-S 350.9131 58.8414 49.7665
4639 2004 Apr 25 79.05 ACIS-S 350.9132 58.8415 49.7666
5319 2004 Apr 18 42.25 ACIS-S 350.9127 58.8411 49.7698
5.2. PSF ORI

PSF % Model of AXAF Response to X-rays (MARX[14)Z W TCET VUV 7 L7z, ZDOF, CIAO
?”simulate_psf’ & L7z, AHFIETIE 0.5-7.0 keV O T R )L —HHR OB T — & 2 W23, BH—0
TR NLF—23keV TPSF #1Ek L7z, & 1RSI 4 SOBMT — 2 1%, HHEOMER—H L TND
728, PSFIZZDfFK E LT Obs. ID=4636 CalA SN2 bDEMEH Lz, X 5I1TH T F T JE A OBLH
EifR AL LT, 35X35 v /L BREIC/ER L7z PSF ZEATHERLIEZHLOTH D, K 5 b,
Chandra f#5 @ PSF (30N GREN 212 EIR Y | B ORI T 5 2 & 230025, £72. PSFD
FERDSSelE © DAL > THELT 5 2 L BHEGERTE 5, AMNTIER L TKIR L7z 2 f@FT D PSF
DD, AESRENMITEILT 22 bbnd,

35 pixel

AE SRR ~0.5"

AE SRR ~2.5"

0.00086 0.0036 0.012 0.04 0.13

5. 5 FDH AT HEA (Obs. ID=4636) OEMEIE & 2 OHFTICxti L7z PSF, 57 —/3—[X PSF O, 7 1 XX
St#h, PSF O > 7Y 7 RikRIL 35X35 B B,

5.3. fLEMKTFE RL IEOFER

B 6(a)iZF | OBHEBE TH Y | K 6(b)INMEMKAFR RLIEDRKEF R % 200 BT > TH LN IZFERT
&5, 5.2 HITHH L7z 35X35 7 /LM CIER L7 PSF iV, fHIkEIZ PSF 2810 B2 23 b F
B, ZOFEZERTIRIMEOMEZLET 572012, X6 DA TR LZHEROIEKX %X 6
(a-1, -2, -3)FB L WN(b-1, -2, TR Lz, BB HT > TREFIZ 2 > TV D Z & BNEMERICHER T
x5,
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52:00.0
52:00.0

49:000 58:50:000 51:000
49:000 58:50:000 51:000

48:000
48:000

47:000
47:000

46:000
46:00.0

50.0 400 23:23:30.0 20.0 100 50.0 400 23:23:30.0 20.0 10.0

2.15%107 9.00 X 107 3.07 %10 9.90 X 10 3.16 X107

X 6. B G &AL BRI RL ¥ TS B2 BHE O LR, (a) : Chandra fTREIC K D0 AT HEA D 0.5-7.0 keV D X ##
i, (a-1,-2,-3): (QDOMUMAHTHRLIZEROIEKX, (b) : MLEWKTFE RL IETHOZEE, (b-1, -2, -3) : (b)D I A
TR LIZfEIROIERK, FHOHI 77— —XEEH O & Flux (photons cm™2 s YO xtISBfR & R T,

5.4. L BRI RL $:0 PSF 0¥ > 7 ) v 7 HRIC & &V

6 TIZPSF O 7V v V% 35X35 7 kv b LIz, 22 TIRBRARL Y 7Y o V&2
A DM EHKAFR RL VEOR R4 kT 5,

703, BLREHE A U TR AR RL iR 2 L TR DIl 6 4 D OB E LR ER
LebDThH D, EDIRICAEHEEE (on-axis) . FE HAEE Ctlih» & O REEE - 49 150 B0 #) | mvusEE Of
#l7s © OFRRE - 59250 F048) . ALPEEERL Ol S OFEHE - 59 150 B4) Tk D, F7-/25 BIIEIC PSF O
F o7 TR %A n=5,15,25,35,45,55 7B L LA AT, T 2 C PSF 3 ) 0 B 2 55 A
BEBOBEY TRLT, 7 oA £ O R ORI L 7Y L A EAEOAIEE A
ERBINIRNA, BRI D n=45 &7 VLR OFE R Cld, PSF OB CHEiRORUT I N TH 72 (7
—F 777 8 BDEFICAONS, FEEC, JEEEEKO n=45 ©°27 B LLIE TS, B CRfG OfiE 7 )
WZT7—=F 777 PR TE D,

SNBOPSE DEROT =F 777 FORKEE LT, YT ) T RBOMMC AR BEET 2 PSE 23
BER CRBMICZIET 5 2 LM %T 5%, Chandra 20 PSF 1, LR 5 OB Lot » OI507
D 2 DD/RT A—=ZIEAF L TIBIRDRE D, etihn & OB T TS PSF L fHE TONM 2 2L S
WM, HALAIEEIC PSF FILE CORROZEICT HF 5, O Offe5 FLIT LRI A~ R &
W . PSF OZE B C LIS OIE 7 B OB 550 PSF OBERCHY . T—F 7 7 7 Fiv%
AELRTNEEZHILD,
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X 7. PSF O > 7Y o ZRIEOEWIT L DALER AR RL EE R 200 [mOFE 5, B S IEIC 68 & kil & o FEEEo BY
R, dbH# (on-axis). PAB (off-axis 150 F044) . FAPE (off-axis 250 #048) . AtvE (off-axis 150 #44) FEIKT&H 5, n X PSF
OV TV U TRREO—LTHY . EiigEBRO BV 13 PSF U0 B2 #E £ T,

5.4.1. PSF OBEFRELOT—F 7 7 7 b Ol

PSF OEREIZBIT AT —F 77 7 Nl T25EE LT, 7Y ZHBEEZ < LTERE
TOEEZEBEE L HENREZT ONDL0, —HF TR X NI+ 2, 70 o ZREA <
$2%& PSF OREIIME T T %, ZZTlE, PSF OFEREIZKIT 27 —F 777 homfiliiEE LT, &
FE D PSF % J& 0D PSF # FAWTHISET 2 FIEZIRET D, ZO7 7 —FIZ kv, PSF OZ{bDOZAM
IREERERICZI VT, PSF OBALDRERMNNC RV T —F 7 7 7 MRS T 5B/ 5,

X 8 1Z, PSF OHEREBICKIT DI SN D PSF OEAZ R LTS, AFFETIIMEIEE L
T, EERE T o F LMD 2 DO FEE AN D, FEHRIZ X 2M5E TIX, X 8 128 4172 PSF OEHAIC
#Eo T, HED PSF AL CTHERAT 5, —FH. 7 2MEIC X D458 T, PSF OFER CT—EAICY)
DWREZ DT, BRMIIL OFXERTT v 4 MIGBRE 2 150 PSF 2T 5,

X 9 1%, FEEMEIKIC IV T Z OMisE T EZ R LA EERFE RL IkOFEREZR LTS, X 9a)iE,
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WsEZ2ATH TN n=5 OV 7V 7T 200 AOREEITHTZFERT, 7—F 777 bNFEALER
BN Z EnD, ZOMEE) 77 LU AREBRE LCGHET 5, —OICIE =1 2Y 77 LR LT
HONEBEEN, HEa X FO#HIKND n=5 ZH 2, K 9(b,c, d)iE. TNENMTEITORWVWES, F
Biesize, 7 v X AMEMiEE A U T ERASR RLIEZEIT LR AT LT D, Kok, Zh
LOFERE Y 77 LU R (K 9() & OHKHEDZSER TH D, MxaiTolhma. BT
I =5 DFERITESNTEY, 7T—F 777 MPRBEFE SN TND Z EDRHERTE 5, 9(-2)Tl&, #=
g (K9(-1) 2V 77 Lo AEig (K9() THSEEFEEZRL TS, HLWEBICENT, #f
SEERATo T E . B COZEERIL 1%RE L 20 | T2 LOBAICHAATHEINTWD, BEEE
D2 WEEIR CIEH R DS 3%FEE Td 5720, fliTElC & o THEFRZEOHFPAN T n=5 LITWFERR

BONED ERDIND,

Al Al A:273, B:13| A:1/3, B:23 B:1 B:1
Al Al A:2/3, B3| At1/3, B:2/3 B:1 B:1
A:2/3, A:23, A:4/0,B:2/9, | A:2/9,B:4/9, B:23, B:23,
c:12 c:12 C:28.D:1/9 | C:19,D:2/9 D:13 D:13
AL, A3, A2/9B:1/9, | A:1/9,B:2/9, B:13, B:13,
c:23 c:23 C:48.D:2/9 | C:28,D:4/9 D:2/3 D:2/3
C:1 C:1 C:2/3, D:1/3 | C:1/3, D:213 D:1 D:1
C:1 C:1 C:2/3, D:1/3 | C:1/3, D:213 D:1 D:1

X 8. BESIELEEHZIIT D PSF OV & T v X AMEDEH, BARKRIE PSF OY) 0 3R 2 g8k, #HRITE 7 BLEaERT, A,

B,C,D IZZTNZENDEATIZEIT 2D PSF 2Rk L, R TIL 1/3,23 DEZRN, 4 DO a—F—0ERTIX1/9,2/9,4/9 DE

KB EMHEND,
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(a) L DESH

(a) &£ DEALE

4 9. FEHAEIC 51T DR D PSF OMSED A I L D ik, PSF OH 7Y v 7 ¥ 7 /L% n C/Rd, PSF O
ZHEEBKOBEY T/RT, (a) 1 n=5 DA, BERO PSF OMise 2 ThPIC BEMRFR RLEZEMA L, V77 Lo A
BE LT, (b): n=35 DA, 5RO PSF OMEEITHOTITAERFR RL L% M. (c, d) : (b)&F L PSF [HE T,
BESRD PSF %X 8 BN - TENEN S, T o7 MM U@ KA RL k& H,  (b-1,c-1,d-1) : (b, c,d) &
(Q)DFESy DHEFHE, (b-2, ¢-2,d-2) : (b-1, c-1, d-1)% (a) THI - 7= 75y DZEALER,

542 MBI L BT —F 7 7 7 S OWHZROE BRI
X 9 DR % ERANCFHET 5 72010, THIMSIRGE, T T RGE . THEER ORI 2 614
%, ZIHOFMBIEORREELE 2 IR, 200D 0D LI, WTHOIIHEEICIS N TS, M5
AT 1254 CEBLRER L OV v & MUMSE) DHEEIThRVES (e L) Ich_TkESh
TW5, ZOfEEND, PSF ODEREOT —F7 7 7 L 28+ % 72012, MiHAMEIENDEN TH
52 LTSRS,
#2. M9 ORRFICHT 5 PSF ORI 9@E Y 7 7 L AR E L, B 9(b, ¢, DA BRI TORR,

e/ L S LA R AN
SESJHerRRZE (107 flux) 1.42 1.16 1.18
SR TIRERAZE (107 flux?) 6.33 3.70 3.95
AL (%) 3.80 3.22 3.27
6. T

AWML, BT a R 2— g VEO—DTHD RL A, X #Rf#E A Chandra OB 2K TD
WA= 9IZ, PSF O EKGEZEUNCEE L TEE Lz, 2O FyE% Chandra T2 O R >
FRTEE A AL, BHE G SR TR TESL Z L EER L, &5IC, MEMKAFR RL HEITHEAE
IR NPRHEE 2D, PSF OV 7 TR EFEE L, SR AU HTET D R RE L, Z
DHFECX Y, FEEEZM EIEo0b, HEREZROZI LN TEDL I LR LI, ZOWFFEE
IZ. Chandra 2L OMMDO N THEEZIZBWTHISHAIEETH Y . XFERICAE LY THiIEHIEZ K3
52T, HENRHEa R N TOERAMEABIE SIS, FHERB X OFHEBNICHED S A TRL LI
Bl Z > ADO—B L ==V Th 5,
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B

AWFFEIL, BAERELS: (JSPS) BHEAFFEE HREkiOiF7E(BH#H)IP20K20527 THEES X raoy el e @i
AT 7oA = 7 o A T OB (WFSeREE - ILEEA) |, FEPFIE(B)IP22H01272 X fEl 2
SS433 V= v MK HEIIRE W50 DIERL L I 2~ SRR AR B O gl (BF2e % - ILmEE) | &
HERIFFE(B)IP20HO1941 TS AR EHELIZ F D IR BIERIT OB IRIEE R R O] (FF 803« (L
HEA) | 1K DBRE 2T Tz,
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