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Table 1 The Chandra X-ray observatory data table for Abell 4067

Obs ID Instrument Exposure/ks Clean Exposure/ks Target Name PI Name
20530 ACIS-I 30.65 30.46 Abell 4067 Ge
22123 ACIS-I 39.55 39.55 Abell 4067 Ge
22124 ACIS-I 41.51 41.31 Abell 4067 Ge
22125 ACIS-I 17.82 17.63 Abell 4067 Ge
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Fig. 1 Imaging of A4067 in the 0.7 — 2 keV band. The upper panel shows the image without point source subtraction; the lower

panel shows the image with point source subtraction.
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Fig. 2 GGM filtered image. Panels (a), (b), (c), and (d) sho

w images smoothed with 40, 80, 160, and 240 Gaussian kernels,

respectively.
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Fig. 3 Shock Front and Cold Front location map, the white

dashed lines mark the two possible shock front regions, and

the green solid line marks the possible cold front region.
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Table 2 Shock and Cold Front parameters and properties for A4067

Edge c* T,/kT" T, /KT T,/T: M,* M;* x2/dof(T,) x2/d.o.f (Ty)
CF1 4434094 1.394+0.07 3.70+1.05 0.38+0.11 - 0.82+0.34  70.7/69 92.2/93
SF1 1.53+0.08 2.74+0.23 1.80+0.17 1524019 1.36+0.04 1.53+0.18  396.4/392 749.5/749
SF2 2.04+0.24 1.95+0.08 1.16+0.07 1.68+0.12 1.51+0.20 1.67+0.11  751.9/706  1428.5/1256

* The photon density jump ratio C' mentioned in equation (6).

" For cold front, it represents the temperature in Areal Fig. 5; For shock front, it represents the post-shock temperature.
¢ For cold front, it represents the temperature in Area2 Fig. 5; For shock front, it represents the pre-shock temperature.
¢ The density Mach number calculated by equation (6).

¢ For the cold front, it is given by equation (10); For the shock front, it is given by equation (9).

f Represent the quality of the temperature fit.
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Table 3 Spectral fitting results of XSPEC

Properties
Name
Region Number® Temperature/kT  x?/d.o.f.
Regionl 1.37 +£0.46 242.9/198
Region2 1.73 £0.11 155.3/142
Region3 2.056£0.23 161.9/101
Region4 2.56 +0.16 340.6/329
Regionb 2.51£0.13 709.2/562
Total
Region6 2.54 +0.13 559.7/521
Region7 2.52£0.10 793.2/681
Region8 2.614+0.07  1379.8/1333
Region9 2.16 £0.08 1661.9/1368
Regionl0 1.53+0.04  3132.0/1722
Areal 1.39 +0.07 70.7/69
Cold Area2 3.70 £ 1.05 92.19/93
Front Area3 2.33£0.65 166.5/186
Aread 1.62 +0.20 515.7/471
Cluster Circle” 2.44+0.03  2002.2/1695

* The regions are shown in Fig. 5 and Fig. 6.
" Within a radius of 280", excluding the Cool Core.
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Fig. 6 The spectral partitioning of A4067, the cluster is
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luminosity variations, with region 1 identified as the cool
core; the magenta circle represents an approximation of the

overall cluster.

PR 2% 3T 1545 SRk FH R 7R 7 1 X 3-8 3
2 PR SR AR B IX 3ot I 1 3L AR Ak 0 B IR 73R A1 145
F 104 DX 355 14 3 2 1 00 P DAR B, X3k 13 1) i 5
PO H B AR B 0L BT 3 (H AR T A
R AR . X I 48R P W e, AR TR A
SR LI

gi b, OGRS 4 AR, BB A
5 ®RATX T A4067(F) 22 & B 31 &30 11 245
TEMI AT ARFE. R — AN BONOECE R R F, 7
T AR HIBRER R R B xR E 7R R BN
XA A% CEIIREN1.37 ke V) F T EE R



67 % N

3

s
=2

b4 13

H (P38 20 2.44 ke V), Hob 72 R B %O
VERRIZFAF TR,

2.75
2.50
ik
W 225
=
£ 2.00
2
£1.75
o
5 1.50
[
1.25
---- average temperature
1.00 err-average temperature
01 2 3 4 5 6 7 8 9 1011
Region
7 KGR ROELARE R BRI, KEOPIE
BRIy RIS PR TS

Fig. 7 Region-Temperature line plot. The black dashed line
represents the cluster-wide average temperature, and the

gray shaded area indicates the corresponding errors.

6 11t
6.1 A406THIECKE

FEA S, FRATE T CXOR M 1] A4067 5 £ [
HAPIAIFE W, 73 6T B2 2 B R M SF LAY
MISF2. 1853 X 26 6 1% o3 M1 43 Hh 32 W0 In it 5
AR P R R, FRATT T B T IR ) iR B A R
5 9 N My = 1.534+0.18 (SF1)fl My = 1.67+
0.11 (SF2). tAMFRATT I8 ok 5o st 471 3ok 38 49 [X 45
HEAT A% 1) 0 50 BE Fl A, 459 3] T sk re) s R Bk A
k%, 50 B8 M, = 1.36 £ 0.04 (SF1)F1 M, =
1.51 4+ 0.20 (SF2). $RATIX B R 22 B /)N 1 2 2 ik
A DR E M, AN T i M, SRt SR SFL
F0 T . AL 5 O B R K R

u = Mc;, (11)
Forr, e B 2 B A A Jo 1 JR) 3 A . FRATT AT DLIE
R R P A IR E T, A

~vkT
CS = )
pmy,

(12)

Hida iy =5/3, P4 FREu =06, T
Jii Em, = 1.67 x 10727 kg, THUXS £ 75 (1) 2

% PIICM - ¥ I8 ¥ (2.44 £0.03) keV. % | 15
SF1f)3% F 295 (1095.6 £ 32.9) km -s~'. &5 43
WAL E, 0B LA B CF13 R MISF12 8] it A7 5% 2
29142.77F 5, WA DA4E H O G B ) ROBE 1) T IR
£7(0.23 £0.01) Gyr; LLA4067E £ [ 0 ) 4=
SF14 B R IE 5£1310.6 7 iH 5, &5 &
i (] )BE 2924 (0.51 + 0.01) Gyr.

S5 G AT 23 BT 15 21 (0 23 A B DA 3R
ATRE A H AR 380 SF 155 75 ] 38 sk SF200 4 A, K
ATTHEN A P 8 B 7 — A A T 17 22 14 4 B ASE AR (X
LD 230t A AT AN TE XS 2R U B A406 73 4T WL
N, SRS B 1 A W3 7 S A B0 2 I BOV
KL, KI8TEEE IR T A R A4067TH T B R
H & 7= A SF15 SF2if i 72 . 7EFF & 0T, B2k 2
—/NMRIREL, W R 1 AR R & (I8 K
R BIERAE) 5 — MR BUE BRI % E R
(I8 A 1 5 ) FE MR 26 1 T F AR IS, 1% 1k 51 7 #4 6
AW, FEFHE b, BT AR R BN R
AL, B (I8 B N 2% BE s, Ak
A KL B R % (Markevitch s U7E 200748 4 1 1
W), B EPA R RBIRAEIE, ¥
AT B AT 2 A4067 (1 2544 BAT AN I 2 1 3%
W LEH, 43 B bRAC N SFLURISF2. 15 AN % ) TF 1k
B8 T R R B G i 1R 243 71 5 3.

TRATTRE A4067 10 Wik R 1 5 H A B2 2R [ A OF
A WO AT LE R 0 2 44 1 v S R OO O A
5 % HBullet Cluster(1E 0657-56)%%, 33 i1 & #f
Mt 3k ~ 3.0, X SR 0Bk BE AT A 4500
km -s~L. M ELZ T, A4067H I B G IR,
U IE A W R LD, R LIRS AT A X g AL
(A5 7E R 10, A4O6TIN ik 45 1) 5 A2146" B A7
— € BARALIE. )5 3 2 B AN B S WO R U
WA 2 AP, BB (Bow Shock) M ~ 2.1, 1
S IA] ¥ % (Upstream Shock) M ~ 1.6. A4067F1
A2146H A2 XU 4500 BeAh, — 3 0 B A AR %
I SR E (M < 2). M I A52178k A2744P
XA SRR EUR RIBI(M > 2), A4067H1A2146
FR VB S J TG 2 v A SRR [, AR IS )
R b, RussellZE P25 Hi A21461) L AR 57 (1 35 &
A REAE0.1 — 0.2 Gyr, MiFRA14 HA4067H &
iR R R 290,23 Gyr. BVAT 5 ez, %



67 %

MR XU 2R 1] Abell 4067 ) ERAE R UL

14

B AL T A R AR B, R A MR e g
TR AELAE SO X B b A 2146 1 XU I AH RS
1M A4067 1) 2R 10 08 B ik A5, T v st 1) it
AR K, A BEAE RN A406THI A 7 B
R REAR G W (Bl & L. B RETER
)5 A21464 [A)38 B 1) 22 57 AR A214635% A A
) B S5 10 ) 2 5 S R E s P, — T S AR S R
W BT B A ) 0 I e e DX ) B R S 3
78, DR R0 AT DA AT 80 in T v RE LT 1T A4067
H A A A AT AR S F O 5 S, R B — D A
FAERE .

-

-
~ -
SN

1

~

Bl 8 A4067IFABIIIE. I KM R BORIREUE R 1], K EEAA
REUNET R AR, BODBEREA L, SIBEERIR B,

Fig. 8 Merger model of A4067. The large gray ellipse
represents the larger, diffuse galaxy cluster, the gray circle
indicates the smaller, compact subcluster, the black circle

denotes the cold core, and the bow-shaped dashed lines

represent the shock fronts.

AW RIS SRR, A4067H A ok 8 T il
PR DA, e R RAFEERES T2
A7 A0 1 o 45 5 B WO R AIE . BLAR A AT BB A2 53 4k
— 5 L B LA I TR R 1 OO 4 R R R .
BRI DB R % RGOS R, IS
AR AT REAAE HEAT . AN, 5 A3667TAEPYH A 2
Z2 5 E a3 A SRR TR SRR O 7E R A B)
D15 A R ) RIS AT RE R LK
) B ] R B R SR B M IC MK 3 ) 2 5 34 ) 200k

A, Ak, I & PR XS LM, G X 2R A%
% 5 1 4T %5 (X-Ray Imaging and Spectroscopy
Mission, XRISM )&l # i 6 K 174 4 5 5 1 B 4
(Advanced Telescope for High ENergy Astrophy-
sics, ATHRNA)Z5 & S F UM, FRATTAT BAIE— 25 1t
T A4067 IR 1 AE FE T HORE AR, DLSE A s B
il 2 AR BF Gl A AR I R B AL )

RESHT

X T A406 7T 7, 78 %00 Ab T IR ¥ B LA 42
EXSRRIE. BBAN, F R TR R B SRR
L, VA B NI IH 32 B T IR 3C- N 2L AN AR E 1
(Kelvin-Helmholtz instability, DA T & #R K-HA f&
E MR P S . K-HANER & 1t 2 Fi5 75 539 V) 3 2 1
R SE AR PN R A T 22 T S AN [ AR ) ST
)R AE ARG E I G, RTFH SR T AN [R] %5 i 1)
TUAAAEAN [ (32 Bl 18 B2 N B ANA E 1 DL N R AR
i I R F R A9 B XGRS, 7K T R )
AR EN. MXFARERLERE LT =
W R REMRLR. KREHHZS.
FE AR B — 5 PR BRA 40 2R 2 3K 1 5k
73, CAAS [R) 33 B2~ AT 32 3 1) P9 b A () % 2 I 4 1)
FH EHE S AFAEA RS E M B S TR, AR, R
THI 5K 77 AT R I A R AN R RS T B 18 T
1 38 3 JE ) AE AR AR AR E 1. B R T ik I
TR AR W] R BTN AE R I 7K T B A R ) SRR
X A4067H (74 BECFL, 7254 F X A R A
TH M B B TRIR, AR X AV B 2 I FE T 1)
AR R R 2 o, = £30°. FEI L, X
T# L e, = £30° K T X8, 7T LLE W H T K-
HAN 7 M T VR A A 1) 2 300 ) e T 120 % ) BRI A,
X H RO R KR B0%E T EE N AR 218 KB B
07/l =i0F 5 S

S IATTHERR X O IR 2 i1 BT 51 )
R K-HA RS € YETE . 954k 5, X A H 70K
NTIT AN J2 Bk 38 3 R 0 R 2. 3 B3R AT A 2
BN A BT R — B 5 H P AT W HE Y, XMy
RE % 3R (L 1H 5K 7, A 45 3 1 AT T A2 T8 #AE DL 3
K (an EI9FT 7, VB TH 2 1 (1~ 4T il 2 R W 37,
B RE S SRR 1 5K J0 MR . AR D) e RV

Tl FHE VL I A K- HARS E M. PR AR

6.2



67 % N

3

s
=2

b4 13

7 B T ASEHH A AR DX 38K 5 S S B2 AN 7T s 45 3 4 T
B LR ). XM AT WA R B, R d T
“WhICE” BOE R, R 2 AR B SR 2 v e
WEI LT, S R — J= 3 R i) AT T R T
(R X AR 8.

> T T T D Ao
T — > o s, s e
———— s — — o
——— — — 5 .
——— — — 5, -
—_—— — = _, . -
— T T = o .
> — — — — o,
— > —— — — o o

— ——> — — — o o

—,——— ., — T T
> — — — D 7T
e > —— > — — Ty

————— — — T Y v

—— > — S NS

9 AR MR /RS- ZE 2 AR E MR R . WA R iT
AT RN 2, Bk m A i R AR AT B T B R 3.
Fig. 9 Schematic diagram of the cold front surface
suppressing the instability of Kelvin-Helmholtz". The
parallel curve along the cold front represents the magnetic
field layer, and the arrow represents the velocity vector field

formed by incompressible fluids.

F TR B0 ) 1 3 V9 A R AN 5 1 AR RS
B3N, 72 A (E M., i3 E R
sk AT RE AR A (V> Vo), WITHEK-HA K &
PEIFGRIG K. R, WK 28 i X 3l 20,
AT DL SR 4 5 A 2 W3 o P () R BR . B A A
AN 1) F 32 95 5 53 53 N Brooy 1 Beona, TR BRI 55 7
SRR E 53 R Do BT o, BRI SR T
N Dgas- 24 LAT 2 AE T L, K-HASRE 2 M 4m )

Bi.. + Bl 1 yM?

8 T 214+ Toora/Thot

A5 LI ) PR AR, A R 906 N A X P
AR RS e P DL R 5 FE A O IO AN s v, RATTHEX
A BRI, RE37 ) R BR N 8.08 x 107° Gs; HU#A
) 1 58 B, RG 37 R PR M 6.26 x 107° Gs. 1X L 44
T ASEAE R I R R: 7.17 x 107° Gs.

Deas- (13)

0 SR A X2 S 74 00 . 0 L K-
HAKS 2 PR T4, T3 — T BT LA A
B £
e 4

[[ER={ =]

i3 — R A R o B DG T A, AT
WAEA4067 1) 2R 75 il 1) - ff 2 TR AE R AR 9F A 72,
I BAEE R BB ARW AT — B 4,
SF14 #f % M, = 1.36 £0.04. M, = 1.52+
0.18. X 5 Z A i TAEW & M. e b 56 mt b, JAN
1 > HrCXOH e it — 2D KB, 12 & B G ] 47
FE PB4 K. SF25 i ¥ty M, = 1.51 +0.20.
My = 1.67 4 0.11. FATHENX PIAS B B 1%k B
TR — U0t &, WRe R IF & F AR AN R —
AN S 1) . e AN FRATTIE il BT SF 138 3 5 FE 24
(1095.6 + 32.9) km - s~' i, A4067/E R A3+ & 1
I 1A RE 29 090.5 Gyr, %W A40674k T I & # o
W B, JF A MR 78 A 4R XPCBU IR 5 T
g A B R T R R B A R, 5 R
FHWICMIE &, {0 Lo Ve i B IR A 2T I
FRATIE ISR F A v o0 Vo R AR A X458 A 9 1) A
5. AECFIYHAM = 0.82 £ 0.34, RS S
U b Vo B 1) SRR, g YR N XA R A T R
7.17 x 107° Gs. fiJa, TATH A4067H A4 1 UL
A1 B 2 R BI04 DX B 0 A 1B, 75 & 3RAT
st 1B R B A I 80 15 S5 As I, B/ R 3R
wRABDIFE DRI EE R, &IFd RS
AL O IRAE T IR, KT o R B & IR S5

7

BOA B e R AN SCE BRI ST AR, A
BXENFEA T RERE.

S % Xk

Markevitch M, Vikhlinin A. PhR, 2007, 443: 1

Ettori S, Fabian A. ASPC, 2000, 200: 369

Markevitch M, Randall S, Clowe D, et al. AdSpR, 2006,
36: 2655

Schindler S, Muller E. A&A, 1993, 272: 137

Roettiger K, Burns J, Loken C. ApJ, 1993, 407: L53
Bliton M, Rizza E, Burns J O, et al. MNRAS, 1998,
301: 609

Kempner J C, David L P. MNRAS, 2004, 349: 385

(2]
(3]

(4]
(5]
(6]


https://doi.org/10.1111/j.1365-2966.2004.07534.x

67 & F AR XU B R F] Abell 4067 [1%5% 75 37 X il 1 4

[8] Markevitch M. gcop. conf, 2010: 22 [22] Walker S A, Sanders J S, Fabian A C. MNRAS, 2016,
[9] Owers M S, Nulsen P E J, Couch W J, et al. ApJ, 461: 684
2009, 704: 1349 [23] Sarazin C L, Finoguenov A, Wik D R, et al. arXiv,
[10] Zuhone J A, Roediger. JPIPh, 2016, 82: 535820301 2016: 1606
[11] Mazzotta P, Markevitch M, Vikhlinin A, et al. ASPC, [24] Landau L D, Lifshitz E M. Fluid Mechanics. Oxford:
2002, 257: 173 Pergamon Press, 1959: 67-71
[12] Blanton E. Sloshing, Shocks, and Bubbles in the Cool [25] Diwanji P, Walker S A, Mirakhor M S, et al. ApJ,
Core Cluster Abell 2052 // Vrtilek J, Green P. Struc- 2024, 969: 115
ture in Clusters and Groups of Galaxies in the Chan- [26] Markevitch M, Gonzalez A H, David L, et al. AplJ,
dra Era, Washington: NASA, 2011: 1 2002, 567: L27
[13] Sarkar A, Randall S, Su'Y, et al. ApJ, 2023, 944: 132 [27] Russell H R, van Weeren R J, Edge A C, et al.
[14] Chon G, Bhringer H, et al. A & A, 2015, 574: A132 MNRAS, 2011, 417: L1
[15] Ge C, Wang Q D, Burchett J N, et al. MNRAS, 2018, [28] Bourdin H, Mazzotta P, Markevitch M, et al. AplJ,
481: 4111 2013, 764: 82
[16] Markevitch M. ESASP, 2006, 604: 723 [29] Owers M S, Randall S W, Nulsen P E J, et al. ApJ,
[17] Arnaud K A. ASPC, 1996, 101: 17 2011, 728: 27
[18] Revnivtsev M, Gilfanov M, Jahoda K, et al. A&A, [30] Hlavacek-Larrondo J, Gendron-Marsolais M L, Fecteau-
2005, 444: 381 Beaucage D, et al. MNRAS, 2018, 475: 2743
[19] Foster A R, Ji L, Smith R K, et al. ApJ, 2012, 756: 128 [31] Finoguenov A, Sarazin C L, Nakazawa K, et al. ApJ,
[20] Nordlund A, Stein R F, Asplund M, et al. LRSP, 2009, 2010, 715: 1143
6: 2 [32] Ishii T T, Asai A, Kurokawa H, et al. HiA, 2005, 13:
[21] Willingale R, Starling R L C, Beardmore A P, et al. 138
MNRAS, 2013, 431: 394 [33] Lyutikov M. MNRAS, 2006, 373: 73

The Chandra Observation of the Double-Shock Galaxy
Cluster Abell 4067

WANG Ye-lin! GE Chong! GENG Chao?

(1 Department of Astronomy, School of Physical Science and Technology, Xiamen University, Xiamen 361005)
(2 Department of Astronomy, School of Physics, University of Science and Technology of China, Hefei 230026)

AsstracTt Observations of the dynamically complex galaxy cluster Abell 4067 (A4067; z = 0.0992)
were carried out using the Chandra X-ray Observatory (CXO). The study identifies a merger structure
wherein a compact subcluster is coalescing with a more extended, diffuse cluster along the east-west
axis. The core temperature of the subcluster is approximately 1.37 keV, while the mean temperature of
the primary cluster is about 2.44 keV. X-ray imaging and spectral analysis reveal intricate structures,
including surface brightness discontinuities, indicative of an ongoing merger event. The radial profiles of
X-ray surface brightness and temperature distributions reveal three distinct surface brightness edges,
one of which corresponds to a merger-driven cold front, while the other two are associated with merger
shocks. These shocks, located on the eastern and western peripheries of the cluster, suggest that A4067
is a rare system exhibiting a dual-shock merger morphology. Based on the properties of the eastern
shock SF1, the article estimates the merger timescale of A4067 to be approximately (0.51 +0.01) Gyr,
suggesting that the system is in the intermediate stage of the merger process. Additionally, leveraging
the Mach number of the cold front, the article derives a lower bound on the intracluster magnetic field
strength of approximately 7.17 x 107¢ Gs. The dynamical configuration of A4067 aligns with a scenario
involving the merger of a compact subcluster with a more massive, diffuse cluster along the east-west
axis, resembling the archetypal Bullet Cluster merger.

Key words galaxies: clusters: intracluster medium, X-rays: merger scenario, shock wave: cold front,
magnetic fields
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