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ANEW WAY TO DISTINGUISH COOL CORE
CLUSTERS WHICH BASED ON THE ANLYSIS OF
X-RAY IMAGE POWER SPECTRUM

ABSTRACT

In this work we propose a new diagnostic to segregate cool core (CC) clusters from non-cool
core (NCC) clusters by studying the two-dimensional power spectra of the X-ray images observed
with the Chandra X-ray observatory. Our sample contains 41 members (z=0.01~0.54), which are
selected from the Chandra archive when a high photon count, an adequate angular resolution, a
relatively complete detector coverage, and coincident CC-NCC classifications derived with three
traditional diagnostics are simultaneously guaranteed. We find that in the log-log space the derived
image power spectra can be well represented by a constant model component at large
wavenumbers, while at small wavenumbers a power excess beyond the constant component
appears in all clusters, with a clear tendency that the excess is stronger in CC clusters. By
introducing a new CC diagnostic parameter, i.e., the power excess index (PEI), we classify the
clusters in our sample and compare the results with those obtained with three traditional CC
diagnostics. We find that the results agree with each other very well. By calculating the PEI values
of the simulated clusters, we find that the new diagnostic works well at redshifts up to 0.5 for
intermediately sized and massive clusters with a typical Chandra or XMM pointing observation.
The new CC diagnostic has several advantages over its counterparts, e.g., it is free of the effects of
the commonly seen centroid shift of the X-ray halo caused by merger event, and the corresponding
calculation is straightforward, almost irrelevant to the complicated spectral analysis.

Key words: galaxies, clusters, intracluster medium, imaging spectroscopy, power spectrum
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XEFAFAZIZWNEI D . RE UL EATE AR B REIMA AN T 0.2, JEHER
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LR IR Fe b, i R s b g2 R BN LT A A A — R E (O
Fabian % 2006; Wise % 2007; Baldi %% 2009; Blanton %5 2011) [ X S$F£kM, Wi, I,
BFIE A /NS R ORGSR AGN IR IFA R R, I Feretti & 2012), FRATATEA
RILCC 5 AGN Z MFTEE BB R 1ERL) 70%MA L E REH, FREFEREL
She & (W Burns1990; Dunn & Fabian 2006; Best 25 2007; Mittal 25 2009), 3£ HJLF
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7 AR AL AT 2R B it B (Donahue 25 2005), AWM4 45— FR 255 RS 1 v
W R 9F S RS I — B B 100kpe Ak, X ULR T AEA I RSt AT BESA AGN.
SE b, AT AGN 2 Rt R AR TE K2 45% 1 HEA % 2 R I R 4 (Mittal 25 2009; Sun 2009) .
B DL b ix sl gt BLEL SR W H AT IRAT TN CC-AGN 2 [AIBE R B IEAE N, FItded 7 —
A EAG PR 0 ) R A% R R IEA R R B 2 AR S B XA i R
GAAEARZ R RN R TRAT ERFER? 97 B XA A, 019 B FEARZE R
A AEA 1% 2 R X SRR AN R Z IR L.

NT & A ZAEHEAZ Z B IX 5, ATESRE TR ZFA R 2 WNE, flan, Jge
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SANEAE: (D BRI R % /00.457500 INLE (rgo0 172 SURTE R R BFIX AL A 5]
D15 P35 2 vl PR L B R A L0HS A I S B2 11 500 £, [RII0.357500 LA R IX 35
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4 3 00 9
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4 66 0
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5 3 0 7
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1 0 8
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WEZRFNAT (CMD) #RSHISZmAXT RN FEE T 61, JFHAES ICM RHH—
AT AR B E 1 (1 Kalberla Z57E 2005 4E 11 Dickey & Lockman 7 1990 4E42 H ()
Wl R A 2 R — AN APEC iy WHRZIHOR G 1016, SAEFERIEE0.3Z), &
TR A 4 2 ot v R] A AR 847 blanksky RERR 7538 7 28 X ST 5t (CXB, T = 1.4
B — AN A, (RIS R A 2 FE IR W, L Mushotzky 4 2000; Carter & Read 2007),
IR S (KT = 0.2keV 1 0.08ke V¥ > APEC &4+, . Humphrey & Buote 2006; Gu 4
2012) VK-35 AR Fi iy o 49005 ROARAK B s I, WL PR 1 S A (A5, 4RI +CXB+
WL By ) PR kG ] AR 2 o > AH B (0 500 wT LARSEAE IR, AT TH bR T FRANT S SR (£
0.2 — 2keVAHED HHEER (7£0.2 — 2keVIXANERIN, BT A R AR SR B ) A
ROSAT &K (RASS) B sc I tH 4, I8 7 — Mg R RS THER R
HERATRT CXB i I 4784k . A28 TRt rh, ATFEIRE R T Gt R S
At (GRS 10%, I Kushino 5 2002) SRIT AR Al iHR A S 40R 2=V .

3.2 S FRRIBIEGSCIERN R

3.2.1 SAMREE AR

FERMMBRATULE RF X BHRIEE G, 8 5-7 DNEUOIR. BN 58 R Al AR
UEFE0.7 — 7keVIN 2/ 2500cts 6 T40, RN, BAMARIETEE D ETE SN 2 5.
AT LE AR PR A T 4R R ACIS S3 B 10-3 F6 ik, AR5 A X BTkt l & T A
£, XSPEC v12.8.2 (Arnaud 1996) X HEA7H00 & . N 1 /MU E e BUER T SAIRREEZ 1E
AN E MRS ], FRAERLA X AR B 7E0.7 — 7TkeV. EMAARIAH, FATH XSPEC &
B PROJECT KAltittAMZERFEXT N JZERFERISE0A , I HH 64238, fll 48 1Y 55 55 788 APEC

(Smith 55 2001) 404 T RIEEIEHE, BT SO BT IR WABS (K% FEN, [ 52 78
AEXE R AR (B A, T Kalberla 25 2005 Al Dickey & Lockman 1990) Fiii. 4514648
FEWLRIAGELFET, AT EAE0.3Zg. BT i AIA T e L A7 1) 2 A S AR BT 4
Can SR F R R A 5 2 90% 1) BAS /K, L Makishima 55 2001), FRATX A T

AN APEC WSS . FEIXFPIEI T, ICM R R i e fE RAHVE R Y o B X R4
A A AR S = IRFE SFATE S, FRATTRT DAAS 200 SRR A B AN P18 (1) &8 F= R
RRR. 2, FRATH ETHHE 2 RERIASRIUE 0.2 — 0.5750 PRI RIS, IR
T R RBEMFAEIRE GRD.

3.2.2 X SR o E R B AN AR BE AT

IR AR AR RS CRAT R R AR P00 SR D 1E AL
H, TAVFE) TR0 G R . BT 5 P R B Bl 2 1 5 i N S B 170 38 )
KABITER ZHE X SR EUR, KGR R X FHERIEE A ORI 0.7 — TkeVIGHIA
PEEL X B R TR RISy (R) (R A& T HEMIEAE),
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2

\2
ne() = [1+(Z)] @
B BRI ALK~ (I Jones & Forman 1984),

ne(r) =ng, [1 + (é)z]% + 1o, [1 + (é)z]% 2

Hhr AR, BRFR . HRINIG 2K A R E AT — 2 AR R T
(D), &R A (), FATATCEE I X G 2R e LR B -

oo d
Sx(R) = [ AT, A)nenp(t) 7= + Shig (3)

HrfiSpg R TR, AT, A)RVCENTIRE . 24385y 2 M SRAT LI 4 1 5 B e e P e D AUh 5 Ik
AR T En, () B LAE T .

3.2.3 FHIEFAET500

N T AFBRE AT 500, AT T AERARE V5 PG IR T, BB h SR 7e e A0 B
7 5 X B R S 51 R A

M(< 1) = - Dol [1 dly | L dne)

Gum, LTy dr ne dr (4)
14 X e
Hrhp = 0.61RBANERE TIP3 TR, k, RPURZE2HEE, myeii7hiE. 7EHm
P BT BEALET S XA, FTLUH NFW B2 BRAR R (Navarro 45 1996) SKAUl& b1 3 iy 45 51,
PAZRAS o R M (< 1):

p() = 2o ©)

(1+7/75)?r /158
Hrpp()2 &I A EREE, BATK S G EREIMER MRk B, LR DA
AR S P 51 0 5T B T 2o R AE AR [R] 2 R V2088 25 A 1 3 i 2 2 1K 500 1 (TSRS 21
Moo Mrsoo fER 1 FFBIHD . ASCAIET A AR (0 TH5A 2 I Moo BUE XS LA 1 R, 45
RRIREA TG AT 545 Rt — 2.
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b A2657
1011+ y=x
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o 2 B AT LA A K2 25 SCC GBI %), WCC CEAIZ) 8% NCC (FEA ) &
g5, HHSRERSEMLGM, LRSI CC CAR) LE 3. X=ME4% CC
LTS B A K E] (CCT, Hudson 25 2010)

_ 5 (ne+ny)kT

tCOOl = EnenHA(T.A) for r< 0.048T500 (6)
Cuspiness (Vikhlinin %% 2007)
_  dlog(ne) _
a= _Tg(r) at r = 0.047'500 (7)
MR LT S4 (Santos 55 2008)
_ 2(r=40kpc)
CSB = Y(r<400kpc) (8)

Hoe O R Z 0 40kpe LA AT 400kpe DAY IR R TS B LG . JH I X 2 Wi SRR
2 F S BRI I Wb, FEAC R R T DL 7 2K SCCWCC B(# NCC #4t, 47 K4h
RHIER 3 I 8 FIFHTHT

BAVRIFEA S 12 A~ SCC ERHEITAH 9 MHIH ROGEEH H 5 0.45r500 AN EOGSE
(Rexcess = LUTcKeV /197 7%eVy (LRI AG, JLELBIA 8%%] 50% A% (% 3). 7£ 9 4
WCC E R HHA 7 NN 2 e R i S FERE AR HH EE B R ey cess PR BT SCC B &
B GEERAJANESD, BT AL651 (8 10%) Fil ESO306-G170B ()24 21%). fE
NCC B &P JL-FARIA B de e , BIEA,  HARA nT DL .

3.2.5 X ST EUER I Dy 2k

XFF—NERB, AVETHE TEE SRR G X SR EGI 4k Bt
AR GREAF(R), B BT P A

F(k) = [ F(R)eiRkdF )

Horb k29, SARERREH MATLAB L E. fft2 Al fitshift A2 (308 R Fr . BATEE 1A
BB RIS 30 M) S5, SRIG R BOAFAGE T BT HE R A AR AR 2 AU AN T AT R ()
ez R SR X I8 ACIS-I 1) 4 /i CCD 2 [BI ¥ 11 5@t FH A R (1 733047 7 38 kb . BATR I
FEFRA VBRI BT E N (0.2kpe™ < k < 0.001kpc™), WGBS NK RS R
ZER/NTRIHZEZE (TRESPARAT . B N RBATAT LIS 2] 4 Th 2R ik

P(K) =< |F(B)|" > (10)
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1 Zwel0015. TR 118 T B 20 AN (1 iR 1A o

R 2 EMEGRZCHNEF ARG 5] K PEL 2 #7:

S CCT Cuspiness Concentration PEI
tcool (h;ll/z Gyr) o CSB APE
SCC <1 >0.75 >0.155 >0.42
WCC 1-7.7 0.5-0.75 0.075-0.155 0.31-0.42
NCC >7.7 <0.5 <0.075 <0.31
40— : : - 2.00—+
' : -a— WCC 1) ' s sy
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¥/ SHANGHAI JIAO TONG UNIVERSITY

—HPET X SHEEGIRIE DRI ERBTA 5 7E

A0520 8.047221  0.03*5:05 0.01615:053 / 0.27 / NCC/NC
+0.04 C
A0697 11.04%322 0.2015:9% 0.035+9:05% / 0.17 / NCC/NC
+0.05 C
A0795 3.877042  0.68173:92 0.120%3:99¢ 83.6%13° 0.38 / WCC/W
+0.02 cC
A0963 2321027 0.521393 0.09879:995 88.1¥3%2 036  1.740.2 WCC/W
+0.02 cC
A0970 15.45%3%7  0.2015:93 0.041+5:053 / 0.26 / NCC/NC
+0.06 C
A1068 0.91%358  1.09%35% 0.281%5:91% 109.4%%% 0.56 457  SCC/SCC
+0.01 +21.9
A1204 0.75%397  1.121392 0.328%5:913 111.6729 0.43 / scc/scc
+0.02
A1651 3.0673¢0  0.707992 0.07613:994 66.87182 0.34 10.2 WCC/W
+0.03 +1.7 cC
A1664 0.99739¢  1.14%593 0.20913:9%8 934138 (.52 153  SCc/scc
+0.01 +2.7
Al736 24.6275839. 0.15%5:91 0.022%3:395 / 022 1.240.3 NCC/NC
+0.08 C
A1991 0.67139%  1.16139% 0.20475:0%7 67.3%14  0.56 50.4  SCC/SCC
+0.01 +11.7
A2034 19.791237 0.1213953 0.030%5853  / 0.25 0.3+0.0 NCC/NC
+0.02 C
A2061 27.75719%2 0,03%5:91 0.016%3:393 / 0.16 / NCC/NC
+0.09 C
A2104 2777458 0.12335% 0.040%5:05%2 9.5%81  0.26  0.5+0.1 NCC/NC
+0.03 C
A2163 14.36132% 0.15%391 0.023%5851  / 0.23 / NCC/NC
+0.02 C
A2255 28.277381 0.09%5:91 0.019%3:391 / 0.18 / NCC/NC
+0.06 C
A2319 13.40%337 0.4670:0% 0.043%50%2  / 0.35 0.840.1 NCC/WC
+0.04 C
A2443 14.51%238 0.1670:07 0.043%5993  / 0.24 / NCC/NC
+0.04 C
A2554 11.87%229 0.20%3:01 0.066%0002  / 021 11403 NCC/NC
+0.03 C
A2657 3.33708%  0.617312 0.07713394 38.2%142 035 1.040.1 WCC/W
+0.03 cc
A2667 1.20%548  0.54%5:9% 0.1524399%7 135.9%14% 0.47  4.540.5 WCC/SC
+0.02 C
A3158 11.271128 0291392 0.041135% 24.8%75 0.25 0.14£0.0 NCC/NC
+0.02 C
#1651 24 7T



‘?*7‘. : - x> Pt V%
(@) X Fxdr ¥
7' SHANGHAI JIAD TONG UNIVERSITY —MET X FEEBRINEE ST ERBAMA 5 E
A3364 13.197377 0.147331 0.040%3:993 13.5%45¢ 0.17 / NCC/NC
+0.04 C
A3376 9.44733%  0.271531 0.02715:052 / 0.29 / NCC/NC
+0.03 C
A3391 24.477587 0.14%3:31 0.037%3:395 / 0.19 0.7+0.2 NCC/NC
+0.05 C
A33955W 20.14%%3% 0311307 0.039%5805  / 0.18 / NCC/NC
+0.04 C
A3822 9561221 0.391394 0.03715:992 38.971%1 0.14 / NCC/NC
+0.05 C
AC114 10.71%133 0.1515:99 0.034+5:052 / 0.18 / NCC/NC
+ 0.04 C
ES0306-G170B  2.02%33%  0.52%5:9% 0.12523:3%¢ 45.97%2 0.40 20.7 WCC/W
+0.02 +2.7 cC
IC1262 11575308 0.69%5:93 0.12719995 49,122 040 4.9406 WCC/W
+0.03 cC
MACSJ2211.7-0  6.28%1339  0.71+3:5% 0.129%5:057 81.7+2+1 0.39 / WCC/W
349 +0.02 cC
NGC1550 0.95%39% 0.97%5:93 0.232%5:9%8 33,012 0.56 195  Scc/scc
+0.06 +3.4
PKS0745-19 1.0033:98  1.41%352 0.204135%8 104.6753 0.56 13.9  Scc/scc
+0.01 +1.0
RBS797 0.867310  1.20%597 0.286%3:919 138.1+1%¢ 0.49 / scc/scc
+0.01
RXCJ1524-3154  0.88%55¢  1.80%357 0.321%5:911 79.1%32  0.61 / scc/scc
+0.01
RXCJ2014.8-24  0.74432¢  1.761397 0.29613011 1045123 0.63 375  SCC/scC
30 +0.01 420
RXJ1423.8+240 0.87139% 1.71%397 0.29813312 114.671%7 0.44 26.1  SCC/scC
4 +0.02 436
Zw3146 0.9473:37  0.98%5:95 0.207%5:098 143.0%38 0.55 7.6+0.5 SCC/SCC
+0.01
ZwCL0015 2911332 0.61%353 0.082%5:09% 49,173 0.25 4.140.7 WCC/NC
+0.04 C
ZwCL2089 0.797911  1.02339% 0.308%3:913 113.8%1% 0.53 23.1  Scc/scc
+0.02 +4.4

W (D BREASHK, (20 FgdEImE (CCT, & XAE 0.048r500) » (3D cuspiness,
(4) RMFEL, (5 AH¥E, 6 pREHES (PED , (1) hiviEih 5 A
JERILAE,  (8) KHE =FiL G Wik FUBrZ ik PEI 1403

A2319: XR—/MRIEMKREIFE RS, A M IEEIKL 35 (~2Mpc; Storm &5
2015) ME RS . JE R A S RS R U G, BRATR XA E R B X 32 Fa 5
[, P, (HEEAH 7RSI, AKX ERBZERE T ERNER, Tl
BB AP PR IEEIRN 7 —A o XA BUR 2548 LU U ) PEI 2 i, BATTH X
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TS/ SHANGHA JIAO TONG UNIVERSITY —FET X HEEGHREITNLRERDATH S
MRZRF K WCC REE. X4 O'Hara % (2004) [IWFFLEE FRBTCRE, ABATRILT
—ANFEXT BT (A SR B B S i BB R S R R 1 X 2RI e A — A
ZHIAFITE A% ER T, FATKIK S A2319 WU EER & AR EL AT
AN WCC 2 R P'E A KA A JeA HIn A A LR R i re b . X st e FAE 4 CC
WA ST 2 NCC 2 RHEM R .

A2667: H PEI iZWnEIRATHE XA MR R B2 SCC RS, K RIETIEFRAT]
(P e (B 7-1) Hf, BT AFE A0y 100kpe (5 BBl A 300 280 81 270 ) AR TELRE T B
ZHTH) ROSAT MM IH A2667 Hiye 55 Rk th B T 1RSI H, MO 11 |A37274k, 58711
WIE TIXMNERBPAH A (Rizza 25 1998). HFEZ K, F b Jeyd 0w ja A m
SePE LS W T LB XA B R B AR5 2808 SCC R4 (Lo EfE/KF), {HH Cuspiness
Bk, EANERBIEE N WCC R4 (H:h NCC R50).
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e AEEEAERRZE 155000
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Ao Mg E R R G IRATT UKL, R MDA X I e R 5, 3807 AR T
NCC 5 F BRI H Je v A i o) RS s R T S FE B, AR ANAZ R HH R X S 2 S e 72 2
T8 T KZHWCC E R F1) . BIXANE F F 1) AR B B s AR PR i 2= [ A2 4,
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ANEW WAY TO DISTINGUISH COOL CORE
CLUSTERS WHICH BASED ON THE ANLYSIS OF
X-RAY IMAGE POWER SPECTRUM

X-ray observations performed in the past two decades have revealed that more than half of
the galaxy clusters host a bright, dense core where the intracluster medium (ICM) has cooled
down to temperatures lower than that of the ambient gas, so that such cool core clusters usually
exhibit sharply peaked central X-ray emission. Despite the fact that some previous samples whose
redshifts are mostly within 0.2, are flux-limited and thus may be biased to a certain degree toward
clusters with a bright core, it is very clear that the cool core can be regarded as a common
phenomenon in clusters located at z < 0.2.

In order to define the CC-NCC dichotomy different diagnostics have been proposed in terms
of, e.g., central temperature drop, central cooling time, surface brightness concentration, mass
deposition rate, or X-ray surface brightness cuspiness. To determine which one of these can be
used to unambiguously segregate CC from NCC clusters Hudson et al. (2010) applied 16 CC
diagnostics to a sample of 64 HIFLUGCS clusters (z < 0.2), and found that the central cooling
time is the best diagnostic parameter for nearby clusters with high quality data, whereas the
cuspiness is the best for high redshift (z > 0.03) clusters.

In this work we propose a new diagnostic to segregate cool core (CC) clusters from non-cool
core (NCC) clusters by studying the two-dimensional power spectra of the X-ray images observed
with the Chandra X-ray observatory. Our sample contains 41 members (z=0.01~0.54), which are
selected from the Chandra archive when a high photon count, an adequate angular resolution, a
relatively complete detector coverage, and coincident CC-NCC classifications derived with three
traditional diagnostics are simultaneously guaranteed. We find that in the log-log space the derived
image power spectra can be well represented by a constant model component at large
wavenumbers, while at small wavenumbers a power excess beyond the constant component
appears in all clusters, with a clear tendency that the excess is stronger in CC clusters. By
introducing a new CC diagnostic parameter, i.e., the power excess index (PEI), we classify the
clusters in our sample and compare the results with those obtained with three traditional CC
diagnostics. We find that the results agree with each other very well. By calculating the PEI values
of the simulated clusters, we find that the new diagnostic works well at redshifts up to 0.5 for
intermediately sized and massive clusters with a typical Chandra or XMM pointing observation.
The new CC diagnostic has several advantages over its counterparts, e.g., it is free of the effects of
the commonly seen centroid shift of the X-ray halo caused by merger event, and the corresponding
calculation is straightforward, almost irrelevant to the complicated spectral analysis.
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