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Figure 4. Projected temperature maps, on which the most significant substructures with the characteristic scales indicated by the wavelet spectra (Figure 5). ie..i =7
(100200 frml kpc: solid line) and i = 6 (50-100 .fi'j,:l' kpc: dotted line) are marked (Section 3.3.2). The representative substructures are labeled with the same numher.«'
as used in Table 4.
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Figure 1. Best-fit gas temperature profiles that were obtained with our model (dark blue curves) along with the 68% errors (shadow) and the Chandra measurements
(black crosses) after the projection effect was corrected (Section 3.2). The vertical dashed lines indicate 1.5r5y, of each cluster.




* Three Traditonal Diagnostics (Coincidentally) and the New CC Diagnostic
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resonance-line scattering effects, is plotted in red. The residuals Lo the model fit are plotied beneath.

XMM RGS Spectrum of NGC 4636
Xu et al. 2002 ApJ




LE |

Fexxv (He )

[ =
i e Perseus cluster [ ﬁ

(instrumental) | |Fexav+ Nixx*.r|||

Cr Mn sxoav

| I - -

CCD spectrum
(AMM-Newton)
|

¢ Ib

ASTRO-H SXS
obsérvations

S [counts s keV']

| Energy (observed) [keV]
Credit: JAXA / NASA / Ken Crawford (Rancho Del Sol Observatory)




R—/\%Iﬂ ﬁ)%ﬁnﬁﬁaﬁf ﬁ&"

. 77% QE@:&%EE (Vlgroux 1977@) +AGN& 343
e FTR: DimaReitiRaek. 8. &, 5. ﬁ#m 6] 73+ 5
o JEAH: a. BAERIRIEEL;
b. IR E A& RNt 7 E RBSNE L H T KR ESEW

AV KoY.

o

eosuepunge
Jejos




AGN | CSF

~ L.

2 Mpc x 2 Mpc N AGNX} Sl@dndti K520 (D
BiffiZ2017, 2018 %ﬁﬁ&%&%ﬂ%d\ﬁﬁh%ﬁ?%

0.00011 0.00013 0.00017 0.00025 0.00040 D.00072 0.00134 0.00259 0.00508
Zo
1 0 iy T T T T T T T T T T T T
== .
Urban+2017 %

ZFC/ZFC.SHH

0.1

S

%%&%M%&l
TCIEUERA I & > 0.35R,,, X 15

AGN
F s CSF

I\\I\Ir“

0.2 0.4 0.6 0.8 1.0
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Figure 2

Hubble Space Telescope visual

image of the
MS0735.6+7421 cluster
superposed with the
Chandra X-ray image in
blue and a radio image from
the Very Large Array ata
frequency of 330 MHz in
red. The X-ray image shows
an enormous pair of
cavities, each roughly

200 kpc in diameter that are
filled with radio emission.
The radio jets have been
inflating the cavities for

10® years with an average

power of <2 x 10% erg 571,

The displaced gas mass is

<1012 M. The cavities
and radio source are
bounded by a weak shock
front. The cavities are well
outside the central galaxy
and cooling region of the
cluster. The supermassive
black hole grew by at least
<3 x 108 M, during the
outburst.
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active galactic nuclei, cooling flows, galaxy clusters, radio galaxies,
X-ray emission

Abstract

High resolution X-ray spectroscopy of the hot gas in galaxy clusters
has shown that the gas is not cooling to low temperatures at the
predicted rates of hundreds to thousands of solar masses per year.
X-ray images have revealed giant cavities and shock fronts in the hot
gas that provide a direct and relatively reliable means of measuring
the energy injected into hot atmospheres by active galactic nuclei
(AGN). Average radio jet powers are near those required to offset
radiative losses and to suppress cooling in isolated giant elliptical
galaxies, and in larger systems up to the richest galaxy clusters. This
coincidence suggests that heating and cooling are coupled by feed-
back, which suppresses star formation and the growth of luminous
galaxies. How jet energy is converted to heatand the degree to which
other heating mechanisms are contributing, e.g., thermal conduc-
tion, are not well understood. Outburst energies require substantial
late growth of supermassive black holes. Unless all of the ~10% erg
required to suppress star formation is deposited in the cooling re-
gions of clusters, AGN outbursts must alter large-scale properties of
the intracluster medium.
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‘Total radio luminosity

(10 MHz-10 GHz) plotted
against jet power (4pl -Ill-lil::.l.‘.' )
taken from Laura Birzan’s
PhD thesis (2007). Open
red symbols represent ghost
cavities. Solid blue symbols
represent radio-filled
cavities. The diagonal lines
represent ratios of constant
jet power to radio
synchrotron power. Jet
power correlates with
synchrotron power but with
a large scatter in their ratio.
Radio sources in cooling
flows are dominated by
mechanical power. The
radio measurements were
made with the Very Large
Array telescope.

;IL"‘
L]
=2
=
LE]

o4

=+

o
-
S

=

i

o
o

L1 =il

100

Lradio (1042 erg s—1)




1D5 T T TTTTTT T T TTTTIT T T T TTTIT T T TTTITIT T T TTTTIT T T T TTTIT
104~ 7
10° —
M
=g vilasl:) . ”
I\ o | i
=+ > o 10° .
» o .
I3 3 ,
n_ k r -
100 - LA i —
p AW
1D1 — ,@tl_z b‘Q : h\‘jb?z —
1 |x|||||||-zz| 1 ||||||| 1 |||||||| 1 1 ||||||| 1 1 ||||||| 1 L1 ritit
102 10-1 10° 101 102 10° 104
Licm (<rcool)(1042erg s—1)
]"Jll_';uj't: el

Cavity power of the central AGN plotted against the X-ray luminosity of the intracluster
medium (ICM) within the cooling radius, after correcting for mass depositon (Rafferty et al.
2006). The symbols and wide error bars denote values of cavity power calculated using the
buoyancy timescale. Short and medium width error bars denote the limits of the cavity
power calculated using the sound speed and refill timescales, respectively. Diagonal lines
denote equality between heating and cooling rates assuming pl’, 4pF, and 16p}” of energy
per cavity, respectively. Red circles represents well-defined cavites with bright rims, blue
triangles represent well-defined cavities without bright rims, and yellow squares represent
poorly defined cavities.
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radiative losses can be
balanced by AGN power.
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Table 1. MACSJO717.543745
Name MACSJO717.543745

RA [J2000 07h17m30.9s
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Myir 5
Lx[0.1 —2.dkeV]

51'00.0"

"0

48'00.0"

45'00.0"

=
o
o
o~
—
L
w
(]

10~/ counts s~ pixel™!

42'00.0"

sin falllng group
Chandra 0.2-5 keV map + LOFAR 147 MHz co@iours

+37°39'00.0" beam_— 19"X18"

18m00.00s 40.00s . 7h17m00.00s
RA (J2000)




3.1. FESETBERTEHHERR )
ICM HRA71E 22 (6] 25 . B K B YR I8 5T FE YR
4 %—‘@UEI}Q—T‘1959$ (ComaFH I KA BB %; Large et al. 1959) ;
* HFy>>10°, n~10" cm3 . ug <1% ugy~ B~ 0.1-1 pG;
o . B S BEL, RIRFEFEARTIEZAGNZY).

Aerial Beam

+ 24°
13h. 20m. 13h. 10m,. 13h. 00m. 12h. 50m. 12h. 40m.

Comalzf] (308 MHz; Large et al. 1959) H&Perseus E] (Miley & Perola 1975) EFI B@j(@%{l‘ EE,%




o EBH: MHXTRETHRERAKNHBE
1\ / ' 2\ \CMB\ Ji B
R SIER 7 ZE IS LRI 0 R

T

1: TTTm

------ B=0.2 uG }

Initial state

10 10

1o

=
=
)]
=
o
-O
x
=
frw—
o
=
4
Y
o

1010,

\

1000

Frequency (MHz)

B ZRE (z=0.2) ICMEH BIE R [E 2058 51 1% S FLB [A]) AL (wang et al. 2010)




R AR 1

——

’Q’J éa\z Ei,%

Syt =¥ i sl (OAZS

WEE  JFEEARH N E 7 h vl

SERBE FEAMBERE S AR A @
W HRE MBRBEERBE R emraygmrn % vl x

s HEAMBERA T, RIICMEHEIEKJLRH 5L, A%
* Ly >5x10% erg s 1 E RH: 27-44%F £ /0—RICME H BIR
* Ly <5x10% erg s E RH]: 6-9%F 2D —RKRICMHT HREIF

Giovannini et al. 1999




B FHE
* W&Im :Df &t (BE3ERT G, BilohinAl 3 i) 4%1&%;
* /b QJLEEE %Méfwa\%ﬁfju%** ARG 5
* S5 XS5 1Y BH B Bk <¢aﬁm$\ A

Bil: A27445F BB EFBCFH IS &M SXN SRR X A KB,
IGMIE. & 88 = W 55 8 S 33 f@:lz (0 3- 1 4 GHZ Glovanmnl et al. 2009) %

53F&H RBIARIR?
N A S HEMpcEZR R E
>> MRS B B HEE

F HEH BIR T INE

o JLBIBEESE & o 5 |
GEFEERT1.7) :

ﬂﬁ‘@%{l‘ Eﬁ% g”% ( /‘__-r‘%—'l%_‘z% ) | 20s 16h1lﬁh003 4Qs 15m20s

Right ascension

ST XH2EE -
Brunetti & Jones 2014 30 20 10 0:14:00

Right ascension




FR: HTHIE
* (NHIZI501, ZhLT 5 AbellFH;
s HEERR Mﬁ%%m%ﬁéﬁ HINE
5=, YA#Ai’JT EH K
o it e H A TR ZR4L; » AHERIE, FiX10-30% ABEH) ;
o KIE (EmmmE. was-1.6,. - TEIE; 55 k2R

1.4 GHzS R Ih -2 R B XHF SOt EoRBk. 1.4 GHZST T R-RERER)

RIS Cegsi. itHe1.1-2.9,
LR HE) .

KISt BT IR T IR A |
OB, T B4 P
1 SR U 17 B

HLAISTHIRT RS (FEER)
2MTXHLEE L
Brunetti & Jones 2014

@ 0
CIZA 32242.8+5301 °




B=R: T HEE

s FEISGERAFT RS HER. TR AKpc;

o EIEARUST HE. IHE MRS (wPerseusHl; Gitti et al. 2002)
o LGB KRB R BERL T AT BUA 2 CASZ M Tl ST Fe 2= X 5
BN U B 2= B R FH M cold fronto

" nxc.nsaz .maozu =0.35)

P>z E RBFHE A : ’r_;? . Kibigesiak gt
sloshing =45 F) i Vit I 8 | - - \ Q. .
Al RE S IRFHEH K

(ZuHone et al. 2013)

7\ JRxJ1720.1428

SR R (L)
ShTFXHLER L
Brunetti & Jones 2014




ICMﬁj‘Ei d)?ﬁ’]hiz '

2N B =i

AGNﬂﬁ'z:)J & ra _Eiﬂ/ E)Z{%z;b WIZFEX R (22) , FHIMNE!
* U IR

HE — MpcRE TRt — HLIREAELIFME —pnarms

B0, v~ 105 — G B EMGUH HEF;
* JOBINE

HE - REHHE 2 B EAICMELS FHAE 2 B In#ST,

VI T HEEICM#MHE FIEB BT 5 R B 1T —makmm

KI5 B 1B T s

o IR AR AL T AR
* AR R T SICME F4% A SRR — RS ARG R T
* YRR TP TFER - KT

A EEfERES 2 I R-E RBIXH &6 E R EK;

ANe Ui BH 5 38t 28 B A

EORBUERFIICMELY) O 51106)

s LR ERRAYE S BHE,;

WS IR Fn s/t FER M AR EM D S REm, 5
o IBEHEAY




o
o
]
o
=
o
'_
<
<
-
v
L
o

Govoni et al. 2020 Science

+1400 00
DO
Py

|
lo
|

+13 40 00 [—T

Q

+13 00 00 |~

cOI

-

D' 9, 800 o' -
+12 40 00 [g] @@O R

030100 03 0000

025900 02 57 00

RIGHT ASCENSION (J2000)

025600

Fig. 1. LOFAR image of
the 1.4° x 1.4° region
centered on the Abell
0399-Abell 0401
system. Color and con-
tours show the radio
emission at 140 MHz with
a resolution of 80 arc
sec and RMS sensitivity of
1 mJy beam™. The beam
size and shape are
indicated by the inset at
the bottom left. Contour
levels start at 3 mJy
beam™ and increase by
factors of 2. One negative
contour (red) is drawn

at -3 mJy beam™. The
black cross (right ascen-
sion 02h 59m 38s,
declination +13° 54" 55",
J2000 equinox) indicates
the location of a strong
radio source that was
removed from the image.
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Figure 4. LOFAR radio contours with point sources subtracted of A1758 overlaid on the Chandra colour image of Fig. 2. The LOFAR white contours are
g P 2 2

spaced by a factor of 2 starting from 3e, where oy opar= 390 pwly beam~'. The negative —3¢ contours are shown in dashed. Grey contours correspond to the
+2o level. The beam size i1s 60 arcsec x 51 arcsec and 1s shown in the bottom left corner. More details on the LOFAR image are reported in Table 2.
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Abell 399 - Abell 401 pair

Abell 1758 pair

Abell 399

Abell 401

A 1758N

A 17585

R.A. (2000.0)
(hh mm ss.5)

02 57 56.4

02 58 57.5

13 32 44.8

13 32 30.2

Decl. (2000.0)
(dd mm ss)

+13 00 59

t13 34 46

+50 32 24

+350 24 32

F

Moo
(10" Mg)

0.0724

0.0737

9.3

0.279

2.0

0.280

3.1

Rson (Mpc)

.62

E.Lr} {I{_"'Illl }

2.2 (Ram )

T (keV)

Merger

B.47

Yes

Bridge in Abell 399 - Abell 401 pair

~ 9

Yes

~ 6

Yes

Bridge in Abell 1758 pair

Bridge separation
dpnri {_P"I p{'j

dpro (arcmin)

Bridge temperature
T (keV)

Bridge gas density
Ne [I:ITI.J}

Mach number of the shock

Tablel. Basic properties of the two proto-type radio bridge pairs. Values are taken from Govoni et al. (2019) for

the pair Abell 399 — Abell 401 and Botteon et al. (2018) for the pair Abell 1758.
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Abell 3016 - Abell 3017 pair

Abell 222 - Abell 223 pair

Abell 3016

Abell 3017

Abell 222 Abell 223

R.A. (2000.0)
(hh mm ss.5)

022522.1

02 25 522

0137292 01 37 56.4

Decl. (2000.0)
{dd mm ss)

-42 00 30

41 54 31

-12 59 10 -1248 01

z

0.219

0213 0.207

Mson
104 Ma)

26

7.0

3.0 (Maon) 5.3 (Ma00)

Rs00 (Mpc)

0.9

12

1.28 (Raoa) 1.55 (Rap)

T (keV)

3.92

7.05

4.43 531

Merger

no

Ves

no yes

Bridge in Abell 3016 - Abell 3017 pair

Bridge in Abell 222 - Abell 223 pair

Bridge separation
dproj (Mpc)
dprej (arcmin)

~1

- 47

~2.8

~ 14

Bridge gas temperature

T (keV)

~4.14

~0.91

Bridge gas density

n. (cm™)

8.2x10

< 1x10*

Table2. Basic properties of targets of galaxy cluster pairs. Values are taken from Chon et al (2019) for the pair
of Abell 3016 —Abell 3017 and Werner et al. (2008) for the Abell 222 — Abell 223.

Hu et al. 2020
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