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Scientific Background and Motivation

Per_séus
4 . The core of relaxed clusters: a
pertect stage for a dramatic

galaxy - BH - hot halo interplay

1. Brightest cluster galaxies
(BCGs) M, ~ 10" — 10" Mg

- Phoenix

(e.g., for reviews McNamara & Nulsen 2007,
2012; Gitti et al. 2012; Fabian et al. 2012;
Eckert et al. 2021; Donahue & Voit 2022)

Credits: CXC Press Room: opticql
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Scientific Background and Motivation

Perseus

The core of relaxed clusters: a
pertect stage for a dramatic
galaxy - BH - hot halo interplay

1. Brightest cluster galaxies
(BCGs) M, ~ 10" — 10" Mg

2. Supermassive BH accreting
material and launching
relativistic jets - AGN

Phoenix MS 0735.6+7421

(e.g., for reviews McNamara & Nulsen 2007,
2012; Gitti et al. 2012; Fabian et al. 2012;
Eckert et al. 2021; Donahue & Voit 2022)

Credits: CXC Press Room: radio
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Scientific Background and Motivation

Perseus

The core of relaxed clusters: a
pertect stage for a dramatic
galaxy - BH - hot halo interplay

1. Brightest cluster galaxies
(BCGs) M, ~ 10" — 10" Mg

2. Supermassive BH accreting
material and launching
relativistic jets - AGN

MS 0735.6+7421 3. The hot Intracluster Medium
(IGM) retains the footprints of
AGN activity

Phoenix

»

(e.g., for reviews McNamara & Nulsen 2007,
2012; Gitti et al. 2012; Fabian et al. 2012;
Eckert et al. 2021; Donahue & Voit 2022)

Credits: CXC Press Room: X-ray
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Scientific Background and Motivation

Perseus Piecing it all together...

@ self-regulated feeding & feedback loor)

“X-ray cavities” correspond to the

radio lobes of the central AGN

y

Clearest signatures of jets injecting
mechanical energy 1n the gas

. 60 arcsec

Phoenix . ! . + nebulae of warm and cold gas
: L surround the central AGN

y

Residual ICM cooling fuels the
activity of the SMBH

| (e.qg., for reviews McNamara & Nulsen 2007,
2012; Gitti et al. 2012; Fabian et al. 2012;
Eckert et al. 2021; Donahue & Voit 2022)

Credits: CXC Press Room: compgstte
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Scientific Background and Motivation

Perseus Piecing it all together...

@ self-regulated feeding & feedback 10013

A NUMBER OF OPEN QUESTIONS

8+ 'The role of shock fronts vs cavities in heating the ICM

1+ How 1s the energy distributed through the medium, jets

changing orientation? he gas

. 60 arcsec

Duty cycle and timescales of AGN activity
- Phoenix . . .
o — superb spatial resolution 1s needed!

Residual ICM cooling fuels the
activity of the SMBH

| (e.qg., for reviews McNamara & Nulsen 2007,
2012; Gitti et al. 2012; Fabian et al. 2012;
Eckert et al. 2021; Donahue & Voit 2022)

Credits: CXC Press Room: compgstte
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20 years ot Chandra observations of RBS 797

( A remarkable feedback laboratory )

2000: 12 ks
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20 years ot Chandra observations of RBS 797

( A remarkable feedback laboratory )

2000: 12 ks

Schindler+2001: detection of X-ray cavities
in a “distant” (z = 0.354) galaxy cluster

25 Years of Chandra science - francesco.ubertosi2@unibo.it



mailto:francesco.ubertosi2@unibo.it

20 years ot Chandra observations of RBS 797

( A remarkable feedback laboratory )
2000: 12 ks 2007: 50 ks

Schindler+2001:

detection of X-ray
cavities 1 a “‘distant”

(z = 0.354) galaxy

cluster
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20 years ot Chandra observations of RBS 797

( A remarkable feedback laboratory )
2000: 12 ks 2007: 50 ks

Gi1tt1+2006,2013,
Cavagnolo+2011,
Doria+2012:

Radio-filled X-ray
cavities, but also
multiple jets/lobes 1n
different directions!

Schindler+2001:

detection of X-ray
cavities 1 a “‘distant”

(z = 0.354) galaxy

cluster
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20 years ot Chandra observations of RBS 797

( A remarkable feedback laboratory )
2000: 12 ks 2007: 50 ks 2021: 460 ks

Schindler+2001: Gitti+2006,2013, —
detection of X-ray Cavagpolo+201 L, Chandra Large
cavities in a “distant” Doria+2012: Program
(z = 0.354) galaxy Radio-filled X-ray (PI: M. Gatt1), ~400 ks!
cluster cavities, but also

multiple jets/lobes 1n
different directions!
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20 years ot Chandra observations of RBS 797

MULTI-WAVELENGTH, SUB-ARCSEC SYNERGY |

12h eMerlin (L, C bands) 2021: 460 ks
6h VLBA (L C, X bands) | B

'Bh.JVLA (8, G, X bands)

PI: Ubertosi

Extensive radio coverage

> 50 hours between IOO MHZ - 10 GHZ

8h LOFAR (HBA)
PI: Bonafede

13h EVN (L, C bands)

PI: Giroletti, Gitti

e R R

. - Chandra Large
Narrowband HST g i Program
imaging - (PT: M. Gitti), ~400 ks!

7 orbits

Ubertosi et al. 2021, 2023b, 2024
+ Calzadilla et al. 2022, Bonafede et al. 2023

T —— S
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https://ui.adsabs.harvard.edu/abs/2021ApJ...923L..25U/abstract
https://ui.adsabs.harvard.edu/abs/2023ApJ...944..216U/abstract
https://ui.adsabs.harvard.edu/abs/2024A&A...688A..86U/abstract
https://ui.adsabs.harvard.edu/abs/2022ApJ...940..140C/abstract
https://ui.adsabs.harvard.edu/abs/2023A&A...680A...5B/abstract

A plethora ot feedback teatures: shock fronts

Chandra Large program

Ubertos:i et al. s

T —
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A plethora ot feedback teatures: shock fronts

82

$B [counts s arcmin®]
£

CONFIRMED AS

TEMPERATURE JUMPS!

Ubertosti et al.

—

3 concentric AGN-driven shock fronts
within 130 kpc from the center

M~ 13,P, > 10%* erg/s

> & jet
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A plethora of feedback features: X-ray cavities

76°23'30"

20"
2
10"
-10
-20
OOM

Chandra Large program - X-ray residual image

-30
9h47m16° 14> 12° 10° 08°

Ubertosi et al. 2021, 2023b

. ————m,»
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A plethora of feedback features: X-ray cavities

30

76°23'30"

- 20

E-W cavities

(-30% at 100)

N-S cavities

(-10% at 40

Coeval outbursts from

Chandra Large program - X-ray residual image binary SMBHs or fast jet

9"47m16° 142 122 reorientation?
] See NASA press release:
Ubertost et al. 2021, 20255 https://chandra.harvard.edu/
JIR— T — photo/2021/rbs797/
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T'he sub-arc second synergy: LOFAR and JVLA

N-S cavities
(-10% at 4o)

76°23'30"

20"

OOII

30

- 20

E-W cavities
(-30% at 100)

LOFAR (PI Bonafede) 144 MHz
0.3’ resolution

-10

Chandra Large program - X-ray residual image

9h47m16° 14> 12°

Ubertost et al. 2024

e ——

25 Years of Chandra science - francesco.ubertosi2@unibo.it



mailto:francesco.ubertosi2@unibo.it
https://ui.adsabs.harvard.edu/abs/2024A&A...688A..86U/abstract

T'he sub-arc second synergy: LOFAR and JVLA

30

76°23'30"

- 20

E-W cavities

(-30% at 100)

N-S cavities
(-10% at 4o)

JVLA (PI Ubertosi) 3 GHz

0.8” resol.: radio-filled cavities

OOII

Chandra Large program - X-ray residual image
128

14°

9h47m16°

Ubertost et al. 2024

e ——
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T'he sub-arc second synergy: the timescales

DYNAMICAL

30 =9 Myr

Shock front:
33 +£2 Myr

X-ray cavities: |

Timescales consistent down
to a few Myr of
uncertainties!

9h47m16° 14> 12° 10° 08°

Ubertost et al. 2024

B —

25 Years of Chandra science - francesco.ubertosi2@unibo.it

RADIATIVE

Radio lobes:

31 =7 Myr
32 = 8 Myr
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T'he sub-arc second synergy: eMerlin & VLBI

30

76°23'30"

N

- - 20 -
Perpendicular, I Jet precession I
coeval X-ray S——

cavities/lobes

e

——

10II

eMerlin 1.6 GHz

O
©

00"

Chandra Large program - X-ray residual image °

9h47m16° 14> 12°

Ubertost et al. 2024

B ——

..................
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T'he sub-arc second synergy: eMerlin & VLBI

30

76°23'30"

Perpendicular. 20 .
erpendicuiar, Jet precession
coeval X-ray = ES——

cavities/lobes

20"

Jet precession
constrains any binary

SMBHs separation
dsyiprp < 0-6 pc

|
\
\
\
\
\
\
\
\
\
\
\
\
\
\
i— X-ray residual image

25 pc 145 125

Our best VLBI

resolution 1s 5 pc

Ubertost et al. 2024

I ———

..................
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T'he sub-arc second synergy: HS'T

R —

R

e

Warm gas filaments tracing SF regions J

—

e

—

Calzadilla et al. 2022

L

—————————

Hubble Space Telescope: continuum & [OII]

Chandra: t,/ts

76°23'20"

15"

10"

9h47m15s

145 13°

128

e ————— e ———— E— e E—

(HST + LOFAR contours)

115

50

-45

- 40

35

30

15

Lowest t,,/t; — high [OII] luminosity

E—

A

Ubertosi et al. 20235b

——
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Remarkable AGN feedback laboratory: = —
Multiple X-ray cavities 458 ks Chandra Large Program
Multiple shock fronts + HST
T LOFAR, JVLA, eMerlin, EVN, VLBA

Broad (10°) range of spatial scales
at sub-arc sec resolution

Dynamacs and timescales of AGN activity

Coeval cavities, shock fronts, and radio lobes
Timang of the SMIBH activity over 80 Myr with a precision of =~ Myr

et precession and reorientation
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20 years of Chandra observations of RBS 797

BACKUP SLIDES
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A DIFFUSE RADIO MINI-HALO
RE-ACCELERATED BY THE SHOCK FRONTS?

| Radiomini-halo |
¢ “caged” withinthe }
middle shock fronts

76°24'
Spectral index profile
r [kpcl]
20 40 60 80 100 120 140
1 1 | 1 1 1 1
N B
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e : :
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£ 09 ' 4
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¢ H
-1.14 ¢ '
T } T t
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; Spectral index of the mini halo
¢ flattens approaching the shock front }
‘ — particle re-energization? \‘

9h47m30s 20° 10° 00°

Bonafede et al. 2023

S

JVLA POLARIZATION STUDY NEXT!
(PI: Ubertosi) m—
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AGN-DRIVEN SHOCK FRONTS AND THEIR

ROLE IN FEEDBACK

We assembled a
compilation of 15
galaxy clusters and
groups with
detections of both X-
ray cavities and shock

fronts generated by
AGN feedback

Can we provide
information on
feedback from
shock fronts?

....... P.. =L
10”1 CAVITY POWER cav — ~cool
6 S #S0735
10*®4 ICM RADIATIVE <
LOSSES 5 ﬁiB 797
45 $C310  wygnaidy
10 3 .30444
o “grerseus
=, ]
5 10%
: aC88 » gbell 2052
o
10 3 entaurus A
g-(GC 62 o
1042 J\lég%
10 ] e\GC 455’2 First tested 20 years ago in
Birzan+2004
1040 4;(‘)‘ ””|41 o ”””I42' | ”””I43' | ”””I44' | ”””I45' | ”””I46' -
10 10 10 10 10 10 10

Lcoor [€1/S]

Ubertost et al.

——
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AGN-DRIVEN SHOCK FRONTS AND THEIR
ROLE IN FEEDBACK

Psh [erg/s]

" SHOCKPOWER on oo
- 5c444 RBS 797 .
46 | g
i ICM RADIATIVE PRAA
: LOSSES
) S0310 g i
44 &C88
; NCERT2 )
43 ] L eenjApErs52
" $IGC4636
$IGC 4552~ Same conclusion when
4 : using shock power as a
proxy of the jet power!
40

Lcoor [€rg/S] Ubertosi et al

—
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The radio view of RBS 797: multiple,
differently oriented AGN outbursts

S band (3 GHz), robust = 2
N lobe

S band (3 GHz), robust = 0

23 B
22 §

21 B
76°23'20" ¢
19 §

18

17 B

16

15"

14

13

12

1 B

1OII

09 0 r~ A ,—,\V S

“ Innerjets  ° ) {/o w\ W lobe
07 W 7

oo | /

S lobe 40 kpc .

flgh47m18s 168 162 156 ]5S 144 138 132 126 ]S 114 108 102 096 ()QS 084 07.8

HBA band (144 MHz), robust = -0.5

76°23]18" 8

20 kpc
T ONATMI5S 6 4 21456 6 4 2 1354 : :

" " " ) o o " " " a P—
6 4 27258 6 4 27158 6 4 .2
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SPECTRAL MAPS OF THE ICM FROM
CHANDRA DATA

.....................

TEMPERATURE | PRESSURE

vvvvvvvvvvvvvvvvvvvvv
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SPECTRAL MAPS OF THE ICM FROM
CHANDRA DATA
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