
Tuning in to the feedback bassline: revealing the operation
of AGNs in galaxy clusters with high-resolution radio
observations
Timmerman, R.

Citation
Timmerman, R. (2023, November 22). Tuning in to the feedback bassline:
revealing the operation of AGNs in galaxy clusters with high-resolution radio
observations. Retrieved from https://hdl.handle.net/1887/3663557
 
Version: Publisher's Version

License:
Licence agreement concerning inclusion of doctoral
thesis in the Institutional Repository of the University
of Leiden

Downloaded from: https://hdl.handle.net/1887/3663557
 
Note: To cite this publication please use the final published version (if
applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/3663557


Tuning in to the Feedback Bassline
Revealing the operation of AGNs in galaxy clusters with

high-resolution radio observations

Proefschrift

ter verkrijging van
de graad van doctor aan de Universiteit Leiden,

op gezag van rector magnificus prof.dr.ir. H. Bijl,
volgens besluit van het college voor promoties
te verdedigen op woensdag 22 november 2023

klokke 12:30 uur
door

Roland Timmerman

geboren te Meppel, Nederland
in 1996



Promotor: Prof. dr. H. J. A. Röttgering
Co-promotor Dr. R. J. van Weeren

Promotiecommissie:

Prof. dr. I. A. G. Snellen
Prof. dr. K. H. Kuijken
Prof. dr. A. C. Edge (Durham University)
Prof. dr. B. R. McNamara (University of Waterloo)
Dr. L. K. Morabito (Durham University)
Dr. A. Simionescu (SRON, Leiden)

ISBN: 978-94-6419-963-5

The front cover is an illustration of the radio galaxy Hercules A based on the
LOFAR-VLBI map included in this thesis (Chapter 3). In addition, a black
hole’s accretion disk is displayed in the center of the image. The rear cover shows
the layout of the LOw Frequency ARray, a key instrument in this thesis.

Front cover illustrated by Rick Bex
Rear cover illustrated by the author







Contents

1 Introduction 1
1.1 Galaxy clusters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Active galactic nuclei . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.3 Feedback . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
1.4 Observational instruments . . . . . . . . . . . . . . . . . . . . . . . . 10

1.4.1 Very Large Array . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.4.2 LOFAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
1.4.3 Chandra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

1.5 Key questions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.6 Thesis outline . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
1.7 Future prospects . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

2 Very Large Array observations of the mini-halo and AGN feed-
back in the Phoenix cluster 19
2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
2.2 The Phoenix cluster . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
2.3 Observations and data reduction . . . . . . . . . . . . . . . . . . . . 23
2.4 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
2.5 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

2.5.1 The origin of the mini halo . . . . . . . . . . . . . . . . . . . 34
2.5.2 The extreme feedback in the Phoenix cluster . . . . . . . . . 42

2.6 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

3 Origin of the ring structures in Hercules A 47
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 49
3.2 Observations and data reduction . . . . . . . . . . . . . . . . . . . . 53

3.2.1 LOFAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.2.2 Karl G. Jansky Very Large Array . . . . . . . . . . . . . . . 54

3.3 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 55
3.4 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60

4 Measuring cavity powers of active galactic nuclei in clusters using
a hybrid X-ray–radio method 63
4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
4.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66

i



ii CONTENTS

4.2.1 Current cavity power estimation . . . . . . . . . . . . . . . . 66
4.2.2 The hybrid X-ray–radio method . . . . . . . . . . . . . . . . 69

4.3 Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.4 Observations and data reduction . . . . . . . . . . . . . . . . . . . . 70

4.4.1 LOFAR . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.4.2 Chandra . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72

4.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5.1 Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.5.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80

4.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.6.1 General performance . . . . . . . . . . . . . . . . . . . . . . . 86
4.6.2 Performance per system . . . . . . . . . . . . . . . . . . . . . 87
4.6.3 Comparing low- and high-resolution imaging . . . . . . . . . 89

4.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
Appendices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91
4.A Spectal index maps . . . . . . . . . . . . . . . . . . . . . . . . . . . . 91

5 The first high-redshift cavity power measurements of cool-core
galaxy clusters with the International LOFAR Telescope 93
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.3 Sample . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.4 Observations and data reduction . . . . . . . . . . . . . . . . . . . . 100

5.4.1 Radio - LOFAR . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.4.2 X-rays - Chandra . . . . . . . . . . . . . . . . . . . . . . . . . 101

5.5 Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.1 Imaging . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.5.2 Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.6 Discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 104
5.6.1 Radio lobe detections . . . . . . . . . . . . . . . . . . . . . . 104
5.6.2 Pressure profiles . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.6.3 Comparison to previous detections . . . . . . . . . . . . . . . 105
5.6.4 Future projection . . . . . . . . . . . . . . . . . . . . . . . . . 106

5.7 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107

Bibliography 111

English summary 121

Nederlandse samenvatting 125

Publications 129

Curriculum Vitae 133

Acknowledgements 135


