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Summary

Spectra and variability of accreting black holes

Douglas John Keith Buisson

In this thesis, we present various results concerning the structure of matter close to black
holes when they are actively accreting. The two components (apart from the black hole itself)
most relevant to this work are the accretion disc and X-ray emitting corona. We use various
methods to help determine their location, properties and relation to each other.

In chapters 2 and 3, we consider how thermal emission from the accretion disc is affected
by the coronal emission. Chapter 2 presents an analysis of a sample of supermassive black
hole (SMBH) sources, showing that in many of these sources, variability in the accretion
disc emission is driven by heating from the central source. Chapter 3 presents results from
a dedicated campaign on a particularly X-ray variable object, IRAS 13324-3809, which
however does not show disc variability in response to X-ray variations. We discuss potential
reasons for this.

Chapters 4 and 5 consider what we can learn about accreting black holes from their
X-ray spectra. Chapter 4 describes the use of X-rays which reflect from the disc to study
properties of the disc such as its innermost extent (governed in part by the black hole spin)
and ionisation state. Chapter 5 analyses hard X-ray spectra of two sources, including the
electron temperature of the corona, and considers the physical process which could produce
the observed temperature.

Finally, in chapter 6, we use a number of the techniques utilised previously to perform
an in-depth study of the recent outburst from the stellar-remnant black hole in the MAXI
18204070 X-ray binary system in our own Galaxy. As they are much smaller, such systems
can show far more drastic state changes on observable timescales than SMBH can; the
reasons for these state changes are not yet fully explained. The reflected emission shows that
the disc extends close to the black hole, which has not been universally accepted in the state
observed here. That the reflecting disc extends so close to the black hole also constrains the

possible causes of characteristic timescales (QPOs) in the variability.






Table of contents

List of figures xiii
List of tables xxi
1 Introduction 1
1.1 Blackholes . . .. ... ... .. ... 1
1.1.1  Detectionof blackholes . . . . ... ... ... ... ....... 2

1.1.2  Accreting blackholes . . . . . ... ... ... ... ........ 3

1.2 X-ray emission from black hole accretion . . . . . .. .. ... ... ... 5
1.2.1  X-ray coronae . . . . . . . ... .o i e 5

1.2.2 Reprocessed X-rays . . . . . . . . . e 6

1.2.3  Measurements of black hole parameters . . . . . . ... ... ... 7

1.2.4 Measurement of black holespin . . . . . ... ... ........ 9

1.3 X-rayobservatories . . . . . . . ... 12
1.3.1 XMM-Newton . . . . . . . . . . i i i i it 12

1.3.2 NuSTAR . . . . . . e 13

133 Swift . . . e 13

1.34 Others . . . . . . . . e 14

1.4 Data analysis techniques . . . . . .. ... .. .. ... ... .. ... . 15
1.4.1 Spectralanalysis . . . . . .. ... ... .. .. .. 15

1.5 Variability analysis . . . . . . .. ... 17
I.5.1 Timedomain . . . . . . . . . .. ... 18

1.5.2 Fourierdomain . . . . . . .. ... .. ... ... 19

1.6 Thisthesis . . . . . . . . . . . 21

2 UV and X-ray variability of AGN with Swift 23
2.1 Introduction . . . . . . .. L 25

2.2 Observations and Data Reduction . . . . . . . . . . . .. .. ... .. ... 28



X Table of contents
23 Results. . . . . .o 30
23.1 UVwvariability . ... ... ... .. . 30

2.3.2 X-ray Variability . . . ... ... 36

2.3.3 Comparison of UV and X-ray variable power . . . ... ... ... 37

234 InterbandLags . . ... ... ... . ... ... ... .. ... 42

24 DISCUSSION . . . . . v v vt e e e e e 45
2.4.1 Summaryofresults . . . . ... ... ... 45

2.4.2 Comparison with average spectra . . . . . . . .. ... ... ... 47

243 Sourcesof variability . . . ... ... ... ... ... ... 47

244  X-ray réprocessing . . . . . . v i e i e e e e 48

2.5 UV/X-ray correlations in individual sources — comparison with previous results 49
2.5.1 1HO707-495 . . . . . o 49

252 Fairall9 . . . . ..o 50

253 MCG-6-30-15 . . . . .. e 50

254 Mrk335. . .. 51

255 Mrk509. . .. 51

25.6 NGC3516 . . . . . . e 51
257 NGC4051 . .. o 52

258 NGCS5548 . . . . e 52

259 NGCT469 . . . .. e 53
25.10 PG 12114143 . . . o . oo 53

2.6 Conclusions . . . . . . . ... 53
3 Is there a UV/X-ray connection in IRAS 13224-3809? 55
3.1 Introduction . . . . . . . . . .. L 57
3.2 Observations and Data Reduction. . . . . . .. ... ... ... ...... 59
321 XMM-Newton . . . . . . . . . . i i e e 59

322 Swift .. 61

33 Results. . . . . L 62
33.1 MeanSED . . . . . ... 62

3.3.2  Swift variable UV spectrum . . . . . . . ... ... ... ... .. 65

3.3.3 Short timescale optical variability . . . ... ... ... ...... 65

334 X-ray/UVcorrelation . . . . . ... ... .. ... ......... 67

34 DISCUSSION . . . . . v o e e 70
35 Conclusions . . . . . ... 74



Table of contents xi

4 Mrk 766 with NuSTAR 75
4.1 Introduction . . . . . . . . . . . . e e e 77
4.2 Observations and Data Reduction. . . . . .. ... ... ... ....... 79
43 Results. . . . . . . 80

4.3.1 High-energy fits —iron line and hard excess . . . . . .. ... ... 84
4.3.2 Low-energy fits - warm absorption and emission . . . . . .. . .. 86
433 Broadbandfits . . .. ... ... .. oo 91
434 Variability . . . . ... 100
4.4 DIiSCuSSION . . . . . v v i e e e e e e e e 101
4.4.1 Thereflectionmodel . . . .. ... ... ... ... ........ 101
4.4.2 Comparison with a similar source, MCG-6-30-15. . . . . . . . .. 102
4.4.3 Distinguishing absorption from reflection . . . . . ... ... ... 103
45 Conclusions . . . . . .. Lo 104

S Coronal temperatures with NuSTAR 105

5.1 Introduction . . . . . . . . . . . .. e e 107
5.1.1 ESO103-035 . . . . . o o e 108
5.1.2  IGR 2124.7+5058 (4C 50.55) . . . . . . .. ... ... 109

5.2 Observations and Data Reduction. . . . . . . ... ... ... ....... 110

53 Results. . . . . . e 110
5.3.1 Spectral fitting . . . . . . ... 113
5.3.2 Comparison to other sources . . . . . . . . .. ... ... ..... 121

54 Discussion . . . . ... e e 123

6 MAXI J1820+070 in the hard state with NuSTAR 125
6.1 Introduction . . . . . . . . . . . .. 127

6.1.1 MAXIJI820+070 . . . . . . . . 128

6.2 Observations and Data Reduction. . . . . . ... ... ... .. ...... 133

6.3 Results. . . . . . . . 133
6.3.1 Spectralanalysis . . . .. .. ... .. ... 133
6.3.2 Variability analysis: powerspectra . . . . . .. ... ... ... .. 144
6.3.3 Comparison of parameter evolution . . . . . ... ... ... ... 146

6.4 Further Discussion . . . . . . . ... . ... ... ... 151

6.5 Conclusions . . . . . . . ... 153

7 Conclusions 155

7.1 Outlook . . . . . . 155



xii Table of contents

7.1.1 Future miSsions . . . . . . . . . . .o 156
References 157

Appendix A Ultraviolet and X-ray variability of active galactic nuclei with Swift —

further figures 191
A.1 Lightcurves . . . . . . . . . . e 191
A.2 Broadband Variability Spectra . . . . . ... ... ... ... ... .. 199
A3 DCFs . . . s 207

Ad lags . . .o 211



List of figures

1.1

1.2

1.3

1.4

2.1

2.2

2.3

24

Example X-ray spectrum of an AGN. Blue: Comptonised coronal continuum.
Pink: Reflected emission from surrounding distant gas. Red: Relativistically
blurred reflected emission from the inner accretion disc. Yellow: Sum of all
components without absorption. Black: as observed after absorption from
gasinthelineof sight. . . . .. .. ... .. ... ... .. ... ...
Effect of varying various parameters on observed line profile. Bluer lines
indicate a higher value of each parameter; more description of each parameter
isgiveninthetext. . . . . . . .. ... ..
Effect of varying parameters on observed disc spectrum. Bluer lines indicate
a higher value of each parameter; more description of each parameter is
giveninthetext. . . . . . . . . .. Lo

Comparison of effective areas of major X-ray observatories. . . . . . . ..

The spectrum of the variable UV emission of Fairall 9, along with the best-
fitting powerlaw, ¢ = —2.29+£0.10. . . . . ... ... Lo L.
Plot of index of variable spectrum of Fairall 9 against duration of lightcurve
used to calculate variability. The index shown at each timescale is the average
over all sections of given length. The horizontal line shows the value for the
full lightcurve. The index appears to converge to the value measured from
the full lightcurve as section length increases. . . . . . ... ... ... ..
Plot of spectral index of variable emission against black hole mass. Most
sources are consistent with an index of —2 > a > —2.33 (indicated by the
shaded region), as predicted for a thin accretion disc. Those sources with
a steeper spectrum tend to have been the most dereddened: sources with
E(B—V )iy > 0.05 are shown in red. No correlation with mass is apparent

Plot of variable luminosity, Ly, against black hole mass in each waveband.

Sources in black are observed in all bands, other sources are in grey. . . . .

32

36



xiv

List of figures

2.5

2.6

2.7

2.8

3.1

3.2

3.3

3.4

Photon index (I') of powerlaw fit to average and variable parts of 1.5-10keV
X-ray spectra. Solid line: best fit; dashed line: equal variable and average
indices. The variable part is usually softer than the average spectrum, with
an average AI'=0.284+0.02 (1o error). . . . . . . . . .. ... ... ...
Plot of total UV against X-Ray variable power in measured bands: UV:

1500 —5815A; X-ray: 0.3 — 10 keV. The line shows the best-fitting powerlaw,

0.66+0.22
Lvar < LOSOE022 0

Plot of alox var against Ly v,r (2500 A). The solid line shows the least squares

fit, dox var = (—0.177 £0.083) log Ly var (2500 A)+(3.88+£2.33). . .. ..
Lags relative to X-rays for each source scaled to a black hole mass of 108M,

and Eddington rate n = 0.1. The red (lower) line shows the lags expected

for a thin disc; the blue (upper) line shows the best fitting scaled lags.

Image from XMM-Newton-OM showing IRAS 13224-3809 (red, left) and
nearby secondary source (blue, right). The scalebar indicates 1 arcmin. . . .
Lightcurves of IRAS 13224-3809 from XMM-Newton (black) and Swift (red).
Upper panels show, from top to bottom: X-rays (0.3 — 10keV), W2-band,
M?2-band, Wi-band, U-band, V-band. Note that the W1 filters of Swift and
XMM-Newton, although plotted in the same panel, are not identical. Lower
panels show detail of the X-ray and UV lightcurves of the three XMM-Newton
orbits with the strongest X-ray peaks. There is no apparent response of the
UV emission to the X-ray peaks. . . . . . ... ... ... .. . ......
Mean SED of IRAS 13224-3809. Optical/UV points (red) are from Swift-
UVOT (and do not have the contribution from the host galaxy subtracted);
X-ray points (black) are from XMM-Newton-pn (Jiang et al., 2018). The
grey region indicates the range of SED models used to derive the bolometric
luminosity (see text for details). The components of the model are: the
disc (black); a blackbody accounting for the soft X-ray excess (green); and
a powerlaw for the hard X-ray emission (blue). The contribution to the
hard (= 3keV) X-ray emission from reflection is not accounted for but is
insignificant. . . . . . ... L
RMS spectrum from Swift-UVOT data. The black line shows a powerlaw fit,
with index o = —2.67 +0.15. The red line has the index expected of a thin
disc, & = —2.33. Errors in wavelength represent the half maximum of the
filters. . . . . .

46

59

60



List of figures

XV

3.5

3.6

3.7

3.8

4.1

4.2

4.3

4.4

PSD of optical monitor data. The estimated Poisson noise level is shown
by the dashed line. Solid lines show fits with a powerlaw plus noise model,
P(f) = afP +C. Red: fixed index (B), free noise (C). Blue: free index,
fixed noise. Black: both free. See Table 3.1 for full parameters. . . . . . . .
Flux-flux plot of X-rays (top: 0.3—10keV, full band; bottom: 2—4 keV, power-
law dominated) against UV (XMM-OM W1, 2910 A). No correlation between
the twobandsisapparent. . . . . . . . . . .. ...
DCF of X-rays (0.3—10 keV) against UV (XMM-OM W1, 2910 A). Blue and
Red lines indicate 95 and 99 % confidence intervals around O correlation.

Emission at the central wavelength of the W/-band from a standard disc with
representative parameters for IRAS 13224-3809 (see text for details). Black:
without X-ray irradiation. Red: with X-ray irradiation. Blue: Difference. . .

Upper Panels: NuSTAR light curve with 3 ks bins. The gap between panels
corresponds to ~ 6 months. The background light curve is shown in red,
and the time of the Swift XRT exposure by the shaded region. The dashed
horizontal lines show the mean flux of each observation. Lower panels:
10-40/3-10keV hardness ratio. . . . . . . . . ... ...
Unfolded fluxes (to a I' = 2 powerlaw) of the January (NuSTAR: blue, Swift:
black) and July (NuSTAR: red, XMM: orange) observations, with a range
of previous XMM (grey) observations (OBSIDs 0109141301, 0304030101,
0304030301 and 0304030401, see Giacche et al. 2014; Miller et al. 2007 for
detailed analysis). Spectra have been rebinned for plotting. . . . . . . . ..
Ratios of each observation to a I' = 2 powerlaw with Galactic absorption:
January Swift (black) and NuSTAR (blue); July XMM-Newton-pn (orange)
and NuSTAR (red). Spectra have been rebinned for plotting. . . . . . . . ..
Top panel: fits to NuSTAR and XMM-Newton data above 3 keV (the model
shown is of relativistic reflection). XMM-Newton data in orange is simulta-
neous with the red (dimmer) NuSTAR data; the other NuSTAR observation
is shown in blue. Backgrounds are shown in dark orange, red and blue re-
spectively. Middle panel: residuals from relativistic reflection model. Lower
panel: residuals from partial covering model. Inset: Residuals for reflection
models over 5.8 — 6.8 keV. Blurred reflection (upper inset) has smaller resid-
uals around the iron K band than distant neutral reflection (lower inset): over
58—6.8keV,Ax>=18. . . . . ..

72

82



xXvi

List of figures

4.5

4.6

4.7

4.8

4.9

4.10

5.1

RGS data from the new observation (red) and the highest and lowest archival
flux states (black) unfolded to a constant model. Emission lines are clearly
visible in the low state, while absorption features are present in the high state.
The blue line shows a fit with absorption and emission components applied
to a phenomenological continuum. Wavelengths are given in the observed
frame and the range of each panel overlaps the next by 1 Ao
Results of line scans to the new data (middle) as well as the highest (top) and
lowest (bottom) flux archival observations. The green lines show the 95 %
confidence interval forablindsearch. . . . . .. ... ... ... .....
Data and residuals of best fitting broadband models. Top: data; middle:
residuals for reflection model; bottom: residuals for partial covering model.
Plot of models found for joint fit. Upper Left panels: reflection models; Up-
per Right panels: partial covering models; Lower panels: hybrid models. Top
panels: Swift/NuSTAR observation; Bottom panels: XMM-Newton/NuSTAR
observation. Black: total model; Orange: unabsorbed model; Blue: pho-
toionised emission; Reflection/hybrid models: Green: powerlaw continuum;
Red: reflected component. Partial covering models: Green: two partial
covering components without ionised absorption; Red: one partial covering
component. . . . ... Lo e e e e e e e e
Corner plots of MCMC parameter estimation for a hybrid model with re-
flection and partial covering. Parameters shown in each panel are: top left:
Swift/NuSTAR observation; top right: XMM-Newton/NuSTAR observation;
bottom left: parameters tied between observations; bottom right: warm
absorption/emission. Column densities have units of cm~2; & has units of
ergcm s~!. Contours indicate 1,2, and 30 intervals. . . . . . .. . ... ..
The fractional excess variance for Mrk 766 computed using the entire light
curve of the longer observation in time bins of 400 s. The variability drops
in the iron K and Compton hump regions. This can be explained by a
variable continuum and a constant reflection component (grey; binned to

dataresolutioninred). . . . . . . . . . . ...

NuSTAR (FPMA) light curve and hardness ratio with 300 s bins for ESO 103-
035 (left) and IGR 2124.7+5058 (right). The first (blue) curve for each
source shows the EGS observation, the second (yellow) cycle 3. The rate is
given for 3 — 78 keV. Hardness is defined as (H — S)/(H + S), where H is
10—-50keV rateand Sis3—10keVrate. . . .. ... ... ... .....



List of figures Xvii

5.2

5.3

54

5.5

5.6

5.7

6.1

6.2

Swift-BAT light curves of ESO 103-035 (left) and IGR 2124.7+5058 (right),
binned to 20 days, with times of NuSTAR observations shown as vertical lines. 112
Unfolded spectra of ESO 103-035 (top) and IGR 2124.7+5058 (bottom).
Both sources have hard, absorbed spectra. ESO 103-035 shows similar hard-
energy emission to the long-term average from Swift-BAT; IGR 2124.7+5058
is brighter and harder in the NuSTAR observations than the average. Swift-
XRT (< 10keV) is shown in black (EGS) and red (Cycle 3); NuSTAR (3 —
78 keV) in blue (EGS) and yellow (Cycle 3); and Swift-BAT (15 —200keV)
inpurple. . . . ... e 114
Ratio of spectra of ESO 103-035 (top) and IGR 2124.7+5058 (bottom) to
an absorbed powerlaw. For each source, the absorption is fixed to the best
fit value from fits presented later and powerlaw parameters are fit to each
observation separately. Both sources show a roll-over at high energies, while
reflection features are stronger in ESO 103-035. . . . . . ... .. .. ... 115
Data and residuals of best fitting broadband models for ESO 103-035 (top)
and IGR 2124.7+5058 (bottom). Top: data; lower: residuals to models:
EGS in blue/black, Cycle 3 in red/yellow. From top to bottom: PEXMON,
XILLVER, XILLVERCP, RELXILLCP. . . . . . ... ... ... ....... 116
Contour plots of cut-off energy against reflection fraction for ESO 103-035
(left) and IGR 2124.7+5058 (right). The best fit is indicated by a cross,
contours are shown at 10, 90% and 30 confidence. Loci for EGS data
are shown in blue, Cycle 3 in yellow. Despite some degeneracy between
reflection strength and cut-off energy, both parameters are constrained. . . 120
Plot of coronal compactness (¢) against temperature (7). Sources from
Fabian et al. (2015) are shown by grey circles, IGR 2124.7+5058 by triangles
and ESO 103-035 by squares. For ESO 103-035 and IGR 2124.7+5058,
EGS data is shown in blue and Cycle 3 in yellow. The limits due to pair
production in various geometries are shown by the lines described in the

legend; details on their calculation can be found in Fabian et al. (2015). . . 122

Light curve of MAXI J1820+070 from Swift-BAT (green) with times of
NuSTAR observations shown as vertical bars. Observations analysed here are
in colour; later observations areinblack . . . . . ... ... ... ... .. 129
Hardness-intensity diagram of MAXI J1820+070 from NICER data (grey).
The day coincident with each NuSTAR observation is shown in the colour
matching Figure 6.1. For comparison, the NICER observations analysed in
Kara et al. (2019) are shown as brown triangles. . . . . . ... ... ... 130



xviii

List of figures

6.3

6.4

6.5

6.6

6.7

6.8

6.9

6.10

Spectra of each NuSTAR observation, produced by unfolding the data to a
constant model. FPMA and B have been combined for display purposes. The
colour of each observation matches that in Figure 6.1. The source has almost
constant spectral shape during the hard state, softening slowly through the
initial outburst and re-hardening during the second rise. . . . . . . . . . ..
Ratio of the mean spectrum of each epoch in the hard state to the best-fitting
powerlaw. Time runs from top to bottom in the upper panel; successive
epochs are offset by 0.25, as indicated by the dashed lines. All epochs are
shown superimposed in the lower panel. The colour of each observation
matches that in Figure 6.1. The vertical dashed line indicates the rest energy
(6.4keV) of the iron Ka line. The narrow core to the iron line weakens and
(apart from the first epoch) the relative high-energy flux increases throughout
the outburst. Features at ~ 12 and 28 keV are calibration residuals.

Plot of ratio residuals to best-fit models for each spectrum. Successive
spectra are offset by 0.1. The colour of each epoch matches that in Figure 6.1.
Grey bands denote energy ranges which were ignored for fitting due to
instrumental features. . . . . . .. . ... Lo
Plot of best-fit models to Epochs 1, 4 and 8 (left to right). The colour of each
epoch matches that in Figure 6.1. The upper line in each epoch is the total
model; the contributions from the upper and lower corona are shown dashed
and dotted respectively, each separated into their continuum and reflected
components. The relative contribution from the narrow reflection component
reduces in successive observations. . . . . ... ... oL
Plot of key system parameters against time. Dashed horizontal lines indicate
the weighted mean acrossepochs. . . . . . ... ... ... ... ...,
Plot of constraint on inner disc radius, Rj,, in terms of change in fit statistic,
sz, foreachepoch. . . . . ... .. . ... L
PSDs of NuSTAR data, with the RMS normalisation. Successive PSDs are
offset by a factor of 5. Poisson noise has been subtracted based on the best-
fitting values and each PSD has been rebinned to a geometric progression
of at least 1.05 for clarity. Frequencies of features in the PSD (QPO and
low-frequency break) increase over the first section of the outburst. During
the latter stages of the outburst, the variability decreases. . . . . . .. . ..
Plot comparing evolution of different parameters. the colour of each epoch
matches previous figures. Correlations are present between various parame-

ters —see text fordetails. . . . . . . . . . ...

135



List of figures Xix

6.11 Comparison of relation between inner radius and QPO frequency with various
models. Solid: Lense-Thirring frequency of particle at Rj,. Dotted: solid-
body precession of hot flow extending from Rysco to Rj,. Dashed: Global
Normal Disk Oscillation (see text for details of each model). To reproduce the
observed range of QPO frequencies, all these models require a significantly
greater change in inner disc radius than is measured. . . . . ... ... .. 148
6.12 Coronal compactness compared with coronal temperature at each epoch. The-
oretical curves of constant non-thermal fraction(grey lines) are taken from
Fabian et al. (2017); these have, from right to left, ¢, /¢, =0,0.01,0.09,0.17,0.23,0.29,0.33.
Data from each epoch have the same colours as other figures. Errors in ¢y
are dominated by the choice of coronal radius so error bars are not shown;
instead, different choices are given in the different panels. The left hand
panel uses a coronal radius decreasing linearly from 10rg to 5rg; the centre

panel uses a constant coronal radius of 107.; and the right hand panel uses a

coronal radius which increases from 5rg to 157 (see text). . . . . . .. .. 149
A.1 1HOT707-495 . . . . . e 191
A2 3C120. . . . e e 192
A3 ARK 120 . . . . . e 192
A4 Fairall9 . . . . . .. 192
A5 HO557-385 . . . . . e e 193
A6 IC4329A . . . . e 193
A7 TRAS 13224-3809 . . . . . . . . e 193
A8 MCG-6-30-15. . . . . . . . e 194
A9 MRK335 . . . . e e 194
A 10 MRK 509 . . . . e 194
A 11 MRK 766 . . . . . . e 195
A12 MRK 841 . . . . . e 195
A13MRK 1383 . . . . e 195
AT4NGC3516 . . . . . . e 196
A IS5 NGC4051 . . . . o e 196
A6 NGC 5548 . . . . o e 196
A1TNGCT469 . . . . . e 197
A18PDS 456 . . . . . . e e 197
A19 PG 12114143 . . . . . e 197
A20 PG 12474267 . . . . . e e 198

A21 Zw229-15 . . . . e 198



XX List of figures
A22 THOT707-495 . . . . . e 199
A233C120. . . . o e 199
A24 ARK 120 . . . . o 200
A25Fairall9 . . . ... 200
A26 HOS57-385 . . . . . e 201
A27IC4320A . . . e 201
A28 IRAS 13224-3809 . . . . . . . 201
A29 MCG-6-30-15. . . . . . . e 202
A30 MRK 335 . . . . 202
A31 MRKS509 . . . .. e 202
A32MRK 766 . . . . . 203
A33MRK 841 . . . . 203
A34 MRK 1383 . . . . . e 203
A35NGC3516 . . . . . . e 204
A36 NGC4051 . . . . . e 204
A37TNGCS548 . . . o e 204
A38NGCT7469 . . . . . s 205
A39PDS 456 . . . . 205
AA40 PG 1211+143 . . . . o e 205
A4l PG 12474267 . . . .« o e 206
A2 7w 229-15 . . . L 206
A433C120. . . . o e 211
Ad4 ARK 120 . . . o o e 211
A4S Fairall9 . . . . . . 212
A46 IRAS 13224-3809 . . . . . . . e 212
A47 MRK 335 . . . e 212
A48 MRK 1383 . . . . . e 213
AAINGC3516 . . . . . e 213
ASONGCS548 . . . o e 213

ASINGCT469 . . . . . e 214



List of tables

2.1

2.2

23
24

3.1

4.1

4.2

4.3

4.4

List of sources in our sample, with number of observations, black hole mass
and reddening values for eachobject . . . . . . .. ... ... oL,
Index of powerlaw fit to variable part of UV spectrum, with 10 errors. Most
sources are consistent with —2 > o > —2.33, as predicted for a thin accretion
disC . ..
Lags of each UV band behind X-Rays, with 1o errors. . . . .. ... ...
X-ray luminosities and Eddington ratios for each source in the sample. 7 is
calculated by converting log;yLa—j0kev to a bolometric luminosity where k

is available. For the remaining sources, 71 is estimated from I'aye. . . . . .

Fits to the PSD of the XMM-Newton-OM lightcurve with a powerlaw plus
noise model, P(f) = a(f/10*Hz)P +C. . .. ... ... ... . ... ..

List of NuSTAR observations of Mrk 766 and associated simultaneous X-ray
observations. . . . . . ... L
Fits to data from each observation above 3 keV. Parameters indicated with
* are fixed. Rreq indicates the reflection strength, where Rreg = 1 gives the
reflection from material covering 27 steradians with an isotropic source. . .
Narrow features in archival RGS spectra. Line wavelengths and transition lev-
els are values from the APEC database. Redshifts are given in the observer’s
frame Mrk 766isatz=10.0129). . . . . ... . ... ... ... ...,
Parameters of fits to all data from each observation with reflection model
(TBnew * (warmabs(1l) * warmabs(2) * relxill + photemis)). Un-
constrained parameters are allowed to vary within the ranges: —0.998 < a <
0.998; 1 < log(é/ergcms_') < 2.5;and Ng/em~2 < 5 x 10?2, indicated in
the table by square brackets. . . . . . ... ... L L 0oL

29

33
43

44

65

79

87

90



xxii

List of tables

4.5

4.6

5.1

5.2

53

6.1

6.2

6.3

Parameters of fits to all data from each observation with partial covering
model (TBnew * zpcfabs(l) * zpcfabs(2) * (warmabs(l) * warmabs(2)
* cutoffpl + photemis)). Unconstrained parameters are allowed to vary
within the ranges: 1 < log(€ /ergems™!) < 2.5; and Ng/em ™2 < 5 x 1072,
indicated in the table by square brackets. . . . . . . .. ... ..o 95
Parameters of fits to all data from each observation with model including
partial covering and reflection TBnew * zpcfabs(1l) * (warmabs(l) *
warmabs(2) * relxill + photemis). Parameters given are the median
of the posterior distribution; errors correspond to the central 90% of the
MCMC posterior distribution. The x? value refers to the value found by
x>
ranges: 1 < log(& /ergems™!) < 2.5; and Ngy/em =2 < 5 x 10?2, indicated in

-minimisation. Unconstrained parameters are allowed to vary within the

the table by square brackets. . . . . . ... .. ... ... ..., 99

List of observations of ESO 103—035 and IGR 2124.7+5058. Exposure is
the mean good exposure per FPM, as used for spectral fitting. . . . . . . . . 108
Parameters of fits to ESO 103-035. Models are labelled by their primary
component; each model also contains intrinsic absorption (with column
density Ny) and a cross-calibration constant between detectors (Crpmp /rpma)- 117
Parameters of fits to IGR 2124.7+5058. Models are labelled by their primary
emission component; each model also contains Galactic absorption (with
Ny = 1022 cm™2) intrinsic absorption (with column density Ny) and cross-

calibration constants between detectors (Cppyvp/FpMA+ CXRT/FPMA)- - - - - - 118

List of NuSTAR observations of MAXI J1820+070. The observation length
is significantly longer than the effective exposure due to deadtime, orbital
and other gaps. Since pairs of observations are sometimes closely spaced, we
divide the datasets into several Epochs for analysis purposes. Only epochs
before the transition to the soft state are considered here. . . . . . ... .. 132
Parameters of fits to MAXI J1820+070 in the hard state. The model is
DISKBB+RELXILLLPCP(1)+RELXILLLPCP(2). Errors represent 90% confi-
denceintervals. . . . . . . . . ... 140
Continued: Parameters of fits to MAXI J1820+070 in the hard state. The
model is DISKBB+RELXILLLPCP(1)+RELXILLLPCP(2). Errors represent
90% confidence intervals. . . . . . . . ... ... L Lo 141



Chapter 1

Introduction

1.1 Black holes

The non-Euclidean geometry of Einstein’s general relativity allows the possibility of some
region of spacetime from which no future-pointing worldlines emerge. From this region,
nothing could escape so it would be black and its edge would form a horizon beyond which
no event could be observed.

The first exact solution of the Einstein equations which contains an event horizon was
found soon after their proposal by Schwarzschild (1916). This was derived in the context of
the gravitational field of a point mass.

While the Schwarzschild solution is the unique spherically symmetric vacuum solution
(Birkhoff and Langer, 1923; Jebsen, 1921), generalisations allow for electromagnetic charge
(Jeffery, 1921; Nordstrom, 1918; Reissner, 1916) or angular momentum (Kerr, 1963) or both
(Newman et al., 1965).

Indeed, black holes carry only mass, angular momentum and electric charge (in the
absence of magnetic monopoles), which has been shown for several restricted cases (Carter,
1971; Israel, 1967, 1968) and is believed to hold generally. This is known as the no-hair con-
jecture. In an astrophysical context, electric charge is expected to neutralise quickly, leaving
only mass and angular momentum as relevant properties. The mass (M) acts as a simple
scaling; distances around different black holes may be compared using the dimemsionless
radius r =R/ rig, where rg = GM /c? is the graviational radius (using Newton’s Gravitational
constant, G, and the speed of light, ¢). The relative angular momentum (J) may also be

rescaled to be dimensionless, giving the spin parameter

e
GM?

aBH —
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which is well-behaved for |a| < 1. For |agg| > 1, the solution includes a naked singularity,
which is viewed as unphysical (the cosmic censorship hypothesis) since such singularities
pose potential problems for determinism in general relativity. Where there is some other
reference frame for angular momentum (typically an accretion disc around the black hole),
agy may be generalised

a = j:aBH

to describe the relative sense of the angular momenta of the components: a > 0 is used when
considering a black hole with angular momentum matching surrounding material (prograde)

and a < 0 when these are counter-rotating (retrograde).

1.1.1 Detection of black holes

While direct emission from black holes (Hawking, 1974) is currently believed to be negligible
in an astrophysical context, there are now several observational methods by which the
presence of black holes has been inferred. Each of these relies upon the need to concentrate
more mass in a small region than can be done without forming a black hole. Most recently,
mm VLBI has been used to detect a ring structure in the centre of M87 which is characteristic
of strongly lensed emission around a black hole (Event Horizon Telescope Collaboration
et al., 2019). An equivalent black hole at the centre of the Milky Way had previously
been implied by the orbits of stars around Sgr A* (Gillessen et al., 2009). The detection
of gravitational waves (Abbott et al., 2016) shows the presence of much smaller compact
objects, as had the orbital motions in the system containing Cyg X-1 (Bolton, 1972; Webster
and Murdin, 1972).

The least direct but longest established method of detecting black holes is from the
emission from material being accreted by the black hole. Many galaxies show luminous,
rapidly variable point sources in their centres. Causality arguments imply that the size of
the emitting region is at most around the light travel distance in the time for these variations
to happen. This implies a very small size; the only realistic scenario to produce such high
power (capable of varying coherently) in this space is matter being accreted onto a black
hole (Lynden-Bell, 1964, 1969; Salpeter, 1964).

Currently, the black holes detected in the universe are of two types: supermassive black
holes at the centres of galaxies, usually detected when they are actively accreting; and stellar
mass black holes, detected when they accrete from a companion, emitting photons, or merge

with a companion, emitting gravitational waves.
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Active galactic nuclei

The powerful emission in the centres of some galaxies implies the presence of a central
black hole in these galaxies. The strong correlations between inferred black hole mass and
host galaxy properties (e.g Ferrarese and Merritt, 2000; Kormendy and Richstone, 1995;
Magorrian et al., 1998) shows that the growth of the central black hole is closely linked to
that of the galaxy (e.g. Kormendy and Ho, 2013) through some process termed feedback
(Silk and Rees, 1998). These correlations, along with the number density of AGN, suggest
that every galaxy contains a SMBH which goes through accretion phases (Beckmann and
Shrader, 2012).

X-ray binaries

Many, possibly even a majority of, stars are found in binaries. When a star in such a system
evolves into a compact object, and if this does not eject it from the binary, the companion star
provides a source of matter which may be accreted onto the compact object, producing X-
rays, hence X-ray binaries (XRBs), (e.g. reviews by Belloni, 2010; Fender, 2010; Remillard
and McClintock, 2006). The relative mass of the companion star to the compact object
determines the available means of mass transfer. If the companion star is of lower mass (in a
LMXB), then it may fill its Roche lobe as it evolves. Any further increase in size will lead to
material escaping the region bound to the companion; some of this will feed the compact
object. Where the companion star is of higher mass (in a HMXB), such Roche lobe overflow
would be unstable so in such systems the compact object is fed from the stellar wind of the
companion.

One phenomenon which is observed in XRBs but not AGN is state changes: XRB
outbursts consist of Compton-dominated (hard state) and thermal-dominated (soft state)
phases, with rapid changes between them (e.g. Remillard and McClintock, 2006). The
lack of observed state changes in AGN may be due to the difference in black hole mass:
changes in AGN are much slower, so long-timescale changes in XRBs are unobservable in
AGN. If accretion processes are equivalent (apart from scaling relations) across the mass
range, as seems to be the case in some respects (e.g McHardy, 2010), then XRBs provide

complementary information on the accretion process to AGN.

1.1.2 Accreting black holes

Black holes may be inferred from the energy given off by matter which accretes in the
gravitational well of the black hole. Understanding this process is the primary subject of this
thesis.
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When matter gets close to the black hole, its angular momentum will cause it to become
rotationally supported. Further infall requires that this material lose angular momentum,
allowing it to orbit progressively closer to the black hole, forming a disc. The standard
model for this disc is due to Shakura and Sunyaev (1973) (modified for relativistic effects
by Novikov and Thorne 1973). Matter at each radius is in Keplerian motion, which leads
to a velocity gradient with radius. Viscosity in the disc then allows matter to lose energy
and be transferred to closer orbits (some outer matter must also be accelerated onto more
distant orbits, but this need only be a small amount and may be counteracted by a supply
of new gas). This leads to net inward transport of matter and outward transport of angular
momentum, along with the release of significant energy.

The viscosity which allows matter and angular momentum transport is not molecular
viscosity, as this is far too small; it is thought to be due to turbulence induced by magnetic
fields through the Magneto-Rotational Instability (MRI Balbus and Hawley, 1991, 1992;
Blaes, 2014). The viscosity (V) in the disc is prescribed to be proportional to pressure (P),
v = aP, hence these discs may be referred to as o-discs.

The gravitational potential energy released in accretion must be transferred to some
other form; commonly, it is emitted as photons with a thermal spectrum at each radius. The

temperature (7°) depends on radius (r) as

T‘%r):w (1_ ﬁ) (1.1)

8rors r

Where G is the Gravitational constant; Mgy is the black hole mass; M is the accretion rate; &
is the Stefan-Boltzmann constant; and R;, is the inner radius of the disc. When the blackbody
from each radius is summed across the whole disc, this temperature profile produces a
spectrum which is Rayleigh-Jeans-like at low frequency, Wien-like at high frequency and
has a powerlaw middle section with v f(Vv) v#/3. This spectrum — particularly the middle
and high frequency sections — is known as a disc-blackbodys; it is responsible for the ‘big
blue bump’ of AGN and dominates emission in the soft state of XRBs.

This thin disc model is not applicable to all accretion flows. At high accretion rate, the
radiation pressure from the photons which are released by accretion is sufficient to balance

the attraction from gravity. In the spherical case, this occurs at

4nGM, M
Lggd = TRV BHMpC ~1.3x108 (—) ergs_], (1.2)
Oe Mg

(myp, 1s the proton mass; O is the Thomson scattering cross section; and M, is the Solar mass)

known as the Eddington luminosity. In the case of an originally disc-like geometry, outflows
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are expected to be driven out in the solid angle away from the disc plane. This is referred to
as the supercritical case in Shakura and Sunyaev (1973). Such outflows have been detected
in various sources, including both AGN and binaries (e.g. Pinto et al., 2016; Tombesi et al.,
2010), and in AGN are a potential source of feedback (e.g. Fabian et al., 2012; Nardini et al.,
2015). Conversely, at low accretion rates, the density may be too low for material to emit
the released energy before it is advected into the black hole, an advection dominated or
radiatively inefficient accretion flow. This can explain at least some XRB hard states (e.g.
Courvoisier, 2013), but the question of how high an accretion rate is needed for the disc to
form is not settled (e.g. Garcia et al., 2015).

Another effect of accretion is that the angular momentum of the accreted material affects
the spin of the black hole. For a disc aligned with the spin axis of the black hole, the accreted
gas rapidly leads to maximal spin (Bardeen, 1970), however photons from the disc impart
a counteracting torque, setting a limit of a ~ 0.998 (Thorne, 1974). This means that the
spin of a black hole contains a record of its accretion history (combined with its merger
history): black holes which have experienced prolonged accretion with consistent direction
of angular momentum will have high spin, while black holes which have undergone more
chaotic accretion will have low spin (Volonteri et al., 2005).

1.2 X-ray emission from black hole accretion

This work is principally concerned with studies of the X-ray emission (and its effects on
emission in other wavebands) of accretion systems around black holes. The temperatures
in the accretion discs of stellar mass black holes are high enough (when the majority of the
accretion power is emitted thermally) for their thermal emission to reach the X-ray band but
most X-ray emission is from (moderately, with optical depth T < a few) optically thin plasma
producing a non-thermal spectrum from Compton scattering. In AGN, this typically provides
a significant fraction (~ 5 — 10%) of the bolometric luminosity (In XRBs, the proportion
depends on the state). The material which produces these X-rays is referred to as the corona
(analogously to the Solar corona) but its exact location and constituents are not yet fully
understood.

1.2.1 X-ray coronae

The corona is a region of hot plasma which emits through inverse-Compton scattering of
photons from the disc (Haardt and Maraschi, 1991, 1993; Merloni and Fabian, 2003). The
spectrum may therefore be approximated by a powerlaw (e.g. Mushotzky et al., 1980) up to
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energies corresponding to the temperature of the plasma, where emission rolls over. The high
energy cut-off is commonly approximated by exponential suppression, but physical models
for Comptonised emission are also available (Coppi, 2000; Farinelli et al., 2008; Lamb and
Sanford, 1979; Sunyaev and Titarchuk, 1980; Titarchuk, 1994; Zdziarski et al., 1996; Zycki
et al., 1999).

Hard X-ray observations have shown that the plasma temperature is typically around
20 — 200 keV both for AGN and XRBs (Ricci et al., 2017) and that objects accreting at a
higher rate tend to have lower temperatures (Ricci et al., 2018). The mechanism which
regulates the temperature is not yet confirmed; one recent suggestion is that it is the effect of
pair production at high radiative compactness (Fabian et al., 2015, see Chapter 5).

Several methods show that the corona is also physically compact compared to the
accretion system, typically < 10r, in size: microlensing (Chartas et al., 2012; Dai et al.,
2010); variability (De Marco et al., 2013, 2011; Kara et al., 2016b, 2014a; Reis and Miller,
2013); and reflection spectra (e.g. Parker et al., 2014b; Wilkins et al., 2016; Wilkins and
Fabian, 2011, 2012). The location of the corona is not fully determined, but the small size
provides some justification for the common approximation of a point source on the spin axis.
Clearly, the corona cannot actually be infinitesimal in size and indeed there is evidence for
changing coronal extent (Kara et al., 2019; Wilkins et al., 2016; Wilkins and Gallo, 2015).

1.2.2 Reprocessed X-rays

The observed spectrum of most sources is not just a simple Comptonised continuum; instead,

several other components are also seen.

Reflection

Where the primary X-rays encounter a cloud of gas, they interact in a variety of scattering,
fluorescence and similar processes so the resulting reflected X-rays have a characteristic
spectrum including many atomic lines and the Compton hump at around 20 —50keV (e.g.
George and Fabian, 1991; Lightman and White, 1988; Ross and Fabian, 1993).

Much of the solid angle seen from the corona is intercepted by the disc, so this is a major
source of reflection. The high velocities and strong gravity near the centre of the disc lead
to strong blurring of the reflected emission so lines are strongly blurred (e.g. Tanaka et al.,

1995); this blurring can be used to infer properties of the system, Section 1.2.4.
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Soft excess

Early soft X-ray measurements showed that emission at < 2keV is often stronger than
expected based on extrapolating the powerlaw from higher energies; this became known
as the soft excess. It is not yet confirmed whether this is from an additional region of
Comptonisation (e.g. Dewangan et al., 2007) or is part of the reflection spectrum (e.g
Crummy et al., 2006).

Absorption

All of these emission components are viewed through some amount of gas, which may supply
significant absorption. Firstly, neutral absorption from our own Galaxy often has a notable
effect and for AGN this can be supplemented by the outer regions of the host galaxy. Further
absorption which is intrinsic to the accretion system (or at least strongly affected by it) can
also be present. AGN often show mildly ionised warm absorbers (e.g. Halpern, 1984; Lee
et al., 2001; Sako et al., 2001) which are photoionised by the flux from accretion. Warm
absorbers are often mildly outflowing but absorption is also seen by highly ionised, mildly
relativistic (v ~ 0.1 —0.3¢) gas, known as UFOs (e.g. Parker et al., 2017b; Tombesi et al.,
2010).

An example spectrum including these components is shown in Figure 1.1.

1.2.3 Measurements of black hole parameters

Mass is typically measured from the orbital motion of surrounding material, either galactic
gas or a binary companion. X-ray binaries have a binary companion and the changing
Doppler shift of the companion’s spectral lines can be used to determine parameters of
the binary orbit, including the black hole mass. For AGN, the most reliable method is
from reverberation mapping, where a monitoring campaign allows measurement of the size
(through light-travel delays) and velocity (through the line width induced by Doppler shifts)
of gas in the broad line region. These can then be used to calculate the enclosed (black hole)
mass (Blandford and McKee, 1982; Peterson, 2008). Where a galaxy contains a nuclear
water maser, VLBI observations can similarly be used to calculate the mass (e.g. Miyoshi
etal., 1995). Alternatively, scaling relations between the black hole mass and properties of
the host galaxy, such as those in Section 1.1.1 can be used, although these usually have larger
systematic uncertainty.
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Ef(FE) [arbitrary]

1 10 100
Energy / keV

Fig. 1.1 Example X-ray spectrum of an AGN. Blue: Comptonised coronal continuum. Pink:
Reflected emission from surrounding distant gas. Red: Relativistically blurred reflected
emission from the inner accretion disc. Yellow: Sum of all components without absorption.
Black: as observed after absorption from gas in the line of sight.
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Fig. 1.2 Effect of varying various parameters on observed line profile. Bluer lines indicate a
higher value of each parameter; more description of each parameter is given in the text.

1.2.4 Measurement of black hole spin

There are several ways to measure spin, usually relying on the change of stability and redshift
of orbits at different radii with changes in spin. As spin increases, the event horizon shrinks
from 2r to 1rg and the innermost stable circular orbit (risco) shrinks more strongly from 6r,
to 1re. The orbital velocity at each radius also changes.These differing gravitational redshifts

and velocities at each orbit lead to different observed energies of any radiation that is emitted.

Line profiles

The effects of these energy shifts are most obvious on emission which originates with a
single energy, i.e. atomic lines. Irradiation of the disc by the hard X-ray corona produces
emission lines from the material in the surface of the rotating disc. The observed line profile

then encodes the gravitational and Doppler shifts of the emitting material, which depend on

the spin and other parameters.
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The effects of some of the most significant parameters, as calculated by the relxill
model (Dauser et al., 2010; Garcia et al., 2014), are shown in Figure 1.2. This shows that the
major effect of high spin is to increase the amount of red-shifted emission, since at high spin,
stable circular orbits are present closer to the event horizon. As well as low spin, a narrower
red wing can be produced by truncation of the accretion disc outside the ISCO (at rj,). The
inclination (@) of the system relative to the observer is the primary factor in determining
the maximum observed blueshift. The relative emission at different disc radii also affects
the shape of the line (more distant emission is observed closer to the rest energy). Provided
the ionisation gradient across the disc is not extreme, emission is roughly proportional to
illumination. The figure illustrates this for the case of illumination by a point source on the

spin axis at various distances () from the black hole.

Continuum emission

The disc may also have significant observable thermal emission from its inner region; this
emission is also affected by the spin. The range and distribution of observed temperatures
can then be used to infer the spin.

The disc-blackbody (as described in Section 1.1.2) is essentially described by two
parameters: the peak energy and total power (while this formula does not include relativistic
effects, it turns out that these affect the spectral shape only subtly). However, rather more
physical parameters determine the measurable parameters, so the physical parameters are
necessarily degenerate. As well as spin, the spectrum is affected by the mass (M), accretion
rate (M), distance (D), inclination (8) and hardening factor (f, which describes how the
local disc emission differs from a true blackbody). The effect of each of these, as calculated
by the kerrbb model (Li et al., 2005), is shown in Figure 1.3. The mass, distance and
inclination can be determined from orbital dynamics of the binary system and modelling of
the companion star, while the hardening factor is constrained theoretically (e.g. Davis and
El-Abd, 2019). This then leaves spin and accretion rate as the two parameters determined by
the disc spectrum.

The spin and inclination also change details of the spectral shape so these could in
principle be determined independently with precise observations (Parker et al., 2019) but the
magnitude of these effects may be smaller than the systematic errors from assuming emission
is locally a perfect blackbody.

This method is only useful for low mass black holes which are emitting most of their
power thermally, as for high masses, the disc emission peaks in the far UV (which is

unobservable due to absorption by Galactic neutral hydrogen).
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Fig. 1.3 Effect of varying parameters on observed disc spectrum. Bluer lines indicate a higher
value of each parameter; more description of each parameter is given in the text.
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Fig. 1.4 Comparison of effective areas of major X-ray observatories.

1.3 X-ray observatories

Since X-rays are absorbed by the atmosphere, observations must be made by facilities onboard
satellites (usually dedicated astronomy facilities but occasionally as part of larger projects
such as the International Space Station, ISS). Various observatories are currently operational,
each having slightly different capabilities driven by their primary science objectives. We

describe in detail the instruments which are most heavily used in this work.

1.3.1 XMM-Newton

XMM-Newton (X-ray Multi-Mirror, Jansen et al. 2001) is ESA’s current flagship X-ray
mission and also has facilities for UV/optical observations. XMM-Newton has three similar
co-aligned X-ray telescopes (hence Multi-Mirror) with identical mirror modules (Aschenbach,
2002; Gondoin et al., 1998a,b). Two of these also include a reflection grating assembly,
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which diffracts around half of the incident photons onto the Reflection Grating Spectrometers
(RGS, Brinkman et al., 1998; den Herder et al., 2001). The remaining non-dispersed photons
are detected by the European Photon Imaging Camera (EPIC) MOS CCD detectors (Turner
et al., 2001). In the third telescope, all of the flux is focussed onto a third EPIC detector,
which uses pn CCDs (Striider et al., 2001). Each EPIC camera operates over the 0.3 — 10 keV
range; this covers from the lowest energies above Galactic absorption and high enough to
include the iron K« line at 6.4 keV. This can be used to measure the soft excess and warm
absorbers as well as make spin measurements from the iron line. The RGS only operates up
to ~ 3 keV, but at much higher resolution due to the dispersion from the gratings so provides
detailed measurements of narrow lines in the soft band.

The last telescope onboard XMM-Newton is the Optical Monitor (OM, Mason et al.,
2001). This is a 30 cm diameter Ritchey-Chretien telescope providing coverage in various
filters from 170 to 650 nm. This provides simultaneous measurements of wavelengths with

significant contribution from the disc, so is useful when determining the SED of AGN.

1.3.2 NuSTAR

NuSTAR (Harrison et al., 2013) is the leading observatory for hard (> 10keV) X-rays, with
innovations which provide major improvements over previous generation instruments in
observations of either very bright or very faint sources. It is the first focussing telescope to
operate at > 10keV. This greatly reduces the contribution from background so allows precise
measurements of faint sources. Additionally, NuSTAR uses a triggered readout instead of a
CCD, reducing the time over which pile-up can occur from the frame readout time to the
trigger response time, which is short enough that pile-up is irrelevant for any astrophysical
source. However, the dead-time before the detector is again sensitive limits throughput
to around 400 detected counts/s. This asymptotic limit to the detected rate reduces the
accuracy of flux measurements for very bright sources, but this effect is only significant at
over 10000 counts/s.

NuSTAR operates over 3 — 78 keV, which in the context of accreting black holes provides
simultaneous measurements of the iron K¢ line and Compton hump and allows measurements

of coronal temperatures in many sources.

1.3.3  Swift

The Neil Gehrels Swift Observatory (Swift) is a multi-wavelength mission principally designed
to study gamma ray bursts; the high slew speed to achieve rapid follow-up of a gamma ray

detection also makes Swift ideal for monitoring of other high-energy sources (as multiple
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short observations can be made efficiently). The highest energy instrument on Swift is the
Burst Alert Telescope (BAT), operating from 15 — 200 keV with a wide field of view. The
X-ray telescope (XRT) operates at similar energies to XMM-Newton but with only around
10% of the collecting area. The final science instrument is the Ultra-Violet and Optical
Telescope (UVOT). This is derived from XMM-Newton-OM and uses flight spares from the
OM as its optics. The available filters are also equivalent in wavelength while offering higher
sensitivity, especially in the UV.

While the sensitivity of Swift is significantly lower in any given band than current class-
leaders, the frequency with which multiple observations may be made is unparalleled, so Swift
is uniquely suited to studying variability of multi-wavelength processes, such as relations

between the disc and corona in AGN.

1.3.4 Others

Several other X-ray observatories provide (or recently provided) performance in complemen-
tary aspects of observing (the impact of these telescopes may be at least as significant as
those described in more detail above; the distinction is based on their use in the following
chapters).

Chandra (Weisskopf et al., 2002) covers a similar energy range to XMM-Newton and
has higher spatial resolution, though at the expense of effective area and throughput. This
means it is most useful for detection of very faint objects or observations of spatially extened
objects (e.g. galaxy clusters).

Suzaku (Inoue, 2003; Mitsuda et al., 2007) was a Japanese mission which provided
coverage from soft to very hard X-rays until its end-of-life in mid 2015. Suzaku included
two functioning instruments, the X-ray imaging spectrometer (XIS, Koyama et al., 2007;
Matsumoto et al., 2005) and Hard X-ray detector (HXD, Kokubun et al., 2004; Takahashi
et al., 2007). The XIS consisted of four identical units, each similar to one of XMM-Newton’s
X-ray telescopes. The HXD operated from 10 to 700 keV using two types of detector: silicon
PIN diodes below 50keV and GSO scintillators above. The intended primary isntrument
was a calorimeter (Stahle et al., 2004) which would have provided imaging spectroscopy at
much higher resolution (~ 6.5 eV FWHM) than other technologies but this suffered a failure
before any science data could be taken. Despite this, the remaining instruments provided
valuable data across an exceptionally broad X-ray band.

MAXI (Matsuoka et al., 2009) is an all sky monitor on the ISS operating from 2 — 20 keV
which is useful for early identification of transient outbursts.

The Neutron star Interior Composition ExploreR (NICER Gendreau et al., 2016) is a
recent X-ray telescope designed to determine the mass-radius relation of neutron stars by
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making measurements of their pulse profiles. The fast timing capability and high effective
area this requires is also ideal for studying rapid changes in other bright sources and NICER
has an extensive observatory programme taking observations of most X-ray binaries and
many bright AGN.

1.4 Data analysis techniques

The instruments described in the previous section supply files describing a large number of
photons, each tagged with a time and energy. This section describes the methods used or
discussed in the rest of this work to extract meaningful information from the observed lists
of photons. Since these are relatively standard techniques, we focus on practical reasons for

and limitations of their use, rather than a rigorous statistical justification.

1.4.1 Spectral analysis

The high energy of X-ray radiation means that each photon deposits sufficient energy in a
detector that it may be measured individually and its energy may be recovered well (typically
to around +150¢eV). This means that any X-ray observation of a source generates a spectrum
(of modest resolution); the information in this spectrum can be used to infer properties of the
emitting object.

However, inferring the incident source flux spectrum from the detected counts spectrum
is not trivial since the spectrum is distorted by variations in the effective area of the detector
with photon energy (Figure 1.4) and blurred since photons of a given energy deposit a range
of energies in the detector. The usual approach to accounting for this is to apply these
effects (which are specific to each instrument) to each proposed souce flux spectrum to
generate the expected counts spectrum. This is referred to as folding the spectrum through
the instumental response. The response is provided by the instrument team and is usually
divided into a component containing the effective area (Ancillary Response Function, ARF)
and a component accounting for blurring effects (Redistribution Matrix Function, RMF). Any
statistical tests are then performed by comparing the expected and observed counts spectra.

This provides a way to compare model spectra with the data but does not directly provide
a representation of the information about the source spectrum provided by the data: plots
of folded models and the data are distorted by the instrument response, while the models
themselves are usually not unique. One way of representing the source spectrum is by
‘unfolding’ the observed counts to remove the effect of the detector response. The unfolded

spectrum is produced by multiplying a given model flux spectrum by the ratio of the detected
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counts to the expected counts (each as a function of energy) from the model spectrum. If the
model spectrum matches the true spectrum, the ratio should only differ from one by the noise
in the observation and the unfolded spectrum will match the input flux spectrum, as would
be expected. If the true spectrum is different to the model used, this should be accounted for
by the ratio between detected and expected counts, and the unfolded spectrum should still
represent the true flux spectrum.

However, unfolding can be misleading in two principal ways. Firstly, it does not remove
the blurring of features in the data but does show unblurred feartures in the unfolded spectrum:
the chosen model may include features as narrow as a single detector bin, which can be
much narrower than the energy resolution of the spectrum. The unfolded spectrum will then
contain this narrow feature. This will appear as a clear and obvious feature even where the
blurred version (seen in the actual data) is subtle and could be explained by other deviations.
For this reason, unfolding spectra should be done with smooth models rather than a detailed
fit of the data. The model should still have a similar shape to the observed spectrum; typically
a powerlaw which is constant in VFy is a suitable canonical shape. Secondly, features in
the spectrum around rapid changes in the detector effective area (such as the gold edge at
~ 2.2keV, see Figure 1.4) may appear to occur in otherwise simple regions of the spectrum.
When viewed in the counts spectrum, the change in effective area is apparent and these
features are more easily assigned to limitations in the calibration (these regions are hardest
to calibrate), while they may appear source related when viewed in an unfolded spectrum.
This effect is difficult to remove and is best accounted for by a careful understanding of the
detector calibration.

Due to the complexity of modern X-ray instruments, many ancillary values are involved in
calculating the expected detected (counts) spectrum from a model source (flux) spectrum so
this is commonly done with black-box software packages, of which several are available. The
most commonly used is XSPEC (Arnaud, 1996), which uses very concise input commands,
allowing efficient interactive use. An alternative, the Interactive Spectral Interpretation
System (ISIS, Houck and Denicola, 2000) is built on the S-Lang scripting language, allowing
straightforward implementation of more complex analysis. This package is used for the
majority of this work.

Also available is SPEX (Kaastra et al., 1996), which includes fast photoionisation
calculations, but is not used here.

As well as converting models from physical to detector units, these packages run a
number of statistical tests which show whether a model is a good description of a dataset
and what are plausible ranges for any parameters. These are generically referred to as fitting.

The traditional, and still most common, approach, is to find the model which minimises a
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‘fit statistic’ which encodes the difference between the model and the data. If this is small
enough, the model is deemed acceptable and the range of parameters which give a fit statistic
within a certain difference of the best-fit value are found. These ranges are the confidence
intervals of acceptable parameters, to the chosen confidence interval (which determines
the difference in fit statistic between the best fit and the edge of the confidence interval).
Most analysis uses x> minimisation since often the intrinsically Poisson-distributed photon
counts can be approximated as Gaussian, provided there are enough photons in each data
bin analysed (detector channels may be grouped together to allow this). Where insufficient
photons are present (without binning to levels which would unacceptably degrade the spectral
resolution), Cash statistics may be used (Cash, 1979). This treats the Poisson nature of
the photon distribution exactly but the properties of the resulting statistics are less well
studied. Various methods are implemented; the default (and almost universally used) being
Levenberg-Marquardt (e.g. Bevington and Robinson, 1992). This method converges quickly
but can get stuck in local minima. For fitting with more corrugated x> spaces, slower but
more robust algorithms can be used.

A more powerful way to determine ranges of parameters which fit well is Markov
chain Monte-Carlo (MCMC). This has several advantages over simple minimization of a
fit statistic but is significantly more computationally expensive. Firstly, the resulting chains
(subject to having suitable priors) provide a direct estimate of the probability distribution
of each parameter; this is usually a more relevant quantity than the range of reasonable
values to expect given that the best-fit model is correct. This estimate of the probability
distribution also automatically includes errorbars (credible intervals) to any level, the shape
(e.g. asymmetry, multimodality) of resulting distributions and the shape of degeneracies
between parameters. Determining all these from grids of fit statistics would be even more

computationally expensive.

1.5 Variability analysis

The flux released by the accretion process is also observed to vary in time and this provides
further information on the mechanisms involved. There are various ways in which information
about the nature of the variability may be extracted from the raw lightcurves. These methods
are commonly divided into time-domain and Fourier-domain methods. In time-domain
methods, statistics are calculated directly from the flux at each time, while in Fourier-domain
methods, a Fourier transform is first applied to the lightcurves, separating fast and slow (high
and low frequency) changes in the lightcurves.
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1.5.1 Time domain

The simplest variability property is the amount of variability. The observed variance (S%) will
have a contribution from measurement uncertainties (Gerr) as well as intrinsic variability. An
estimator of the intrinsic variability is the excess variance (Vaughan et al., 2003a),

O2g =82 — 02, (1.3)
which may also be viewed as its fractional amplitude (Edelson et al., 1990)

2 5]
S§*— 04,

= (1.4)
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Where two lightcurves (A(r),B(t), for example in different energy bands) have been

measured, relations between them may also be investigated. They can be compared by testing

the extent to which they vary together in the same way that any pair of sets of values may
vary together, or be correlated,

2 Cov(A(r),B(1))?
"7 Var(A(1))Var(B(1))

(1.5)

Additionally, time series are located in time; this provides further information on how the
series relate, for example if changes in one series are reflected some time later in another.
This is expressed as the cross-correlation function (CCEF, or auto-correlation function, ACF,
if A =RB),

 Cov(A(t),B(t+1))
CCF(1) = \/Var(A(t)) Var(B(t))

Typically, astronomical lightcurves do not consist of equispaced measurements due to

(1.6)

the constraints of observatory operations, Sun avoidance etc. (and where equispaced data are
available, Fourier methods may be more powerful). Therefore, some adjustment is required
to account for the different spacings in the data, which may also differ between the two
lightcurves which are to be compared.

If both lightcurves are generally well-covered, it is reasonable to simply interpolate each
lightcurve onto a regular grid of times and calculate the CCF as before (producing the ICCF).
Where the sparsity or irregularity of each lightcurve is more significant, interpolation will

not give a reliable estimate of the true lightcurve so methods relying on the measured values
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should be used. This is typically done with the discrete cross-correlation function (DCEF,
Edelson et al., 1990)

<(Ai - A) (Bj - B>> ti—tj—1|<e
\/ Var(A(t)) Var(B(t))

Here, the average across all points of a given offset, 7, is replaced by the average across

(1.7)

DCF(71) =

offsets within a given range around 7.

Any of these variants of the cross-correlation function may be used to show the relation
between the processes responsible for producing the flux in each lightcurve: a peak at a given
lag, 7, shows the difference in time between variations in the two lightcurves. This time
difference can be attributed to the time taken for the signal which determines the changes
(e.g. a photon flux) to propagate between the two regions (e.g. the light travel time). Hence
distances between the two regions can be inferred.

The measured DCF depends on how the times of observations correspond to the variability
timescales of the lightcurve; once observations are sparse and irregular, it is hard to determine
analytically how each observation contributes to the DCF. Therefore, errorbars on quantities
derived from the DCF (such as time lags) are usually calculated by bootstrapping; details of

the method implemented are given at the point in the text where this is used.

1.5.2 Fourier domain

The variability in a process can also occur rapdily or slowly; a convenient way to express this
(since it has many convenient mathematical properties) is through the Fourier transform:

A(f) = / Alr)e 214y (1.8)
or in discretised form, as applicable to observations of a lightcurve:

A(f) =Y A(t)e 2 (1.9)
teT
where T is the set of measured times in the lightcurve.
While this calculation can be made for any f and 7, it is usual to use equispaced
T ={0,t,2t,....,(N—1)t} and f = {—1/2t +1/Nt,—1/2t +2/Nt,...,1/2t} since this is
invertible and the resulting A(f) are statistically independent. Further, for real A(¢) (as is
the case for lightcurves), A(—f) = A*(f), so the full information is carried in the positive

frequency components.



20 Introduction

Since a set of complex numbers is no easier to interpret than a lightcurve, various products
are produced from combinations of Fourier transforms of one or more lightcurves. These
typically separate the amount from the relative time of any variability. Each complex A(f)
may be considered in its polar form, a(f )ei‘f’(f ), with a and ¢ real. a is then the amplitude
(amount) of variability at a given frequency and ¢ is the phase (delay in time). This phase
is usually with respect to the (arbitrary) start of the measured lightcurve, so only phase
differences have physical meaning.

The power spectrum P(f) = A(f)A*(f) = a*(f) (where * denotes the complex conjugate)
isolates the magnitude of the variability at each frequency. This can be smooth if there are
no specific timescales on which variability occurs most strongly, or have peaks if variability
occurs at particular frequencies. These can be very sharp (e.g. spin period of a neutron star,
resonant frequency of a pipe) or somewhat broadened (e.g. precession of a gas disc, resonant
frequency of a soft cavity).

There is significant scatter in a power spectrum taken from a single lightcurve. Using a
longer lightcurve does not improve this as it generates a power spectrum with more points
over a wider range of frequencies. Instead, the scatter is reduced by splitting a lightcurve
into many sections and averaging over at least each section and sometimes also adjacent

frequencies. The power spectrum is then

N
P(fi) =+ X - ADAL () (1.10)

Provided MN is large enough, the errors on such power spectra (or other products) may
be approximated as Gaussian; typically, 50 is considered sufficient (Vaughan et al., 2003a).
Another common product of Fourier analysis is lags between different lightcurves. The
phase lag A@(f) = ¢a — ¢p is taken from the Fourier transforms (e.g. Nowak et al., 1999)

and converted to a time lag as

(1.11)

Higher order products may also be constructed; for example the bispectrum,

B(f1,f») =A(f)A(f)A*(fi + /) (1.12)
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which can be used to study connections between different components of variability (e.g.
Arur and Maccarone, 2019; Maccarone and Coppi, 2002; Maccarone and Schnittman, 2005).

1.6 This thesis

In this work, we present a number of results on different aspects of the accretion system.
We begin by considering the effect of emission from the central regions on outer regions
of the disc, through variable heating (Chapter 2). In Chapter 3, we show that the correlated
variability this would be expected to cause is not always seen.

Chapter 4 describes how a broadband X-ray spectrum can be used to distinguish between
different models for the spectral shape.

In Chapter 5, we consider properties of the X-ray corona itself, in particular the tempera-
ture and possible reasons for the temperature. Chapter 6 explores the evolution of the corona
during an outburst of an X-ray binary and how this compares with the inner radius of the
disc.

Finally, we provide brief conclusions and consider possible future directions in Chapter 7.






Chapter 2

Ultraviolet and X-ray variability of
active galactic nuclei with Swift






Abstract

We analyse a sample of 21 active galactic nuclei (AGN) using data from the Swift satellite to
study the variability properties of the population in the X-ray, UV and optical band. We find
that the variable part of the UV-optical emission has a spectrum consistent with a powerlaw,
with an average index of —2.2+0.1, as would be expected from central illumination of a thin
disc (index of —7/3). We also calculate the slope of a powerlaw from UV to X-ray variable
emission, 0(ox, var; the average for this sample is Qox var = —1.06+0.04. The anticorrelation
of apx with the UV luminosity, Lyy, previously found in the average emission is also present
in the variable part: Qox var = (—0.18 £0.08) log(Lvyar(ZSOOA)) +(3.9£2.3). Correlated
variability between the emission in X-rays and UV is detected significantly for 9 of the 21
sources. All these cases are consistent with the UV lagging the X-rays, as would be seen
if the correlated UV variations were produced by the reprocessing of X-ray emission. The

observed UV lags are tentatively longer than expected for a standard thin disc.

2.1 Introduction

The structure of AGN is difficult to determine in part because their small size means they
cannot be resolved by current instruments. Fortunately, this small size implies a short light-
crossing time and hence AGN emission can vary on observable time-scales. Observations of
variations in the emission from AGN have shown that they do indeed vary on all time-scales
and at all wavelengths probed. The nature of these variations may be used to infer properties
of the structure of AGN.

Our fundamental picture of this structure is that the central regions of AGN comprise an
accretion disc principally emitting thermally in UV (Pringle, 1981) and a central hot corona
which Compton upscatters some of these photons to X-rays (Haardt and Maraschi, 1991). A
fraction of the X-rays are then emitted back towards the disc, and heat it, increasing its UV
emission (Lightman and White, 1988). In these two ways, the X-ray and UV emission are
linked and studying the details of the interaction can retrieve information about the nature of

the UV and X-ray emitting regions.
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The variability of the emission is strongest and occurs over the shortest time-scales at
high energies (Mushotzky et al., 1993), indicating that the hard X-rays are produced on the
smallest scales. X-ray variability studies have become a field of their own, mapping the
innermost regions around the black hole (e.g. Alston et al., 2014; Fabian et al., 2009; Kara
et al., 2016a; McHardy, 2013; Uttley et al., 2014; Vaughan et al., 2011). UV and optical
measurements over longer time-scales form the basis for studies at longer wavelengths (e.g.
Cackett et al., 2007; Cameron et al., 2012), allowing a larger region of the accretion flow to
be probed. The relation of the two bands is also studied (e.g. review by Gaskell and Klimek,
2003).

While variability studies do their part in enhancing our understanding of the innermost
regions of AGN, studying the time-averaged emission in great detail also provides crucial
information. The time-averaged UV spectra of AGN (e.g. Francis et al., 1991; Schneider
et al., 1991; Shull et al., 2012; Telfer et al., 2002; Vanden Berk et al., 2001) have been
measured for many different samples and wavelength ranges. When the continuum is fit with
a powerlaw, Fj o< A%, the quasars of the Sloane Digital Sky Survey (SDSS) have o = —1.56
over 1300 — 5000 A (Vanden Berk et al., 2001). This is softer than the spectrum of a thin
accretion disc (o« = —7/3, Shakura and Sunyaev (1973)), although the variable part of the
spectrum of NGC 7469 has been found to be consistent with that value (Collier et al., 1999).
The difference from the theoretical value may be influenced by the strength of obscuration
by dust and gas in the UV band (e.g. Meléndez et al., 2011), the presence of strong emission
lines (e.g. Krolik and Kallman, 1988) and host starlight (e.g. Bentz et al., 2009, 2006).
Cackett et al. (2007) study optical AGN spectra and derive the reddening values necessary
for the difference spectra to match a thin disc spectrum. Their reddening values match those
from the flux-flux or Balmer decrement method, indicating that the variable spectrum is
indeed shaped like that of a thin disc. Softer spectra are found at shorter wavelengths: o
is —1.32£0.14 over 1200 — 1750 A and —0.59 +-0.21 over 550 — 1000 A (both Shull et al.,
2012), suggesting the presence of a turn over at wavelengths probing the highest temperatures
in the disc. The high-energy cut-off in the coolest sources may also redden the average
spectral index at longer wavelengths.

When the mean UV emission is compared with that of the X-rays, the power is found to
be tightly correlated: the X-ray luminosity scales as Ly o< L’{JV with k=0.5—0.8 (e.g. Lusso
and Risaliti, 2016; Steffen et al., 2006; Vignali et al., 2003) which results in the UV (2500 A)
to X-ray (2keV) slope, 0px, being anticorrelated with luminosity: ox = alog Lyy + const,
—0.2 <a < —0.1 (Just et al., 2007; Strateva et al., 2005; Vagnetti et al., 2010). This relation
suggests that the processes producing the UV and X-ray radiation are closely related, as

would be expected for an accretion disc—corona system.
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The link between the X-ray and different UV bands can also be studied by comparing
their correlation for a given source across time. Lags between changes in each band are
interpreted as being due to the light travel time between the regions responsible for the
emission in the different bands and hence the distances between them can be inferred.

Such lags have been sought in various sources (e.g. Maoz et al., 2000; Shemmer et al.,
2001) and compared to the predictions for a steady state accretion disc (Shakura and Sunyaev,
1973). Where lags are found, they often disagree with thin disc theory, usually showing a
longer lag than expected.

Before precision cosmology provided a largely unquestioned value of Hy ~70km s~ Mpc~!,
the luminosity of a standard disc was used to provide a distance modulus and hence Hy
(Collier et al., 1999). However, the disc sizes from the measured lags implied Hy =
424+9kms~! Mpc~! (Collier et al., 1999) or Hy = 444+ S5kms~! Mpc~! (Cackett et al.,
2007), so the disc is not as bright as is expected for its size. Other studies also find deviations
from a standard disc. For example, studies of NGC 5548 by Edelson et al. (2015) and
Fausnaugh et al. (2016) describe the disc as larger than expected for its mass and accretion
rate. Similarly, Troyer et al. (2016) and Lira et al. (2015) find the best fitting accretion rate, M,
is unreasonably high for a standard disc model in NGC 6814 and MCG-6-30-15 respectively.
The longer lags being associated with a larger disc than expected is corroborated by quasar
microlensing observations, which find emitting regions a factor of a few (2 — 3, Chartas et al.
(2016); ~ 4, Morgan et al. (2010)) larger than predicted.

However, a larger emitting region may not be the whole answer, as longer lags are not
always found: McHardy et al. (2016) study the low mass AGN NGC 4395 (3.6 x 10°M..)
and find lags which are not markedly different from standard thin disc theory.

Despite the lags often being longer than expected, the lag-wavelength relation found by
these studies in the UV to IR bands is usually consistent with the predicted 7 o< 1*/3 for a
standard accretion disc.

Lags have also been sought in the short time-scale variability within an X-ray observation
with simultaneous UV monitoring. Smith and Vaughan (2007) analyse XMM observations
of 8 sources but find no significant correlations. Arévalo et al. (2005) find the UV emission
leading the X-rays by ~ 160 ksec (1.9 days) in a 430 ksec observation, although this lag is a
large fraction of the observation length.

These studies of lags in individual sources have shown that, at least for some sources, the
reprocessing of X-ray radiation does not behave as expected for a centrally illuminated thin
disc. A study of many sources has the potential to show what proportion of sources has a

longer lag and whether this correlates with other AGN properties.



28 UV and X-ray variability of AGN with Swift

The Swift satellite (Gehrels et al., 2004), principally designed for the detection of GRBs,
is ideal for such broadband variability analysis: it has detectors for X-rays (Burrows et al.,
2005) and ultraviolet/optical emission from 1700—-6000 A (Roming et al., 2005). Since it
has been operating for more than a decade, many AGN lightcurves covering time-scales of
several years are available.

Here, the amount of variability in the UV and X-rays and the time differences between
them are analysed for a sample of AGN to determine properties of AGN as a population.
Emission from the V-band to X-rays is included to consider a large extent of the accretion
disc.

The choice of sources and observations and the reduction of data is described in Sec-
tion 2.2. The methods and results of the analysis are described in Section 2.3. In particular,
the UV variability is considered in Section 2.3.1 and the X-ray in Section 2.3.2. The bands
are compared in terms of power in Section 2.3.3 and time lags are explored in Section 2.3.4.
These results are interpreted in Section 2.4. Comments on individual sources are given in
Section 2.5.

2.2 Observations and Data Reduction

Our sample consists of all those AGN from the CAIXA sample (Bianchi et al., 2009) with at
least 20 Swift observations by September 2015. CAIXA comprises all unobscured radio-quiet
AGN with public targeted XMM-Newton observations as of March 2007. The radio-loud
AGN 3C 120 was also included to test whether radio-loud AGN have grossly different
properties and the Seyfert 1 galaxy Zw 229-15 was included as a large number of Swift
observations was present in the archive. This provides 21 sources, shown in Table 2.1 along
with their mass and reddening.

Our analysis uses the data from both telescopes on board of Swift (Gehrels et al., 2004):
the UV (UVOT, Roming et al., 2005) as well as the X-ray (XRT, Burrows et al., 2005)
telescope.

The X-ray light curves used in this work were produced using the automatic pipeline of
the UK Swift Science Data Centre (Evans et al., 2009, 2007). Light curves were produced
with a resolution of one bin per observation in 8 fine energy bands (0.3-0.6 keV, 0.6-0.9 keV,
0.9-1.2keV, 1.2-1.5keV, 1.5-3.0keV, 3.0-5.0keV, 5.0-7.0keV, 7.0-10keV)and the broader
bands 0.3-10keV, 0.3-1.5keV and 1.5-10keV. For our analysis we used the default grade
selection. When converting counts to flux, we correct for Galactic absorption using values
from the LAB survey (Kalberla et al., 2005).
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The UVOT observations were taken in different filters (V: 5440 A, B: 4390 A, U: 3450 A,
WI: 2510 A, M2: 2170 A, W2: 1880 A) and we reduce each filter individually for each
observation. We started our UVOT reduction from the level II image files, performing
photometry with the tool uvotsource. To obtain the source counts, we assumed a circular
source region with a 5 arcsec radius and a, also circular, background region with a 15 arcsec
radius. Some areas of the UVOT detector have shown spuriously low fluxes (Edelson et al.,
2015), so we excluded observations where the source region overlaps these bad areas. Count
rates were converted to fluxes for each source using calibration factors from Poole et al.
(2008).

Where necessary, the UV emission for each source was dereddened using the idl tools
ccmunred (Cardelli et al., 1989; O’Donnell, 1994) for Galactic dust and mszdst! for host
absorption, with the extinction law from the LMC (Pei, 1992).

UV/optical fluxes include a significant contribution from the host galaxy. Removing this
component is difficult and requires high resolution images of the host galaxy. Here, we avoid
the problem by using methods which are not affected by the additional constant host flux.

The luminosity distance was calculated with Hy = 70kms~! Mpc~!. The relative lumi-
nosities are not sensitive to cosmological parameters since all sources apart from PG1247+267
(z =2.038) are at low redshift (z < 1).

2.3 Results

2.3.1 UV variability

We initially consider the variability of the 6 Swift UV/optical bands.

Presence of variability

To characterise the variability of the luminosity in each band, the intrinsic variability was esti-
mated as the error-corrected rms variability, Ly, = / 02 — g2 (Edelson et al., 2002; Nandra
et al., 1997a), where o is the measured standard deviation of the luminosity measurements
from the observations and (8_2) is their mean square error. We only consider UV bands with
at least 10 data points to remove lightcurves where the uncertainty would be excessively
dominated by the stochastic variations due to sampling.

X-ray studies usually consider the fractional (rms) variablity, Fy, = Ly, /L (although
this is usually calculated directly from the measured count rates), where L is the mean of
the measured lightcurve, to avoid the effects of absorption. Absorption is a multiplicative

Uhttps://heasarc.gsfc.nasa.gov/xanadu/xspec/models/dust.html
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effect which changes Ly, and L by the same factor, so their ratio is unchanged. In the UV,
host galaxy contamination is a more significant problem, so L from the AGN alone is not
precisely known. This constant addition to the measured L has no effect on the variance of
the lightcurve. Hence, we prefer the absolute luminosity variance. The standard deviation
(rms variability) is preferred to the variance because of its more familiar dimension.

We define a source as variable if this variable luminosity, Lvy, 1S larger than its associated
error. The approximate error in the lightcurve variability is given by equation (2.1) (Vaughan
et al., 2003a, eq. 11), where N is the number of datapoints.

err(L3,,) = %\/ <\/§£2)2 + (2\/§Lw>2 @.1)

We assess the variability for each source and band separately. In four bands out of 90
with sufficient data (> 10 points) to calculate variability (IC 4329A B, W2; MRK 766 M2;
PDS 456 WI), the error was greater than the measured variability. Since the measured
variability is subject to random variations depending on when a source is observed, a varying
source may by chance be observed when it varies little. Since there is no reason to expect this
small fraction of bands to not be varying, these bands were not excluded from further analysis

to avoid biasing results towards observations which happened to catch higher variability.

UV variability spectra

For 12 sources, Ly, measurements exist in at least 2 wavebands; for these, we produced a
spectrum of this variable component of the emission (L v,.). The variable UV spectrum of
Fairall 9, which is typical of the sample, is shown in Fig. 2.1, fitted with a powerlaw. Spectra
of the whole sample are shown in Appendix A.2.

To characterise the shape of the spectrum, the spectrum of variable luminosity was fitted
with a powerlaw, Lj, v, o< A%. We performed a chi-square minimisation with mpfit in IDL
in the logarithmic domain. The wavelengths of each band were taken as the nominal central
value. Errors of the luminosity variability were estimated from equation (2.1). Values for o
are given in Table 2.2.

In most sources, the powerlaw provides a good fit; however, for 3C 120, Mrk 766 and
PG 12114143 the reduced x? value is unacceptably high. Exploring the reasons for this,
we find that in Mrk 766, the W2 measurement is much higher than would be expected from
extrapolating a powerlaw fitted to the remaining values. Since for Mrk 766 the W2 band has
a large number of samples from 2012-13 which are not taken in the other filters, the W2
variability measurement may be increased by the difference in variability in the different
epochs. In PG1211+143, the U-band is somewhat higher than expected and the M2 much
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Fig. 2.1 The spectrum of the variable UV emission of Fairall 9, along with the best-fitting
powerlaw, o¢ = —2.29£0.10.
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Table 2.2 Index of powerlaw fit to variable part of UV spectrum, with 16 errors. Most
sources are consistent with —2 > o > —2.33, as predicted for a thin accretion disc

Source Index, o %rzed d.o.f.
3C 120 -2.21+0.10 5.10 3
ARK 120 —2.41+0.83 - 0
Fairall 9 —2.29+0.10 0.94 4
IC 4329A —-3.14+0.27 1.78 1
MRK 335 -2.27+0.11 2.14 4
MRK 509 —-1.96+2.41 0.04 1
MRK 766 —3.57+£0.09 34.31 4
MRK 841 —2.11+0.16 0.59 4
MRK 1383 —2.81£0.88 - 0
NGC 5548 —2.71£0.07 0.67 4
NGC 7469 —3.13£0.39 1.65 3
PG 1211+143 —2.014+0.15 9.90 4

lower. In 3C 120, the U and M2-bands are both higher than the fit. Since these sources show
scatter rather than curvature, it is possible that the errors have been underestimated.

From the fits, we find an average slope of o = —2.6 4 0.8. For all sources apart from
IC 4329A, MRK 766, NGC 5548 and NGC 7469, the index is consistent with ot = —2 to
—2.33, as predicted by Davis et al. (2007) for a thin accretion disc. The variable spectrum of
NGC 5548 has also been measured by Edelson et al. (2015) with a subset of the data used
here, finding & = —1.98 +-0.20 assuming no intrinsic reddening (this is consistent with our
value before dereddening). For IC 4329A and Mrk 766, the intrinsic reddening is strong
(Table 2.1), so the uncertainty in the reddening may allow their indices to be consistent with
a = —2to —2.33. Collier et al. (1999) also measured the variable spectrum of NGC 7469,
finding an index consistent with o0 = —2.33.

For the sources with E(B —V) < 0.05 and excluding those sources with very large
uncertainties (Aoc > 0.75), the average index i1s ¢ = —2.21 £0.13. We consider this our best
estimate of the slope.

In order to investigate the nature of the variability on different time-scales and ensure
that the non-uniformly sampled lightcurves do not bias the results based on the different
time-scales sampled in different observations, the lightcurves were also split into sections of
different lengths. The index of the variable spectrum was calculated in the same way as for
the full lightcurve. For each section length, we calculate the average index of all sections.
For Fairall 9, which has enough data to split on many time-scales, Fig. 2.2 shows the spectral
index as a function of section length. The index converges towards the value calculated from

the full lightcurve as the section length increases, which justifies the use of the full lightcurve.
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Fig. 2.2 Plot of index of variable spectrum of Fairall 9 against duration of lightcurve used to
calculate variability. The index shown at each timescale is the average over all sections of
given length. The horizontal line shows the value for the full lightcurve. The index appears
to converge to the value measured from the full lightcurve as section length increases.
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Fig. 2.3 Plot of spectral index of variable emission against black hole mass. Most sources are
consistent with an index of —2 > a > —2.33 (indicated by the shaded region), as predicted
for a thin accretion disc. Those sources with a steeper spectrum tend to have been the most
dereddened: sources with E(B —V )i, > 0.05 are shown in red. No correlation with mass is
apparent (r = 0.36).

Finally, we consider how the spectra of variable power depend on black hole mass.
Plotting the spectral indices, o, of the variable part of the spectrum against mass (Fig. 2.3)
shows no clear correlation (r = 0.36). Fig. 2.4 shows the variable luminosity in each UV
band against black hole mass, Mpy. Sources with observations in all 6 bands are shown in
black and the remaining sources in grey. It is apparent that Ly, increases with mass. While
the black points show a tight correlation, this is a selection effect: the power is also dependent
on the Eddington ratio and, for this subsample, the Eddington ratio smoothly decreases with
mass (Table 2.4). This flattens the observed correlation so the slope of the relationship is not
meaningful. The effect of scattered Eddington ratios can be seen in the greater scatter when

including the remaining sources (grey points). The correlations between My and Ly, seen



36 UV and X-ray variability of AGN with Swift

1043_ — —
1042_ — —
104I_ — —
1071 b T =ik —
e T pheleE
" %
38 L ° B
10 V: 5440A B: 4390A
ol e b b b b b e
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
43 L — —
10 e
1042_ —_— —
T 10" - -
o<
FA T @m 1+ .
LA ol # 1 W u i
2
—
38 | — o —_ ° —
10 U: 3450A el W1: 2510A
R RaaaE e B A A e R L RAARARARAS LA
1043_ — —
102 i f——¢— -
10-’ll_ —_— —
iﬁ’&ll-x-l b W
o a T et .
*
. I 7 |
38 | — o e ° —
10 M2: 2170A W2: 1880A
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII
6 7 8 9 6 7 8 9

Mass, log,(M/Mg,,)

Fig. 2.4 Plot of variable luminosity, Ly,, against black hole mass in each waveband. Sources
in black are observed in all bands, other sources are in grey.

in the black points do show that the scaling with mass is consistent between the different

bands, as would be expected if the spectral shape is constant.

2.3.2 X-ray Variability

To compare the variability of the thermal disc emission with that of the coronal emission,
we also calculated the variable luminosity, Ly,, in the 8 X-ray bands. Due to the stronger
variability in the X-ray lightcurves, the analytic formula for the error (as used for the UV
variability) is less reliable (Vaughan et al., 2003a), so we estimated the error in the excess
variance due to measurement error from simulated lightcurves. To do this, we simulated
lightcurves by adding values from a Gaussian with the same width as the error on each
observation to the measured lightcurve and used the distribution of excess variance from

20000 realisations to estimate 10 and 20 confidence intervals. As the error is comparable to
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the measured value in some sources, we converted the confidence limits from variance to
rms directly, as in Poutanen et al. (2008), rather than using differential error propagation.

The variable X-ray luminosity spectra this produces are shown alongside the UV variable
spectra in Appendix A.2. The X-ray variable spectra look superficially similar in shape to
the mean spectra of their respective sources.

To quantify the differences between the mean and variable spectra, we fitted powerlaws
to the hard (1.5-10keV) X-ray band for each source. For consistency with other X-ray
measurements, we use the photon index defined as N(E) o< E~T (note that this converts from
the wavelength spectral index as I" = ox + 3). These photon indices, I'vy, are compared to
the indices of the mean spectra over the same band, I'ayg, in Fig. 2.5. This shows that the
two indices are well correlated (r = 0.81) and the variable spectra are softer than the average
spectra over the 1.5-10keV band. We estimate the relation between the variable and average
indices with a linear function; the best fitting is I'var = (0.97 £0.07)'ayg + (0.36 £0.08),
compatible with a constant offset. Fitting for a constant offset gives AI' = 0.28 £ 0.02

between average and variable index.

2.3.3 Comparison of UV and X-ray variable power

To help understand the interactions between the disc and corona, we compared the power of
the variability in the X-ray (Lx var) and UV (Lyy var).

We first considered the variable power in the directly measured energy ranges, 0.3 —
10keV (X-ray) and 1500 — 5815 A (UV). The X-ray variability power was calculated from a
direct sum over the power in each energy bin. Since the UV bands do not fully and evenly
cover their overall wavelength range, we used a powerlaw fit to the datapoints integrated
over the total range of the Swift filters. The variable power in the X-ray and UV is plotted in
Fig. 2.6; this shows that the UV and X-ray power is broadly comparable. There is a strong
correlation (r = 0.74) between the two quantities with the UV power increasing somewhat
faster than the X-ray power. Approximating the relation with a powerlaw Lx var o< LﬁV’Var
gives a best fit of f = 0.66 +0.22. This is consistent with the relationship between the
average luminosities, for which f = 0.72+0.01 or 0.75 £+ 0.06 have been found by Steffen
et al. (2006) and Vignali et al. (2003) respectively.

We also consider the relative specific luminosity, using the definition of opx applied
to the variable part of the emission. 0y is the index of a powerlaw between the specific
luminosity at 2500 A and 2keV (e. g. Vagnetti et al., 2010):
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Avg

Fig. 2.5 Photon index (I') of powerlaw fit to average and variable parts of 1.5-10keV X-ray
spectra. Solid line: best fit; dashed line: equal variable and average indices. The variable part
is usually softer than the average spectrum, with an average AI' = 0.28 £0.02 (10 error).
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Fig. 2.6 Plot of total UV against X-Ray variable power in measured bands: UV: 1500 —
5815A; X-ray: 0.3 — 10keV. The line shows the best-fitting powerlaw, Lx var o< L%gf\i,fr'zz
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o log(Ly(2keV) /Ly (2500A))
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(2.2)

Here, we measure Qox var from the variable specific luminosities. The average is
0ox,var = —1.06 £0.04, which is flatter than some measurements of 0(ox measured from
mean spectra of similarly bright sources (e.g. —1.32+£0.03, Steffen et al. 2006) but similar
to values found in Xu (2011), which includes some sources which are in our sample. Gox var
for each source is shown against specific variable UV luminosity at 2500 A in Fig. 2.7. These

are anticorrelated, r = —0.73, and the least-squares fit is
OOX Var = (—0.177 £0.083) logLvyar(ZSOOA) +(3.88 £2.33) (2.3)

This relation has a slope within those found by previous authors for the mean spectrum,
such as that by Gibson et al. (2008):

dox = (—0.21740.036)log Ly 4 + (5.075£1.118) (2.4)
or the flatter relation found by Just et al. (2007):

dox = (—0.14040.007)log L5y 4 + (2.705£0.212) (2.5)
Xu (2011) studied low-luminosity AGN and found:

dox = (—0.13440.031)log L,sy 4 + (2.406 £0.785) (2.6)

Grupe et al. (2010) also analysed a sample of local (z < 0.35) sources with Swift, so provide

the most similar reference sample:
dox = (—0.11440.014)log L5y 4 + (1.177£0.305) (2.7)
However, Vagnetti et al. (2013) corrected for the galactic dilution in this sample and found:

oox = (—0.135£0.015)log L,y z + (2.645 4 0.446) (2.8)
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Fig. 2.7 Plot of 0ox var against Ly v, (2500 A) The solid line shows the least squares fit,
dox,var = (—0.177£0.083)log Ly var (2500 A) + (3.88 £2.33).
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While our value is within the range found by previous authors for the mean spectrum, the
spread in indices from measurements of mean spectra is much larger than the error for a
given sample and therefore a reliable comparison between the otox —1og L, s 4 relations for
the mean and variable parts of the spectra would require that both be calculated from the

same sample and dataset.

2.3.4 Interband Lags

So far, we have only considered the amount of variability in each band. To investigate how
the variability in different bands is related in time, we calculated the correlations between the
different bands.

To look for correlated variability between the X-rays (0.3-10keV) and each of the UV
bands for each source, we used the discrete cross-correlation function (DCF) (Edelson and
Krolik, 1988). The X-rays were chosen as the reference band since this is the only band
which is measured for every source. Since the number and frequency of observations differs
widely between sources, we grouped the DCF into lag bins by number of observation pairs
rather than a fixed lag width. We chose 100 points as the minimum compatible with little
apparent noise in the well-sampled sources. Before calculating the DCF, a 30 day half-width
boxcar running mean was subtracted from the lightcurves to remove the effects of long-term
variations and highlight the expected lags of a few days (Welsh, 1999).

To determine the significance of any correlations, we used the distribution of the DCFs
from 10000 uncorrelated simulated lightcurves in each band. Using the method of Tim-
mer and Koenig (1995), we produced lightcurves with the same power spectra as the real
lightcurves and a resolution equal to the average observation length. We used X-ray power
spectra from Gonzélez-Martin and Vaughan (2012) and estimated UV power spectra by
fitting a powerlaw to the periodogram of the Swift data. We added the rms-flux relation by
taking the exponential of the lightcurves (Uttley et al., 2005). From these regular lightcurves,
we extracted count measurements at points corresponding to the actual observation times and
simulated observational noise by drawing the final simulated data from a Poisson distribution
with mean equal to these count measurements. We calculated the DCF for each UV/X-ray
pair and used the distribution of the DCFs at each lag value to estimate the 95% and 99%
confidence intervals outside which a correlation is unlikely to be produced by random noise.
This found significant (>99%) correlations in 9 sources out of the sample of 21. These
sources either have more datapoints or a clear peak in the lightcurve, so the non-detection
in the remaining sources is likely due to a lack of data quality rather than less intrinsic
correlation. MCG—6-30-15 notably has many datapoints but no significant lag detection; see
Section 2.5.3 for a detailed discussion.
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Table 2.3 Lags of each UV band behind X-Rays, with 1o errors.

Source Band Lag/days
U 0.4+45
3C 120 W2 —-02423
ARK 120 U 24+2.3
\Y% 42428

B 27+1.9

. U 3.1+1.5
Fairall 9 W1 22410
M2 1.7+1.0

W2 1.740.8

IRAS 13224-3809 W2  6.4+3.7
MRK 335 w2  0.0+2.9
MRK 1383 M2  434+85
NGC 3516 W2  1.6+1.5
\Y% 20+1.1

B 1.5+0.8

U 1.4+0.7

NGC 5548 Wi 1.0+0.7
M2  0.8+0.7

w2  0.7£0.5

U 1.1+1.0
Wl —-03+1.2

NGC 7469 M2 1.3+1.7
W2  0.840.7

Where a significant correlation was found, we estimated the potential lag between bands
using the centroid of the DCF peak. To generate enough points to produce a smooth
distribution to centroid, the X-ray lightcurve was linearly interpolated onto a finer grid
(At = 0.1 days) and the ICCF of each UV band was measured against it (Gaskell and Peterson,
1987; Gaskell and Sparke, 1986). We used the centroid of the region with a correlation
coefficient of at least 0.8 times the maximum value (e.g. Troyer et al., 2016).

Errors on the lag values obtained were estimated using subset selection/flux randomisation
(Peterson et al., 2004, 1998). From 2000 realisations, we estimated 10 errors by percentile.

Lag values are shown in Table 2.3. In all 9 sources, the UV bands are consistent with a
lag behind the X-rays. For the two best measured sources, NGC 5548 and Fairall 9, the lower
energy bands have a longer delay. For the remaining sources, the lags are not sufficiently

well constrained to determine differences in lag between the different UV bands.
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Table 2.4 X-ray luminosities and Eddington ratios for each source in the sample. i is
calculated by converting log;yL2—10kev to a bolometric luminosity where « is available. For
the remaining sources, 7 is estimated from I'ay,.

Source log gL2—10kev/erg g1 K m

1H 0707-495 41.904+0.01 0.37
3C 120 44.094+0.01 8.29 0.14
ARK 120 43.784+0.02 25.0 0.08
Fairall 9 43.98+0.01 10.5 0.03
H 0557-385 42.76 +0.02 0.02
IC 4329A 43.834+0.01 14.8 0.04
IRAS 13224-3809 42.344+0.06 0.68
IRAS 13349+2438 43.64£+0.05 0.07
MCG-6-30-15 42.654+0.01 22.2 0.16
MRK 335 42.794+0.01 102 0.30
MRK 509 43.974+0.01 12.5 0.08
MRK 766 42.664+0.01 70.5 0.39
MRK 841 43.484+0.01 27.4 0.09
MRK 1383 44.074+0.01 33.5 0.03
NGC 3516 42.58 +0.01 17.7 0.02
NGC 4051 41.03+0.01 16.5 0.01
NGC 5548 43.254+0.00 18.8 0.07
NGC 7469 43.064+0.01 38.7 0.39
PDS 456 44.564+0.01 0.24
PG 1211+143 43.554+0.02 92 0.18
PG 1247+267 45.824+0.04 0.22
Zw 229-15 42.56+0.02 0.12

We compared these lags with the theoretical lags for a thin accretion disc around a black
hole of the appropriate mass and accretion rate (Shakura and Sunyaev, 1973). To do so, we
calculated the accretion rate in terms of the Eddington ratio, 7z, derived from the average
hard (2-10keV) X-ray luminosity during the Swift monitoring. We used correction factors,
K, to convert from X-ray to bolometric luminosity based on the most recent measurement
in Vasudevan and Fabian (2007, 2009); Vasudevan et al. (2010). Where a source does not
have a value for x in any of these papers, we estimated m from the average X-ray spectral
index, ['ayg, using the relation from Shemmer et al. (2008). The resulting Eddington ratios
are given in Table 2.4.

For each source, the lags and theoretical predictions (black lines) are plotted in Ap-
pendix A.4. The red lines indicate the 10 uncertainties due to the mass and luminosity

uncertainties but do not include uncertainties in K.
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The two best-measured sources, NGC 5548 and Fairall 9, both have lags slightly longer
than the predicted values but each individual value is still consistent. The remaining sources
do not have enough points of sufficient quality to determine inconsistencies as individuals.

To explore any potential global deviation from the lags expected for a thin accretion
disc, the lags for each source were scaled to represent the accretion disc around a black hole
with a common mass, 108M,, and Eddington fraction, 7z = 0.1. The lags were scaled by
T~R/c~ '3 M?/3 (Shakura and Sunyaev, 1973).

These scaled lags are plotted in Fig. 2.8, along with the expected lags for a thin accretion
disc (red) and the best fitting size for the measured lags (blue). In each band, the average
lag (corrected to the rest wavelength of the band) is shown in black. For every band, the
measured lag is greater than the theoretical by an average factor of 1.3. However, the overall

deviation is only 1.50.

2.4 Discussion

2.4.1 Summary of results

From our study of 21 AGN monitored by Swift over time-scales of several years in bands
from optical through to X-ray, we find that:

* The UV variable spectra are consistent with a powerlaw. The average index is & =
—2.21+£0.13.

* The amount of variable power increases with mass at the same rate for all UV bands.

* The UV variable luminosity and the index from UV to X-rays, 0(px, are anticorrelated:
oox = (—0.177+0.083) log Lyy var + (3.88 £2.33)

* The variable X-ray spectra are softer than the average spectra of their respective sources
by AI' =0.28 £ 0.06.

* Significant correlations between X-ray and UV variability are detectable in 9 sources.
The remaining sources are generally less well sampled and any correlated variability is
too weak to detect with the current data.

* Every lag measurement is consistent with variations in the UV lagging behind the
X-rays.
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Fig. 2.8 Lags relative to X-rays for each source scaled to a black hole mass of 108M, and
Eddington rate riz = 0.1. The red (lower) line shows the lags expected for a thin disc; the blue
(upper) line shows the best fitting scaled lags.
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2.4.2 Comparison with average spectra

In the unified AGN model (Antonucci, 1993; Urry and Padovani, 1995), the UV emission
of AGN is principally from an accretion disc (Lynden-Bell, 1969) surrounding the central
SMBH.

We can compare the indices of the variable spectra we measure with those of the average
spectra, e.g. those by Shull et al. (2012) from HST-COS or Vanden Berk et al. (2001), who
study quasar spectra over a more similar wavelength range (1300 — 5000 A) to Swift. We
find harder indices than either of these measurements. This may be due to our individual
dereddening of the sources or there being more fractional variability at shorter wavelengths.
An additional constant component which is cooler than the disc would make the total average
nuclear spectrum appear redder than the variable part. The consistency of the variable spectra
with a flat disc suggests that variable clouds obscuring the disc are unlikely to play a major
role at the radii (~ 50 — 1000r,) probed here.

Contrastingly, we find that the variable X-ray spectra are softer than the average spectra.
The X-ray variability is thought to come from fluctuations in the accretion rate in the
innermost regions of the disc (e.g. Kelly et al., 2011; King et al., 2004; Lyubarskii, 1997;
Zdziarski, 2005). The softer variable spectra are probably due to the shortest time-scale
variations in the harder emission being averaged out across an observation. There may also
be a contribution from the continuum varying more than the reflected part, which blurs out
variations because it is produced over a larger region. Since the continuum is softer than the
reflection it produces, the variable spectrum is softer.

Various groups (e.g. Gibson et al., 2008; Grupe et al., 2010; Just et al., 2007; Vagnetti
et al., 2013, 2010) study the relationship between the UV and X-ray average luminosity and
find an opx-Lyy anticorrelation: brighter UV sources have a lower Lx avg /Luv, Avg- We find
that this is also the case for the variable part of the emission. This means that the fractional
variability of UV and X-ray emission behaves similarly between sources, suggesting a link
between the two, as expected for an accretion disc and corona system.

2.4.3 Sources of variability

We find that our variable UV spectra are described well by a simple powerlaw. The indices
are consistent with those expected for the emission from a disc heated by internal dissipation
in the accretion process or by illumination by a central source.

To determine whether the variable UV spectral slope is the result of illumination or a
variable accretion disc, we consider the expected time-scales of the two potential variability

mechanisms. The shortest time-scales occur towards the centre of the disc, which are
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principally probed by the higher energy bands. For our fiducial 103 M., black hole, the
shortest wavelength W2-band has a half light radius of ~ 50 r,. The viscous time-scale at this
radius is of the order of 1000 years, so variations in accretion rate due to viscous processes
would not occur over the duration of our observations. However, the light-crossing time-scale,
which governs variable illumination, is around 1 day and therefore consistent with these

observations.

2.4.4 X-ray reprocessing

The variable X-ray emitting corona above the accretion disc directs some of its radiation
towards the disc; this is seen both in X-ray reflection spectra (e.g. Tanaka et al., 1995) and
X-ray reverberation (e.g. Alston et al., 2014; Fabian et al., 2009; Kara et al., 2016a). If some
of this energy is absorbed by the disc, it will be re-emitted thermally in the UV (Lightman
and White, 1988). This would suggest a connection between the UV and X-ray emission
aside from the feeding of the corona with disc photons.

The correlation between X-ray and UV variability with the UV variations occurring after
those in the X-rays in 9 of our sources strongly suggests that X-ray variations drive at least
part of the UV variability in those objects. This could be explained by some of the UV
variability being due to reprocessing of X-ray radiation.

We find that there is comparable variable power in the UV and X-ray bands that we
measure. While this does not include all of the power in either band, it shows that the X-ray
variations are sufficiently powerful to drive a significant component of the observed UV
variability.

We also note that the X-rays have a level of steady emission: the minimum flux of
a given source is typically around one third of the peak flux. If variable illumination is
indeed producing notable changes in UV flux, the effect of steady illumination will also be a
significant factor in the average flux of the disc.

Further support for the reprocessing scenario comes from the fact that of the 9 sources
in which we detect correlated variability, 5 also have iron K reverberation lags (Kara et al.,
20164, 2013a,c). Two of the sources which have measured UV but not iron K lags, Fairall 9
and Ark 120, have relatively high black hole masses (Mpy = 8.41 and 8.18 respectively)
so the expected iron K lags become difficult to detect due to the length of an XMM orbit.
Alternatively, the detection of only UV lags may be because the coronal emission is less
focussed to the central regions in sources without iron K lags, so more coronal variable
power is delivered to the outer regions of the disc which respond in UV. Equivalently, iron K
reverberation is measured in 1H 0707—495 (Fabian et al., 2009; Kara et al., 2013b; Zoghbi
et al., 2010), IC 4329A and PG 1211+143 (both Kara et al., 2016a) but we do not find
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significant correlations, which may reflect a greater proportion of the coronal variability
being focussed towards the central regions.

Some previous studies (e.g. Edelson et al., 2015; Shappee et al., 2014; Troyer et al., 2016)
have found that the lags in the DCF are longer than the light travel time for a standard thin
disc by a factor of a few. Our measurement of the average lag is not sufficiently precise to
distinguish between a standard thin disc and these longer measurements. Even where lag
times are incompatible with a standard thin disc, there are various explanations for this which
still allow for X-ray reprocessing to occur. For example, the perceived disc lags can also
be increased by UV emission from emission lines and the Balmer continuum (Korista and
Goad, 2001). If these come from the larger BLR, the lags will appear longer. Dexter and
Agol (2011) suggest that local fluctuations in the disc temperature allow hot regions to exist
significantly further out than their average radius. These distant hot regions will increase the
measured lags while maintaining a thin disc temperature profile on average.

However, the lightcurves are sometimes far from perfectly correlated (for example, the
peak correlation coefficient for Fairall 9 is around 0.5), which suggests that at least one of
the bands shows variations which do not affect the other. For example, relativistic light
bending (Miniutti and Fabian, 2004) allows the disc to see different variability from a distant
observer, particularly if the coronal geometry is changing. It is likely that there are also
intrinsic fluctuations in the disc which add to the UV variable power. Variable reddening
of the disc emission would also increase the observed UV variable power. The presence of
some additional UV variability is supported by Uttley et al. (2003), who find more fractional
variability in NGC 5548 in the optical (5100 A) than X-rays in lightcurves binned on a 30
day time-scale.

We therefore conclude that X-ray reprocessing is likely to happen to some extent in all
sources and that it is the origin of the observed UV/X-ray lags. However, X-ray reprocessing
may not be the only driver of UV variability. Since the viscous time-scale is so much longer
than the time-scale of the observed variations, any additional fluctuations must be governed

by other processes such as magnetism.

2.5 UV/X-ray correlations in individual sources — compar-

ison with previous results

2.5.1 1HO0707-495

In agreement with our results, Robertson et al. (2015) did not find strong correlations between

X-ray and W1 band variability in a 7 day long XMM observation, which they ascribe to a
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particularly compact corona. They found low significance (~ 95%) UV leads, which we
also find (at similarly low significance) in the longer lightcurves presented here. These
could be due to upscattering of UV emission in the corona. Seemingly at odds with these
findings, X-ray studies have found strong evidence of iron K and L reverberation lags (Fabian
et al., 2009; Kara et al., 2013b; Zoghbi et al., 2010) and relativistic reflection (Dauser et al.,
2012; Kara et al., 2015) in this source. However, the Swift monitoring includes a period
where TH0707—495 is in a very low state, and the X-ray reflection is concentrated towards
the centre-most region of the disc due to illumination from a low corona (~ 2R;) (Fabian
et al., 2012). The most illuminated region (S 10R,) is smaller than the region (~ 500R,)
responsible for the bulk of the W2-band emission. This would make UV-X-ray lags hard to
detect.

2.5.2 Fairall 9

We detect UV lags in all 6 bands, which are largely consistent with the expectations from a
thin disc. Recondo-Gonzalez et al. (1997) find variability of up to a factor of 33 +4 in IUE
data of the source, but the mean sampling interval of 96 days is too long to detect lags, giving
an upper limit on the lag of 4298 A behind 1400 A of 80 days, consistent with our results
of lag lengths of a few days. Lohfink et al. (2014) study 2.5 months of Swift monitoring
and an XMM observation. They find correlated variability between UV-optical bands on all
time-scales measured, down to the Swift sampling time. The additional data now available
allow us to show that the longer wavelengths lag the shorter ones. They also find rapid UV
flares in the XMM observation, with a lag behind the X-rays of 1 — 2 hours at 20 significance.
We do not have sufficient sampling cadence to verify this result.

2.5.3 MCG-6-30-15

Despite the well-sampled M2-band lightcurve, we are unable to detect lags in MCG-6-30-15.
Lira et al. (2015) studied long-term lightcurves in X-rays and optical/near-IR; they found
only a weak correlation between X-rays and the B-band which does not put useful constraints
on the lag. They do find correlations between different optical bands with longer wavelengths
lagging shorter ones; these lags are consistent with a 7 o< A*/3 relation but for a disc larger
than expected by up to a factor of 4, indicating that weak reprocessing might be taking
place. Arévalo et al. (2005) studied a ~ 5 day long XMM observation and found that the
U-band emission leads the X-rays by 1.9f8:§ days, as would be expected for X-rays which
are produced by Compton upscattering of UV photons. We would expect to detect such a lag

if it were present in the observations analysed here.



2.5 UV/X-ray correlations in individual sources — comparison with previous results 51

While a broad iron Ko line attributed to disc reflection has been detected in the mean
X-ray spectrum (Fabian and Vaughan, 2003; Tanaka et al., 1995), Kara et al. (2014b) were
unable to find an iron K lag despite having enough counts and variability. They suggest that
some variability may be due to geometrical changes in the corona, which would not cause
correlated changes in the iron K emission. Miller et al. (2008) suggest that the red wing of
the iron line may be caused by complex absorption, which would not show an iron K lag.
However, using high energy NuSTAR data, Marinucci et al. (2014) favour the relativistic
reflection interpretation.

Rapid changes of the geometry of the source could explain the difficulty of detecting
X-ray reverberation and reprocessing in the source despite the existence of reflection features

in the spectrum.

2.54 Mrk 335

We detect a correlation between X-rays and the W2-band but only constrain the lag to
0+£2.9days. Grupe et al. (2012) studied the first half of the Swift monitoring used here,
finding strong variability but no significant correlation between the X-ray and UV flux. The
additional W2 measurements collected after 2012 allow for the detection of a significant
correlation now. While we do not determine the direction of the lag, strong reflection (e.g.
Parker et al., 2014b) indicates that the X-rays illuminate the disc, so some reprocessing is

likely to occur and may well be the cause of the correlated variability.

2.5.5 Mrk 509

We do not detect a significant lag in Mrk 509. Since we have only 27 data points for Mrk 509,
we would not expect to do so. Marshall et al. (2008) find the optical (R-band) flux leads
the X-rays by 15 days in observations from RXTE and ground-based measurements by the
SMARTS consortium. Mehdipour et al. (2011) find a correlation between disc and soft
X-ray flux in XMM and Swift measurements, which they attribute to warm Comptonisation
producing the soft excess. This interpretation agrees with Boissay et al. (2014), who study
spectra from a large XMM/INTEGRAL campaign.

2.5.6 NGC 3516

We find a 1.6 £ 1.5 day lag of the W2-band behind the X-rays. Edelson et al. (2000) find no
significant UV/X-ray correlation in a 3 day observation with HST, RXTE and ASCA. Such a
short observation is unlikely to detect a lag of the length which we find. Maoz et al. (2002)
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find a possible 100 day lag of the X-ray relative to the R-band but the correlation is not
detected in a longer observation (Maoz et al., 2002). They suggest that this may be due
to the initial section of the observation being at a higher flux level, in which the X-rays
are dominated by a component of emission which does correlate with the UV but is less
significant at lower fluxes. Noda et al. (2016) studied observations from Suzaku and Japanese
ground-based telescopes. They found a correlation between the hard X-rays and the B-band
with the X-rays lagging by 2.0f8:g days, which like our measurement is larger than expected
for a thin disc.

2.5.7 NGC 4051

The Swift data for NGC 4051 are insufficient in number and frequency to measure the
expected lags. While we find a formally significant correlation at 15 days lag, this corresponds
to superposing the well sampled ends of the 35 day lightcurves with the unsampled middle of
the lightcurve. Peterson et al. (2000) analysed 3 years of RXTE and ground-based observations
and found that the long time-scale (>30 day) variability is correlated between optical and
X-rays with a lag range of —106 to 68 days. Shemmer et al. (2003) found in 60 days of
intensive RXTE monitoring that the DCF centroid showed a UV lead but that the peak may
be at a lag, suggesting that both inward propagating fluctuations and X-ray reprocessing are
responsible for some of the correlation. Alston et al. (2013) studied the UV/X-ray variability
on short time-scales with XMM and found a 3 ks W/-band lag relative to the X-rays. The
strength of correlation indicates that 25% of the UV variance is caused by X-rays. The lag
is somewhat shorter than the ~ 0.2 day lag detected by Mason et al. (2002) with XMM in
the same band at only 85% confidence. Breedt et al. (2010) correlated 12 years of RXTE
observations with u to /-band measurements, finding that a A4/3 relation fits well and that
the scaling, subject to significant uncertainties, is consistent with thin disc predictions. As
well as lags of a few days, they find lags of ~ 40 days which they suggest may be due to the

dusty torus which surrounds the inner regions.

2.5.8 NGC 5548

We find lags in all bands, increasing with wavelength and always longer than predicted for
a thin disc, but consistent within the uncertainties. The STORM campaign has provided
an extensive dataset from X-rays to IR: Edelson et al. (2015) measure the UV/X-ray lags
against the Hubble 1315 A band; and (Fausnaugh et al., 2016) extend the wavelength range
to the z-band (~ 9160 A). This finds that the lags are broadly consistent with T o< A%/3 but

that the disc radius is around 3 times the thin-disc prediction. This is in agreement with our
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findings, which is expected as the majority of Swift data for NGC 5548 is part of the STORM

campaign.

2.5.9 NGC 7469

We detect significant correlations in 4 UV bands. Our lag measurements are consistent with
a thin disc but are poorly constrained. Studying the UV only, Wanders et al. (1997) find
delays of UV lines and continuum behind the emission at 1315 A. They find lags increasing
with wavelength over 1315-1825 A. Collier et al. (1998) find lags between 1315 A and
4865,6962 A. Kriss et al. (2000) use a HST-FOS spectrum over 1150-3300 A to better extract
spectral bands which are less contaminated by line emission. These measurements of UV
continuum lags find that the lags follow a A%/3 relation. Collier et al. (1999) use these lags
to determine Hy; their value for Hy = 42 £9km g1 Mpc_1 is lower than is now accepted,
corresponding to the lags being longer than expected. However, Nandra et al. (1998) find a
4day UV (1315 A) lead relative to the X-rays. This could indicate that UV upscattering and
X-ray reprocessing are both responsible for some of the correlations.

2.5.10 PG 1211+143

We find peaks in the DCF at 0 + 5 days, consistent with previous findings, but these are not
significant at the 99% level. Bachev et al. (2009) studied the first section of Swift observations,
along with ground-based photometry down to /-band. They found lags compatible with a
A*/3 relation at approximately twice the expected lag. Papadakis et al. (2016) also analyse
the first Swift section of this dataset but find that the UVOT measurements are consistent
with constant flux. Lobban et al. (2016) studied the second section of Swift observations
along with XMM-PN/OM data, finding marginally significant X-ray/UV correlations with
lags < 1 day.

2.6 Conclusions

We have presented a variability analysis of archival Swift data from AGN monitoring.

We find that essentially all bands vary and that the variable part of the UV emission has a
spectrum consistent with that of the thermal emission from dissipation in an accretion disc or
central illumination of a flat disc. The time-scales of variability and lags of UV relative to
X-ray variability show that the latter is principally responsible.

The variable power in sources with heavier black holes is higher. The variable UV power

increases faster than the variable X-ray power, as is the case for the average emission.
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The X-ray and UV variations are significantly correlated in 9 sources; the data for the
remaining sources are not sufficient to detect a correlation. All measurements of correlated
X-ray/UV variability are consistent with the UV lagging the X-rays. We associate this with
the reprocessing of X-rays on the accretion disc.



Chapter 3

Is there a UV/X-ray connection in
IRAS 13224-3809?






Abstract

We present results from the optical, ultraviolet and X-ray monitoring of the NLS1 galaxy
IRAS 13224-3809 taken with Swift and XMM-Newton during 2016. IRAS 13224-3809 is the
most variable bright AGN in the X-ray sky and shows strong X-ray reflection, implying that
the X-rays strongly illuminate the inner disc. Therefore, it is a good candidate to study the
relationship between coronal X-ray and disc UV emission. However, we find no correlation
between the X-ray and UV flux over the available ~ 40 day monitoring, despite the presence
of strong X-ray variability and the variable part of the UV spectrum being consistent with
irradiation of a standard thin disc. This means either that the X-ray flux which irradiates the
UV emitting outer disc does not correlate with the X-ray flux in our line of sight and/or that
another process drives the majority of the UV variability. The former case may be due to
changes in coronal geometry, absorption or scattering between the corona and the disc.

3.1 Introduction

AGN are the most luminous persistent point sources in the Sky in the optical to X-ray bands.
They have a significant impact on galaxy evolution and are therefore of great interest for
study. Since AGN are unresolved with current instruments in the X-ray band, their structure
must be inferred from properties of their spectra or the variability of their emission.

A significant fraction of their bolometric luminosity is emitted in the X-ray band from a
small region known as the corona (Haardt and Maraschi, 1993; Merloni and Fabian, 2003).
Microlensing (Chartas et al., 2012; Dai et al., 2010) and timing (De Marco et al., 2013, 2011;
Kara et al., 2016b, 2014a; Reis and Miller, 2013) results show that this is often smaller than
10r, in size. Much of the X-ray power from the corona is directed towards the accretion disc,
as seen in reflection features in the X-ray spectrum (Fabian and Ross, 2010; Tanaka et al.,
1995).

Additional evidence that the X-ray emission affects the disc is that variations in X-ray
and optical fluxes are often seen to be correlated (e.g. Alston et al., 2013; Buisson et al.,
2017; Edelson et al., 2015; Fausnaugh et al., 2016; Gliozzi et al., 2017; Lobban et al., 2017;
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Shappee et al., 2014). Where the optical emission lags the X-rays, this is often interpreted
as heating of the disc by the additional X-ray flux directed towards the disc (Lightman and
White, 1988). In some cases (e.g. Edelson et al., 2017; Troyer et al., 2016), the lags are longer
than predicted for a standard thin disc (Shakura and Sunyaev, 1973) and the X-ray lightcurve
does not always match the inferred driving lightcurve (Starkey et al., 2017). This may be
explained by a larger disc or an additional stage of reprocessing (Edelson et al., 2017; Gardner
and Done, 2017). There is also now good evidence that diffuse continuum emission from the
broad line region can also contribute significantly to the lags, which needs to be accounted for
(Cackett et al., 2017; McHardy et al., 2018). Sometimes, the optical emission is found to lead
the X-ray emission (Arévalo et al., 2005), which is interpreted as Compton upscattering of
the optical photons to X-rays (Haardt and Maraschi, 1991) or the propagation of fluctuation
inwards through the disc (Arévalo and Uttley, 2006; Lyubarskii, 1997). However, sometimes
no correlation is found (e.g. Robertson et al., 2015). Continued study of optical to X-ray
variability in more sources has the potential to provide more information on why correlations
are seen only in some sources.

The narrow line Seyfert 1 (NLS1) galaxy IRAS 13224-3809 (z = 0.066, Mgy = 10 —
10’ M, Zhou and Wang 2005) is the most variable AGN in X-rays, often showing changes in
X-ray flux by a factor of 50 on timescales of less than one hour (Boller et al., 1997; Dewangan
et al., 2002; Fabian et al., 2013). Its X-ray spectrum shows a soft continuum with strong
relativistic reflection and soft excess (Chiang et al., 2015; Fabian et al., 2013; Ponti et al.,
2010, Jiang et al. submitted). The soft X-ray continuum suggests that IRAS 13224-3809
is accreting at a high Eddington fraction (riz ~ 0.7 using the relation from Shemmer et al.
2008). It shows little X-ray obscuration, although the recent XMM-Newton observations
have allowed the detection of an Ultra-Fast Outflow (UFO) which is observed only at low
X-ray flux (Parker et al., 2017a,b). Previous studies show that IRAS 13224-3809 has little
absorption in the UV and that the CIV emission line is asymmetric and blueshifted (Leighly,
2004; Leighly and Moore, 2004), which may indicate an outflow out of the line of sight.

The strong X-ray variability and reflection suggest strong variable heating of the disc,
so IRAS 13224-3809 is an ideal candidate to study UV/X-ray relations. The source is a
member of the sample studied in Buisson et al. (2017) to find UV/X-ray relations. This work
found a marginally significant (26 confidence) lag of UM2-band (~ 2170 A) behind X-ray
emission, suggesting that X-ray reprocessing may occur in this source. Here, we present the
results from the Optical Monitor of the recent 1.5 Ms XMM-Newton observing campaign of
IRAS 13224-3809, along with associated Swift monitoring (50 ks XRT exposure over the
period 7™ July to 14" August 2016).
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Fig. 3.1 Image from XMM-Newton-OM showing IRAS 13224-3809 (red, left) and nearby
secondary source (blue, right). The scalebar indicates 1 arcmin.

The increase in data now available allows us to study more of its properties. The additional
Swift monitoring allows us to measure the optical/UV variable spectrum and the extensive

XMM-Newton coverage provides constraints on the short timescale UV/X-ray relation.

3.2 Observations and Data Reduction

3.2.1 XMM-Newton

We use XMM-Newton (Jansen et al., 2001) data from the recent very large programme (P.I.
Fabian) dedicated to monitoring IRAS 13224-3809, with observations from July to August
2016. Here, we consider X-ray lightcurves from the EPIC-pn (Striider et al., 2001) instrument
and ultraviolet lightcurves from the Optical Monitor (OM, Mason et al. 2001). To provide
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Fig. 3.2 Lightcurves of IRAS 13224-3809 from XMM-Newton (black) and Swift (red). Upper
panels show, from top to bottom: X-rays (0.3 —10keV), W2-band, M2-band, WI-band,
U-band, V-band. Note that the W1 filters of Swift and XMM-Newton, although plotted in the
same panel, are not identical. Lower panels show detail of the X-ray and UV lightcurves of
the three XMM-Newton orbits with the strongest X-ray peaks. There is no apparent response
of the UV emission to the X-ray peaks.
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continuous coverage, the OM observations were taken in the W/-band throughout and used a
typical frametime of 2700 s.

The pn data were reduced using the standard task EPCHAIN, using a 50 arcsec circular
source region and an annular background region comprising radii from 60-90 arcsec. Data
were taken in Large Window mode, leading to mild pileup in the brightest X-ray states. While
this may affect the detail of the X-ray spectra, the pile-up is too weak to have a significant
impact on the work presented here (< 15 % flux loss at the lightcurve peaks). Additionally,
since pile-up is roughly proportional to flux, any effect on correlation measurements is minor.
Lightcurves were produced with EVSELECT and EPICLCCORR and rebinned to match the
cadence of the OM frames.

The OM photometry of IRAS 13224-3809 is complicated by a nearby (7.5 arcsec separa-
tion) source (see Fig. 3.1) which causes the default execution of XMMEXTRACTOR to fail.
We therefore take count rates directly from the images using the photometry tool IMEXAM
from ZHTOOLS, extracting counts from within an aperture of radius 3 arcsec, using a nearby
source-free circular region of radius 18 arcsec for background subtraction. We correct the
count rates for deadtime and coincidence losses using the factors given by OMICHAIN. These
corrections are between 1.043 and 1.049 for all points apart from one which is 1.029.

In 18 exposures, a count rate less than O is returned, which we exclude — the sky
coordinates on these images are wrong (part of OBSID 0792180501). One further point in
OBSID 0792180201 is unreasonably low (about 4 times less than neighbouring points) so it
is also excluded. This leaves 524 good OM exposures.

We also produce a lightcurve of the nearby source to ensure that it does not affect our
results. To minimise the effect of stray light from the edges of the PSF of IRAS 13224-38009,
we use a 2 arcsec radius circular aperture. This shows that the nearby source is too faint
and insufficiently variable to affect the lightcurves of IRAS 13224-38009: its flux is 10 % of
IRAS 13224-3809 and its variability is consistent with Poisson noise.

322 Swift

Swift UVOT (Gehrels et al., 2004; Roming et al., 2005) lightcurves were extracted from
level II image files using the tool UVOTSOURCE. We used a circular source region of 5
arcsec radius and a circular background region of 15 arcsec radius from a nearby source free
area of the detector. We excluded exposures where the source region overlaps areas of the
detector known to produce low count readings (Edelson et al., 2015). The good exposures
are then summed across a whole observation. We converted count rates to fluxes using the
conversion factors in Poole et al. (2008). UV fluxes were corrected for Galactic reddening
using E(B—V) = 0.0601 (Kalberla et al., 2005). We use lightcurves from all UVOT filters
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apart from the B-band, since the three observations available in this band are insufficient to
produce reliable variability measurements.

Swift XRT (Burrows et al., 2005) lightcurves covering the 0.3 — 10keV energy band
were produced using the online tool available on the UK Swift website! (Evans et al., 2009,
2007). The XRT was operated in PC mode. The source region is a circle of radius 1.2 arcmin.
The background region is an annulus with radii from 2.3 to 7 arcmin (with point sources
removed).

The lightcurves from all instruments are shown in Fig. 3.2.

Except where noted, errors are given at the 1-c level.

3.3 Results

3.3.1 Mean SED

We show the mean SED of IRAS 13224-3809 in Fig. 3.3. The UV points show the mean flux
across the full Swift lightcurve; the X-ray points show the mean XMM-Newton spectrum from
Jiang et al. (2018). We characterise the UV spectrum with a powerlaw of the form f; o< A%
and exclude the V-band since Vanden Berk et al. (2001) show that there is a strong break
in powerlaw index at around 5000 A, blueward of the V-band. This gives o« = —1.24+0.1,
slightly softer than the mean quasar spectrum (&¢ = —1.56) found in Vanden Berk et al.
(2001), suggesting that there is some contribution from the host galaxy.

From the simultaneous optical to X-ray SED, we can estimate the bolometric luminosity.
We approximate the intrinsic AGN emission as a thin disc (for the UV, black in Fig. 3.3)
plus a hot blackbody (for the X-ray soft excess, green) and a powerlaw (for the hard X-
ray component, blue). The hot blackbody and powerlaw are directly fit to the X-ray data
excluding the reflection dominated region above 3 keV; we do not attempt to fit the reflection
here since its contribution is small compared to the uncertainty in the disc flux. The disc
normalisation is set by assuming that the flux from the highest energy UV band is entirely
due to the disc. There is likely to be some host galaxy contamination but this is unlikely to
be significant compred to the uncertainty due to the temperature: the host is not visible in
the UV image and the observed variability shows that there is significant AGN contribution.
The principal source of uncertainty is the disc temperature, which is poorly constrained as
the cut-off lies in the unobserved extreme UV; we take the lower limit as measured from the
RMS spectrum (see Sec. 3.3.2) and take the upper limit as being where the disc emission
becomes too great to be consistent with the observed X-ray emission. This gives a bolometric

Uhttp://www.swift.ac.uk/user_objects/
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Fig. 3.3 Mean SED of IRAS 13224-3809. Optical/UV points (red) are from Swift-UVOT
(and do not have the contribution from the host galaxy subtracted); X-ray points (black)
are from XMM-Newton-pn (Jiang et al., 2018). The grey region indicates the range of SED
models used to derive the bolometric luminosity (see text for details). The components of the
model are: the disc (black); a blackbody accounting for the soft X-ray excess (green); and a
powerlaw for the hard X-ray emission (blue). The contribution to the hard (2 3 keV) X-ray
emission from reflection is not accounted for but is insignificant.
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Fig. 3.4 RMS spectrum from Swift-UVOT data. The black line shows a powerlaw fit, with
index o@ = —2.67 +0.15. The red line has the index expected of a thin disc, o¢ = —2.33.
Errors in wavelength represent the half maximum of the filters.

luminosity range of 4 x 10* — 1.3 x 10%¥ ergs~!. For Mgy = 10° — 10’ M., this implies an
Eddington fraction m = 0.3 — 10. While this is not a strong constraint (due largely to the
poorly-determined black hole mass), a high Eddington fraction is widely regarded as typical
of NLS1s and agrees well with estimates of the Eddington fraction from other methods, such
as rir ~ (.7 using the I' — 1 relation of Shemmer et al. (2008).

We also consider the relative X-ray and UV power, using the standard measure aox
(e.g. Vagnetti et al., 2010). This gives apx = —1.46, which is compatible with (though at
the X-ray weak end of) values found by various authors who have presented a Lyy — 0px
relation (0px = —1.18, Gibson et al. 2008; apx = —1.31, Grupe et al. 2010; opx = —1.46,
Xu 2011).
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Table 3.1 Fits to the PSD of the XMM-Newton-OM lightcurve with a powerlaw plus noise
model, P(f) = a(f/10~*Hz)P +C.

Model Norm () Index (8) Noise (C) x?/(d.o.f)
Fixed noise  0.134+0.06 —1.3+0.3 0.557 5.68/5
Fixed index 0.04040.013 —2.0 0.61 £0.05 8.10/5
Free 0.70£0.050 —-0.5+0.1 <0.35 2.45/4

3.3.2 Swift variable UV spectrum

To characterise the emission of the innermost regions, we study the variable part of the UV
spectrum to avoid contamination by the host galaxy.

We characterise the variable part of the spectrum with the error corrected RMS flux
variability, f var = /62 — £2 (Edelson et al., 2002; Nandra et al., 1997a) as in Buisson et al.
(2017), taking the measured standard deviation, ¢, and mean square error, €2, from the whole

lightcurve. Errors on this quantity are given by err( f/%,\/ar) = \/LN \/ ( \/58‘2> 2 i (2 \/Z f/l,\/ar) 2 X2
(Vaughan et al., 2003a).

The spectrum this produces (Fig. 3.4) is consistent ()2 /d.o.f. =2.8/3) with a powerlaw,
f3, o< A%, with index ot = —2.67+0.15 (or in frequency units, fy o< VA, with B =0.6740.15).
This is consistent at 2-0 with the expected index for the emission produced by irradiation of
a thin disc (¢ = —2 to -2.33, B = 0 to 0.33, Davis et al., 2007) and significantly flatter than
the Rayleigh-Jeans tail of a single-temperature blackbody (o = —4, 8 = 2).

Since the variability is expected to originate in a disc spectrum, we also test a powerlaw
with an exponential cut-off representing the maximum temperature at the inner edge of the
disc. This places an upper limit of 1440 A on the cut-off (at 90% confidence), corresponding
to a blackbody temperature of > 10° K. However, such a low cut-off requires a steeper
powerlaw index, o = —4. This limit to the temperature is less than that predicted for a
standard disc (Shakura and Sunyaev, 1973), even for conservative parameters for IRAS 13224-
3809 (Mgy = 10’ M, i = 0.1), so the spectrum is consistent with the temperature of a
standard disc.

3.3.3 Short timescale optical variability

While the UVOT lightcurve shows that IRAS 13224-3809 varies over the course of the
observing campaign, we also seek to characterise that UV variability on shorter timescales
with the XMM-Newton-OM data.

We calculate the average power spectral density (PSD, Vaughan et al. 2003a) of the

optical monitor data over the whole observation. Since calculating the PSD requires an
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Fig. 3.5 PSD of optical monitor data. The estimated Poisson noise level is shown by the
dashed line. Solid lines show fits with a powerlaw plus noise model, P(f) = o.f? +C. Red:
fixed index (B), free noise (C). Blue: free index, fixed noise. Black: both free. See Table 3.1
for full parameters.
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evenly sampled time series, we split the observations where consecutive points are separated
by more than 1.5 times the average. We then take sections of 120 ks and linearly interpolate
onto a regular time grid. We calculate the periodogram for each section separately and
average these into frequency bins containing at least 20 points to give the PSD. This is shown
in Fig. 3.5. The expected Poisson noise level is calculated from equation A3 in Vaughan et al.
(2003a) and shown as the dashed line in Fig. 3.5. We also fit the PSD with a sum of powerlaw
red noise and Poisson white noise. The resulting parameters are shown in Table 3.1. The
shape of the power spectrum is dependent on the assumptions made about Poisson noise,
so we cannot simultaneously constrain the shape of the power spectrum and the level of
Poisson noise, which only dominates at higher frequencies. Owing to the large uncertainties,
there is insufficient statistical evidence to choose one model over another. We expect that
fixing the Poisson noise to the calculated value gives the most reliable intrinsic PSD shape,
P(f) o< f1:3%93 Independent of the exact model chosen, the UV PSD shows that the UV

variability has the form of red noise on short timescales.

3.3.4 X-ray/UYV correlation

To study the link between the emission from the accretion disc and coronal X-ray emission,
we search for correlations between UV and X-ray flux in the XMM-Newton observations.

Initially, we produce a flux-flux plot (Fig. 3.6) to detect correlations between simultaneous
X-ray and UV emission. This shows no strong correlation between the two bands, with
Pearson coefficient r = —0.02 (r = 0.025 in the logarithmic domain) when using the full
0.3-10keV band. When drawing lightcurves from uncorrelated red noise (from the same
power spectra used for the DCF simulations presented below), a stronger correlation occurs
with probability p = 0.95 (0.94). To determine whether the UV correlates with only the
primary continuum (rather than the soft excess or reflected emission), we also consider the
2-4keV band, which is dominated by the primary emission. This also shows no correlation
(r=-0.15, p=0.61; r = —0.17, p = 0.60 logarithmically) with the UV.

To test whether the lack of correlation seen in the flux-flux plot is due to a lag between
X-ray and UV emission, we use the discrete cross-correlation function (DCF, Edelson and
Krolik, 1988) from a single light curve of the whole observation so that timescales up to the
full length of the observation are included.

To assess the significance of any correlations, we simulated 10 000 pairs of uncorrelated
light curves and estimated 95 and 99% confidence intervals from the DCFs measured
from these light curves. We used the method of Timmer and Koenig (1995) to generate
light curves with appropriate red-noise power spectra. Since the shape of the UV PSD
is poorly constrained, we use a simple power law with P(f) o< f~% with a = 2 for the
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Fig. 3.6 Flux-flux plot of X-rays (top: 0.3—10keV, full band; bottom: 2—4 keV, powerlaw
dominated) against UV (XMM-OM W1, 2910 A). No correlation between the two bands is
apparent.
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Fig. 3.7 DCF of X-rays (0.3—10keV) against UV (XMM-OM W1, 2910 A). Blue and Red
lines indicate 95 and 99 % confidence intervals around O correlation.
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UV. For the X-rays, we use a broken power law with & = 1.1 and 2.22 below and above
6 x 107> Hz respectively for the X-rays (Alston et al, in prep.). We extract count rates at
times corresponding to the real observations and draw our final simulated data from a Poisson
distribution with mean equal to the simulated rates multiplied by the frame time.

The DCF is shown in Fig 3.7. There are no significant correlations between the X-ray and
optical monitor data. Possible anticorrelations are detected at +3.5 and —2.5 days, although,
since there is little physical motivation for such anticorrelations, these may be sampling
artefacts due to the gaps between XMM-Newton orbits. A spurious detection is not unlikely
as 5% of points are expected to lie outside the 95% confidence interval. To test whether only
some components of the X-ray emission are correlated with the UV, we test different X-ray
bands to isolate the soft excess and powerlaw components; this produces similar results so
we show the full band to maximise signal.

3.4 Discussion

AGN almost universally show variability in their optical to X-ray spectra (e.g. Cackett et al.,
2007; Ponti et al., 2012). Typically, the UV and X-ray emission are seen to correlate, with the
UV often lagging the X-rays, indicative of reprocessing (e.g. Buisson et al., 2017; Edelson
et al., 2015; McHardy et al., 2016).

We have found that for IRAS 13224-3809, the variability in the UV emission does not
clearly correlate with variability observed in X-rays. This lack of correlation is unusual but not
unique: for example, 1H 0707—495, which has a similar X-ray spectrum to IRAS 13224-3809
(Fabian et al., 2009), also shows no correlation between X-ray and UV emission (Robertson
et al., 2015). While these non-detections use XMM-Newton-OM monitoring covering shorter
timescales than are achievable with missions such as Swift, X-ray reprocessing should be
detectable in the XMM-Newton campaigns: there is strong X-ray variability observed on
timescales much shorter than the monitoring campaign. Indeed, UV/X-ray correlations
have been detected with XMM-Newton for other sources (e.g. McHardy et al., 2016) and
in shorter Swift campaigns (e.g. Edelson et al., 2017; McHardy et al., 2018; Pal and Naik,
2017). Additionally, AGN cover a wide range of black hole mass and the timescale for
variability processes scales linearly with Mgy. Therefore, timescales probed with Swift
campaigns for large Mgy (e.g. FAIRALL 9, where correlations are observed Buisson et al.,
2017; Lohfink et al., 2014) are equivalent to the timescales probed here, where the lower
black hole mass means timescales are correspondingly shorter. Sources that do not show
UV/X-ray correlations must have different emission to typical AGN in one or both of the UV
and X-ray bands.
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One possibility for the lack of UV/X-ray correlation is that there are significant sources
of UV variability other than X-ray irradiation. This is likely to occur in some AGN as Uttley
et al. (2003) found more fractional variability in the optical than X-ray emission in NGC 5548
(although in this case the optical and X-ray variability were correlated). One such source
is the intrinsic disc fluctuations which propagate inwards to produce the X-ray variability.
However, at the radii which produce the Wi-band emission, the characteristic timescale of
these fluctuations is much longer than the observations analysed here.

If the lack of correlation is due to an extra source of UV variability, the UV variability
would be expected to be larger than in typical AGN. On timescales comparable to a night
(2 x 1073 — 2 x 107*Hz), we find variability of 0.4 0.1 %, consistent with Young et al.
(1999), who found an upper limit on the optical variability of 1 % within a night. We
can also make a direct comparison between the fractional variability of IRAS 13224-3809
and 1H 0707—495. Robertson et al. (2015) present the fractional variability of 1H 0707—
495 in two sets of 4 continuous orbits. To compare the same timescales, we consider
the 4 consecutive XMM-Newton orbits of IRAS 13224-3809 with OBSIDs 0780561501
0780561801 (other sections of consecutive orbits give similar results). This epoch has, in the
W1i-band, Fy,y = 1.0£0.1 %. These values are very similar to those of 1H 0707-495, being
between the values for the two epochs presented in Robertson et al. (2015).

Therefore, both IRAS 13224-3809 and 1H 0707—495 show only modest UV variability,
close to the average of 1.2% found by Smith and Vaughan (2007) for a sample of AGN
measured with the optical monitor. The similarity of the UV variability in both these sources
to sample averages (e.g. Grupe et al., 2010) may suggest that it is the nature of their X-ray
rather than UV variability which prevents the detection of UV/X-ray correlations.

Despite the lack of UV/X-ray correlation, the variable part of the UV spectrum has the
shape expected of an irradiated disc, as found for a number of other AGN in Buisson et al.
(2017) (note that while IRAS 13224-3809 was included in this paper, the Swift data at the
time of writing were insufficient to produce a RMS spectrum). This also suggests that the
lack of UV/X-ray correlation may be due to unusual X-ray rather than UV emission. To
further constrain the nature of the UV/optical emitting region, it would be desirable to study
inter-band UV/optical lags, which are sometimes seen to match thin disc expectations even
when X-ray lags do not (e.g. Edelson et al., 2017). However, the available Swift data are
insufficient to constrain these lags.

For X-ray heating to be a plausible mechanism to drive the UV variability, there must
be sufficient X-ray power to cause the observed changes in UV flux. To determine the
regions responsible for W/-band emission in IRAS 13224-3809, we consider a thin disc
(Shakura and Sunyaev, 1973) illuminated by a central X-ray source (Cackett et al., 2007).
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Fig. 3.8 Emission at the central wavelength of the W/-band from a standard disc with
representative parameters for IRAS 13224-38009 (see text for details). Black: without X-ray
irradiation. Red: with X-ray irradiation. Blue: Difference.
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With sensible parameters for the mass (Mpy = 107 Mg, Zhou and Wang 2005) and accretion
rate (i = 0.7, Buisson et al. 2017; Jiang et al. submitted), we show the radii responsible for
the WI-band emission in Fig. 3.8. To demonstrate the potential effect of X-ray irradiation,
we also test the same model illuminated by an isotropic point source (Cackett et al., 2007)

0*ergs™! (based on the continuum model in Jiang

at 10rg above the disc, with power 1
et al., submitted). This shows that the majority of the flux in the W/-band is produced on
scales of a few hundred ry. The change in flux due to heating occurs slightly further out, as
more significant flux changes occur when disc material is heated to temperatures at which
the material starts to emit in the W/-band. Integrating the flux density across the disc shows
that the X-ray illumination changes the W/-band flux by vF,(WI) = 2.5 x 10" Bergs™!.
While there is significant uncertainty is some of these parameters, this shows that the effect
of X-ray heating can be sufficiently powerful to drive a significant fraction of the observed
UV changes.

One alternative model to explain deviations from the simple X-ray reprocessing scenario
has been presented by Gardner and Done (2017), in which a thickened hot inner disc acts as
an intermediate reprocessor between the X-ray and UV emission. This has been suggested
as an explanation for the correlations seen in NGC 5548 (Gardner and Done, 2017) and
NGC 4151 (Edelson et al., 2017). While an additional reprocessor does not remove all
correlation between X-ray and UV flux, it significantly reduces the effect of fast X-ray
variability on the UV emission. This could mean that X-ray/UV correlations are seen only
on long timescales and the campaign presented here is too short to detect a correlation.

The UV variability we do observe could still be due to illumination from the X-ray source
if the variability seen by the disc is different to that in our line of sight. Various effects may
lead to different X-ray variability being observed by the disc, such as variable absorption
between the disc and corona. IRAS13224-3809 must have some outflowing material, which
may shield the disc from the corona, as a highly ionised variable UFO is observed (Parker
et al., 2017b). While this outflow is too optically thin to have a significant effect on the
transmission of X-ray flux, optically thicker material (denser or less ionised) may exist in the
acceleration zone, out of the line of sight, between the corona and disc. It is also possible for
there to be a weak extended region of the corona which, although producing little X-ray flux,
is optically thick when viewed from close to the plane of the disc. Scattering in this extended
corona could significantly change the flux from the main central corona to the disc relative
to that in our line of sight. If such material is present and changes within the observing
campaign (which is seen by Parker et al. (2017b) to occur in the highly ionised material) then
the X-ray flux which reaches the W/-band emitting region of the disc may not correlate with

the observed X-ray flux.
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Alternatively, the changes in X-ray intensity received by the disc may be different to those
observed if the geometry of the system changes (such as the corona moving up and down) for
several reasons. Firstly, as the corona rises, it illuminates the disc from a less oblique angle,
leading to stronger irradiation of the disc at constant coronal power. Additionally, if motion
of coronal material is at relativistic speeds, changes of this motion will induce differences in
the anisotropy of coronal emission due to special relativistic beaming. General relativistic
light bending also acts to focus light towards the black hole (Miniutti and Fabian, 2004;
Wilkins et al., 2016). While this principally affects the innermost regions, small effects in the
outer regions may further complicate the observed variability. A combination of these effects
along with changes in the intrinsic coronal power could lead to removal of the correlation
between observed coronal power and UV emission from disc heating. The interpretation of
the lack of correlation as being due to variable coronal geometry also fits with the relatively
large X-ray variability of IRAS 13224-3809: if other sources have a more stable coronal
geometry, they will be observed to have both weaker X-ray variability and stronger X-ray/UV
correlation.

This interpretation could be tested with detailed mapping of the corona, such as in Wilkins
and Fabian (2011); Wilkins and Gallo (2015). This would allow the X-ray irradiation of the
disc to be measured rather than just the X-ray flux in the line of sight. However, mapping
the corona on sufficiently short timescales is likely to require greater collecting area than is

available with current missions.

3.5 Conclusions

We have shown that the X-ray and ultraviolet flux of the most X-ray variable bright AGN,
IRAS 13224-3809, are not correlated on timescales of up to ~ 40days. However, the
variability of the UV spectrum matches that seen in other AGN that do show X-ray/UV
correlations. The UV variability is much weaker than in the X-rays: the average W/-band
fractional variability is 0.7 = 0.1% over one XMM-Newton orbit and around 3% over 40 days,
whereas the X-rays vary by more than a factor of ten on timescales of kiloseconds. This
suggests that the X-ray variability viewed by the disc is different to that in our line of sight,
which may be caused by changes in coronal geometry, absorption or scattering between the
corona and outer disc.



Chapter 4

NuSTAR observations of Mrk 766:
distinguishing reflection from absorption






Abstract

We present two new NuSTAR observations of the narrow line Seyfert 1 (NLS1) galaxy
Mrk 766 and give constraints on the two scenarios previously proposed to explain its spectrum
and that of other NLS1s: relativistic reflection and partial covering. The NuSTAR spectra
show a strong hard (> 15 keV) X-ray excess, while simultaneous soft X-ray coverage of one
of the observations provided by XMM-Newton constrains the ionised absorption in the source.
The pure reflection model requires a black hole of high spin (a > 0.92) viewed at a moderate
inclination (i = 467 411 °). The pure partial covering model requires extreme parameters: the
cut-off of the primary continuum is very low (224_“2 keV) in one observation and the intrinsic
X-ray emission must provide a large fraction (75%) of the bolometric luminosity. Allowing a
hybrid model with both partial covering and reflection provides more reasonable absorption
parameters and relaxes the constraints on reflection parameters. The fractional variability
reduces around the iron K band and at high energies including the Compton hump, suggesting

that the reflected emission is less variable than the continuum.

4.1 Introduction

A common feature of the X-ray spectra of many non-jetted active galactic nuclei (AGN)
is the hard excess, a strong increase in flux above ~ 15 keV. This was first detected in
stacked spectra from Ginga (Pounds et al., 1990) and measured for individual sources with
BeppoSAX (Perola et al., 2002). Prior to the launch of NuSTAR, detailed measurements
had only been made in a handful of AGN, using Swift-BAT or the Suzaku PIN detector,
which were interpreted either as evidence of Compton thick absorption (Risaliti et al., 2009;
Turner et al., 2009) or the Compton hump of reflected emission (Walton et al., 2010). X-ray
reflection (George and Fabian, 1991; Lightman and White, 1988) occurs when the primary
X-ray source, known as the corona, illuminates the accretion disc or other relatively cold
material such as the torus. This illumination triggers the emission of fluorescent lines at
low energies and is scattered into a ‘Compton hump’ at high energies. When the reflection

spectrum originates from the parts of the accretion disc close to the innermost stable circular



78 Mrk 766 with NuSTAR

orbit (ISCO) of the black hole, the narrow features are blurred out by relativistic effects
(Fabian et al., 1989; Laor, 1991).

Since the launch of NuSTAR (Harrison et al., 2013), the Compton hump has been more
definitively detected in many AGN (Balokovi¢ et al., 2015; Brenneman et al., 2014; Kara
et al., 2015; Marinucci et al., 2014; Parker et al., 2014b; Risaliti et al., 2013; Walton et al.,
2014). The sensitivity of NuSTAR at high energies means that it can be used to differentiate
between reflection and absorption models for the hard excess (e.g. Vasudevan et al., 2014).

One object which has had both these processes proposed to explain its spectrum is
Mrk 766. Mrk 766 is a nearby (z = 0.013) narrow line Seyfert 1 (NLS1) galaxy. NLSI1s
are thought to be rapidly accreting (riz ~ 0.01 — 1), relatively low mass (typically My ~
10% — 10’M.) AGN, and are distinguished by narrow optical Balmer lines, weak [O 1iI]
and strong Fe 1T emission (see review by Komossa, 2008). In the X-ray band, NLS1s are
spectrally soft, and are thus easily detected by low energy instruments. They frequently
show complex, rapid variability and non-trivial spectral shapes, so are of great interest for
study. The supermassive black hole in the nucleus of Mrk 766 has a mass of 1-6x 10°M,
(Bentz et al., 2009, 2010) and the host is a barred spiral galaxy. Spectrally, the evidence
for a relativistically-broadened iron Ko line in Mrk 766 is tentative. A broad line was
claimed with ASCA by Nandra et al. (1997b). However, later analysis of a more sensitive
XMM-Newton spectrum by Pounds et al. (2003) showed that the line profile could instead
be described by ionized reflection alone, with no need for relativistic blurring. Based on
XMM-Newton and Suzaku observations of Mrk 766, Miller et al. (2007) and Turner et al.
(2007) proposed a model where the bulk of the spectral variability is due to variations in
multiple complex (partially-covering, ionized) absorbing zones. A recent re-analysis of the
archival XMM-Newton data by Liebmann et al. (2014) showed that the spectra and variability
could be well described by a composite model, containing both partial-covering absorption
and relativistic reflection.

More robust evidence for the presence of relativistic reflection in Mrk 766 comes from
the detection of a reverberation lag (De Marco et al., 2013; Emmanoulopoulos et al., 2011),
thought to be caused by the time delay induced in the reflected signal due to the light travel
time from the corona to the disc. Emmanoulopoulos et al. (2011) found almost identical
reverberation lags in Mrk 766 and MCG-6-30-15, the first source in which a broad iron
Ko line was discovered (Tanaka et al., 1995). Mrk 766 is included in the sample of objects
studied by Emmanoulopoulos et al. (2014), who found that by modelling the time lag spectra
they could precisely determine the mass (Mgy = 1.6ﬂ:‘2‘ x 10°M_) and constrain other
physical parameters (e.g. the dimensionless spin, a > 0.56). The discovery of iron K lags in
some sources (e.g. Kara et al., 2016b, 2013d; Zoghbi et al., 2012), which have so far only
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Table 4.1 List of NuSTAR observations of Mrk 766 and associated simultaneous X-ray
observations.

Telescope OBSID Start time Observation
length/ks
NuSTAR 60101022002 2015-01-24T12:31 90.2
Swift-XRT 00080076002 2015-01-25T00:08 4.9
NuSTAR 60001048002 2015-07-05T22:24 23.6
XMM-EPIC 0763790401 2015-07-05T17:26 28.2

been explained by invoking relativistic reflection, have reinforced the interpretation of these
high-frequency time lags as originating from reverberation close to the black hole. However,
iron K reverberation lags have not yet been detected in Mrk 766 (Kara et al., 2016b).

In this paper, we present the results of recent NuSTAR observations of Mrk 766, where
we examine the hard X-ray spectrum using the sensitivity and high-energy spectral resolution
of NuSTAR to enable us to constrain the different physical models for the hard excess. The
observations and methods of data reduction are presented in Section 6.2; results of the
analysis are given in Section 6.3; these results are discussed in Section 6.4; and conclusions
are made in Section 6.5.

4.2 Observations and Data Reduction

Mrk 766 has been observed twice by NuSTAR: for 90 ks starting on 2015 Jan 24 and for 23 ks
starting on 2015 July 5. The first observation had a simultaneous Swift snapshot and the
second was taken jointly with XMM-Newton (see Table 6.1).

The NuSTAR data were reduced using the NuSTAR data analysis software (NuSTARDAS)
version 1.4.1, and CALDB version 20140414. We extracted cleaned event files using the
NUPIPELINE command, and spectral products using the NUPRODUCTS command, using
80 arcsec radius circular extraction regions for both source and background spectra. The
background region was selected from a region on the same chip, uncontaminated with source
photons or background sources.

The Swift data were reduced using the Swift XRT products generator, using the procedure
described in Evans et al. (2009) to extract a spectrum.

The XMM-Newton data, taken in small window mode, were reduced according to the
standard guidelines in the XMM-Newton User’s Manual, using the XMM-Newton SCIENCE
ANALYSIS SOFTWARE (SAS) version 14.0.0 as described in Vasudevan et al. (2013). The
task EPCHAIN was used to reduce the data from the pn instrument. An annular source region
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of outer radius 40 arcsec and inner radius 10 arcsec was used to extract a source spectrum to
remove mild pileup (detected using the EPATPLOT tool), checking for nearby sources in the
extraction region. Circular regions near the source were used to calculate the background.
Additionally, the background light curves (between 10 and 12 keV) were inspected for flaring,
and a comparison of source and background light curves in the same energy ranges was used
to determine the portions of the observation in which the background was sufficiently low
compared to the source (4 ks was lost to flaring); the subsequent spectra were generated from
the usable portions of the observation. Response matrices and auxiliary files were generated
using the tools RMFGEN and ARFGEN.

We use XMM-Newton-RGS data from the new observation and the highest and lowest
flux archival observations (OBSIDs: 0304030101, 0304030301). We reduced the data with
the standard XMM-Newton pipeline, RGSPROC. We use a source region including 95% of the
PSF and background from outside 98% of the PSF (XPSFINCL=95 and XPSFEXCL=98). The
two detectors were added for illustrative purposes only using RGSCOMBINE.

Spectra from all instruments were grouped to a signal to noise level of 5. Fits were made
in ISIS Version 1.6.2-32 (Houck and Denicola, 2000); errors are given at the 90% level. We
use the elemental abundances of Wilms et al. (2000) with cross sections from Verner et al.
(1996).

4.3 Results

From the NuSTAR lightcurve (Fig. 4.1), we determine that long term flux variability is modest
and no significant hardness variability is seen. It is therefore appropriate to fit average spectra
of each observation. The Swift X-ray telescope (XRT) snapshot taken during the first NuSTAR
observation (shown by the shaded region in Fig. 4.1) occurred at a flux level close to the
average. Therefore, it is likely to be indicative of the average low energy spectrum over the
whole observation.

We compare the NuSTAR observations with previous observations in Fig. 4.2. This shows
that the new observations are close to the high flux end of the previously observed states of
Mrk 766.

We begin our analysis by comparing all data for each of the new observations to a
powerlaw with Galactic absorption (modelled with tbnew, Wilms et al. 2000). The residuals
to a I' = 2 powerlaw are shown in Fig. 4.3. This shows the spectrum is moderately soft, with
a soft excess below 0.7 keV with a deficit above, and excesses at 5 — 7 keV and 15 —40keV.

The drop in flux at ~ 0.7keV may be due to warm absorption features such as the
OVII edge and the iron unresolved transition array (UTA). The excesses at 5 —7keV and
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Fig. 4.1 Upper Panels: NuSTAR light curve with 3 ks bins. The gap between panels corre-
sponds to ~ 6 months. The background light curve is shown in red, and the time of the Swift
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Fig. 4.2 Unfolded fluxes (to a I' = 2 powerlaw) of the January (NuSTAR: blue, Swift: black)
and July (NuSTAR: red, XMM: orange) observations, with a range of previous XMM (grey)
observations (OBSIDs 0109141301, 0304030101, 0304030301 and 0304030401, see Giacche
et al. 2014; Miller et al. 2007 for detailed analysis). Spectra have been rebinned for plotting.
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have been rebinned for plotting.
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15 —40keV are typical of emission from Fe K and Compton scattering due to reflection, but
similar features can be produced by partial covering absorption reducing the flux at other
energies. We therefore proceed by fitting detailed models of these processes to the spectra.
Since different processes dominate the spectral features in the low and high energy data, we
first consider each region separately, before combining these to give a consistent broadband

picture.

4.3.1 High-energy fits — iron line and hard excess

To constrain the iron line and hard excess while minimising the effect of absorption, we
initially fit the data above 3 keV. Since the Swift observation has little signal above 3 keV, we
fit only the data from NuSTAR and XMM-pn. We fit the two observations separately.

In the reflection case, we find that distant reflection (modelled with pexmon, Magdziarz
and Zdziarski 1995; Nandra et al. 2007) is insufficient to model the iron line (xz /d.of. =
1682/1526 = 1.102), leaving residuals around the narrow iron line (Fig. 4.4, inset), which
suggest that the iron line is broadened. We test this by replacing the narrow iron line in
pexmon with a broadened iron line, represented by a Gaussian with free width (pexrav+zgauss;
pexrav is identical to pexmon without the Fe K emission line). This gives a significantly
better fit, Ay> = 46 and 17 for one additional degree of freedom for the Swift/NuSTAR and
XMM-Newton/NuSTAR observations respectively. Parameters of fits to this model are shown
in Table 4.2. This shows significant width to the iron line, likely due to the orbital motion of
material around the black hole.

Having shown that the iron line is broadened, we fit the spectrum with a reflection
model that incorporates self-consistent relativistic blurring of the entire spectrum (relxill,
Dauser et al. 2010; Garcia et al. 2014). This provides a reasonably good fit and has no
obvious residual features (x2/d.o.f. = 1607/1518 = 1.059, Figure 4.4). Further, we note
that including distant reflection does not provide a significant improvement over relativistic
reflection alone (Ax? = 6 for 2 additional degrees of freedom) and no physical parameters
of the relativistic model change significantly. Hence, we present models including only
relativistic reflection (Table 4.2).

These models show Mrk 766 as a source with slight relativistic blurring viewed at
moderate inclination (i = 42 4 3° or 391’20). Parameters such as the inclination, which are
not expected to change within 6 months, are consistent between the two observations. The
cut-off of the primary continuum is too high to measure.

It has also been suggested that the spectrum of Mrk 766 can be explained by partial
covering absorption of the primary source (Miller et al., 2007; Turner et al., 2007). We model
this with a cut-off power-law with a number of partially covering components, using the model
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Fig. 4.4 Top panel: fits to NuSTAR and XMM-Newton data above 3 keV (the model shown is
of relativistic reflection). XMM-Newton data in orange is simultaneous with the red (dimmer)
NuSTAR data; the other NuSTAR observation is shown in blue. Backgrounds are shown in
dark orange, red and blue respectively. Middle panel: residuals from relativistic reflection
model. Lower panel: residuals from partial covering model. Inset: Residuals for reflection
models over 5.8 — 6.8 keV. Blurred reflection (upper inset) has smaller residuals around the
iron K band than distant neutral reflection (lower inset): over 5.8 — 6.8 keV, sz =18.
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zpcfabs. We find that a model with two components (y2/d.o.f. = 1616/1522 = 1.062)
provides a similar quality fit to the reflection model. Having only one partial covering
component gives a significantly worse fit to the data (Ng ~ 9 x 10**cm™2, froy ~ 0.6,
x%/d.o.f. = 1693/1526 = 1.110, Ax? = 77 for 4 degrees of freedom) and three partial
covering components gives insignificant improvement over 2 components (Ay? = 8 for 4
degrees of freedom).

The two-component fit requires a component of strong absorption (Ng > 5 x 10?* cm™2)
in each observation and a low energy of the cut-off (E.y = 271%0 keV) in the Swift/NuSTAR

observation, which has better high energy statistics due to the longer NuSTAR exposure.

4.3.2 Low-energy fits - warm absorption and emission

Warm absorption and emission are known to have an important effect on the spectrum of
Mrk 766 in the soft band (e.g. Laha et al., 2014; Sako et al., 2003). To determine the nature of
the gas which is responsible for these features, we begin by identifying features visually and
with systematic line scans similar to those performed by for example Tombesi et al. (2010)
and Pinto et al. (2016) with a phenomenological continuum (Fig. 4.6).

We use a broadband continuum model based on that of Branduardi-Raymont et al.
(2001): a powerlaw with two broad lines. We then ensure that the local continuum is well-
described with a cubic spline modification over the region £1 A from the wavelength of
interest. We measure line significance from the change in ¥ when including an additional
unresolved Gaussian at fixed wavelength, allowed to have positive or negative normalisation
(one additional degree of freedom; the use of positive or negative normalisation in the
same fit is needed to avoid the problems described in Protassov et al. 2002). We then
scan the wavelength across the RGS range to find Ay at each wavelength. We indicate
approximate significance by estimating a critical Axczm for 95 % significance from the
expected distribution of N independent trials each having a 9512 distribution. We estimate the
number, N of independent trials performed by the wavelength range tested divided by the
instrumental resolution, (Amax — Amin)/dA = 450. The global 95 % confidence interval (the
solution Axczrit to P( X12 < Axczm)N = 0.95) then corresponds to Axczrit = 14.9 (shown as the
green line in Fig. 4.6). We note also that changing the estimate of the effective number of
independent trials has only a small effect on the critical A)(gm: increasing or decreasing the
number of trials by a factor of 2 changes the critical Alczm to 16.2 or 13.6 respectively.

Since the new observations show few features at high significance (the XMM-Newton RGS
observation is relatively shallow — 37,000 counts in total across both detectors and orders),
we are also guided by the sensitive archival XMM-Newton RGS spectra from the highest
and lowest previously observed states (Fig. 4.5; pn spectra shown in Fig. 4.2). While the
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Table 4.2 Fits to data from each observation above 3 keV. Parameters indicated with * are
fixed. Rgeq indicates the reflection strength, where Rr.q = 1 gives the reflection from material
covering 27 steradians with an isotropic source.

Parameter Swift/NuSTAR XMM-Newton/NuSTAR
Reflection with broad Gaussian iron line
r 2.461008 2.31+0.12
Ecu/keV > 440 > 310
Rreft 3.5700 21707
Line E /keV 6.4% 6.4*
Line o /keV 2.3703 14793
x*/d.of. 909.2/806 =1.128  710.6/718 =0.990
Relativistic reflection
Emissivity Index <4 >4.73
a Unconstrained < 0.44
i/° 4273 3919
0.09 0.12
r 2.24™0 0 2.161 o5
log(& fergems™) 1.84_“8245t <3.1
Are 12491 2.910%
Ecuw/keV > 210 > 230
Rgen 115753 13192
x*/d.of. 902.9/803 =1.124  704.1/715 =0.985
Partial covering absorption
Ny /cm 2 1.15+£0.2 x 10 71738 x 10?4
0.06 0.15
fcov 0.67 507 0.55%41]
Ny /em ™2 88118 x 1073 473 < 107
feoy 0451505 0.37%015
r 2.240.15 2.3107
Ecu/keV 27130 11075

x%/d.o.f. 909.7/805 = 1.142  706.0/717 = 0.996
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absorption and emission components applied to a phenomenological continuum. Wavelengths
are given in the observed frame and the range of each panel overlaps the next by 1 A.
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Table 4.3 Narrow features in archival RGS spectra. Line wavelengths and transition levels
are values from the APEC database. Redshifts are given in the observer’s frame (Mrk 766 is
at z=0.0129).

Low state — emission

Species Rest wavelength/A  Redshift
CVI 2p! — 1s! 33.736 0.0130000%%
NVI  Is'2s! — 152 29.534 0.012170:000
OVIl 1s'2s! - 1s? 22.098 0.012870 000
0.0012
ovir  2p!-1s! 18.969 0.0099 0 0016
High state — absorption
Species Rest wavelength/A  Redshift
NeX 1s' —2p! 12.134 0.01260-0014
NVII 1s' —2p! 24.781 0.01327000%7
CVI  1s' —4p! 26.990 0.0124 190008
CVI  1s' —2p! 33.736 0.011770:000

absorbing material may not be identical in the XMM-Newton and NuSTAR exposures, the
features found in the archival observations provide a guide from which to start modelling the
latest data. Results of these line scans are shown in Fig. 4.6. Where a feature has a single
most likely associated transition, we fit with a Gaussian to find the redshift of the feature.
Results are shown in table 4.3. The lines are consistent with being unresolved.

The previous low-flux observation shows several emission lines (Table 4.3). The ionisa-
tion states of the observed lines suggest an ionisation parameter of log(& /ergcms™!) ~ 1.5.
Warm emission in AGN is usually predominantly photoionised (e.g. Guainazzi and Bianchi,
2007) and the high strength of the OVII forbidden line relative to the corresponding re-
combination line in this case supports this. Most of the lines are consistent with being in
the rest frame of Mrk 766, but the most highly ionised OVIII line is bluer, with a redshift
corresponding to a projected outflow of 9001“%28 kms~!. We also note that the N'VI line is
larger than would be predicted based on Solar abundances. This is not unexpected as overly
strong NVI lines have also been found in NGC 3516 (Turner et al., 2003).

In contrast, the high-flux spectrum principally shows absorption features (Table 4.3), with
OVII the only previously identified emission line still seen in emission (the other emission
lines are likely not visible due to their small equivalent width). Narrow features are present
at wavelengths expected of CVI, NVII, and NeX.

Since detailed modelling of the warm absorber is not the primary focus of this work, we
do not attempt to fit the archival observations but fit the new observations with photoionisation

models including the detected features. We use the photoionisation model XSTAR (Kallman
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and Bautista, 2001) and, for computational efficiency, fit using tables, which we compute for
an appropriate region of parameter space.

Fitting the new observation with several warm-absorber components, we find that two
ionisation states are sufficient (x2/d.o.f. = 1040/982 = 1.06). With only one rather than
two absorbing components, the fit is significantly worse (Ay? = 36 for 2 fewer degrees of
freedom), as the absorption around the iron unresolved transition array (UTA) region (~ 17 A)
is not sufficiently broad. Three absorbers provide insignificant improvement (Ay? = 1.1 for
2 additional degrees of freedom). It is likely that this two-component absorber represents a
more complicated region of gas, but this parametrisation is sufficient to describe the absorber
well enough to allow broadband continuum fitting.

When modelling the full dataset, we freeze the redshifts to appropriate values due to the
large amount of low resolution data, which can drive the fitted redshift away from the values
derived from the narrow RGS features. We fix the redshift of the warm absorbers to a value
consistent with all the features observed in the high-flux spectrum, z = 0.0118. Since the
OVIII line is not detected in the new observation, we model the line emission with a single

component of photoionised gas at a redshift consistent with the OVII line.

4.3.3 Broadband fits

With a description of both the high-energy excesses and the warm absorber separately, we now
perform a broadband fit to find a consistent model of the high and low energy features of the
spectra. We include all data from NuSTAR, Swift, XMM-Newton-pn and XMM-Newton-RGS.

Reflection models

We first consider the reflection interpretation of the iron line and Compton hump. Com-
bining the components found in each energy band results in a model of the form TBnew*
(warmabs (1) * warmabs(2) * relxill + photemis).

Fits to each observation separately are given in Table 4.4. The parameters are largely
consistent with those found in the individual band models.

The XMM-Newton/NuSTAR observation shows evidence of more emission coming from
very close to the black hole than the Swift/NuSTAR observation. This is reflected in the
emissivity index and reflection fraction being higher, which can both be induced by light-
bending of radiation from a corona close to the black hole (Miniutti and Fabian, 2004).

The Swift/NuSTAR observation does not constrain the black hole spin, whereas the
XMM-Newton/NuSTAR observation prefers a > 0.87. The much stronger constraint in the
XMM-Newton/NuSTAR observation is largely due to the much greater soft-band (<10 keV)
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Fig. 4.7 Data and residuals of best fitting broadband models. Top: data; middle: residuals for
reflection model; bottom: residuals for partial covering model.



4.3 Results 93

signal from the XMM-Newton coverage. The remaining parameters of this observation also
suggest that more emission is from the innermost region, which is most sensitive to the
spin. The spin constraint from the XMM-Newton/NuSTAR observation is significantly higher
than the fit to the high energy data only (a < 0.43). This is likely to be because the spin
measurement is significantly influenced by the shape of the soft excess and not just the profile
of the iron line; the inconsistency could be due to other factors influencing the soft excess (as
was found in e.g. Parker et al., 2018), such as the hybrid model discussed later.

The iron abundance of the XMM-Newton/NuSTAR observation is also higher. Since the
material in the disc is not expected to change in the 6 months between observations, this is
likely to be due to degeneracy with other parameters. If the difference is real, it could be
caused by a higher iron abundance in the inner region of the disc, which the higher emissivity
index suggests provides more of the reflected component in this observation. However, the
data presented here are insufficient to prove this.

The cut-off of the powerlaw is too high to be measured with the current dataset and our
lower limits are well outside the observed bandpass. The stronger limit for the Swift/NuSTAR
observation is due to its greater high-energy signal from the longer NuSTAR exposure.

In order to improve constraints on the parameters of the model which do not change over
the 6 month interval between the two observations and increase physical self-consistency, we
also perform a joint fit with these parameters — black hole spin, a, accretion disc inclination, i,
and iron abundance, Af. — tied between the two observations. Since the Swift spectrum does
not significantly constrain the parameters of the absorption and emission, we also tie these
parameters between the two observations. This fit is shown in Table 4.4 and Fig 4.7. The
model spectrum is shown in Fig. 4.8. The parameters of this fit are largely consistent with
the fits to the individual observations. Differences are likely due to parameter degeneracies

which are not evident in single-parameter confidence intervals.

Partial covering models

We also make a broadband fit with a partial covering model of the form TBnew * zpcfabs(1)
* zpcfabs(2) * (warmabs(1l) * warmabs(2) * cutoffpl + photemis). Parameters
for this model are given in Table 4.5; residuals are shown in Fig. 4.7 and model spectra in
Fig. 4.8.

While this produces an acceptable fit to the spectrum, some parameters are not physically
likely. In particular, the high-energy cut-off of 22“_L; keV in the Swift/NuSTAR observation is
much lower than is typically found in AGN (e.g. Fabian et al., 2015; Lubinski et al., 2016)
and below the lowest found so far with NuSTAR data (42 =3 keV in Ark 564, Kara et al.
2017). The time-averaged Swift-BAT spectrum does not show such a low cut-off energy (e.g.
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Table 4.4 Parameters of fits to all data from each observation with reflection model (TBnew * (warmabs(1l) * warmabs(2)
* relxill + photemis)).

Unconstrained parameters are allowed to vary within the ranges:
log(& Jergems™!) < 2.5; and Ny/cm™2 < 5 x 10?2, indicated in the table by square brackets.

—0.998 < a < 0998; 1 <«

Component Model Parameter Separate Joint
Swift/NuSTAR XMM/NuSTAR ~ SwiftINuSTAR ~ XMM/NuSTAR
Norm 13£0.0x 107 99701 x 1075 1.24700% x 107*  9.857092 x 1073
Emissivity Index 2.3101 3.3104 2.440.2 45402
a Unconstrained > 0.87 > 0.92
ivisti 0/° 47°5 367} 467
Relativistic - - -
i 0.08 0.02 0.01
reflection  \Felxill) T 2.287008 2.22750 217750 2.23£0.02
log(& /ergems™1) :Mmum 1.4 w %m 1.9791 o 1.331093
Ecu/keV > 290 > 530 > 510 > 740
R 1.4103 1.8%03 0.9%07 21+04
Nu/cm > <4.7x 107! 2.010% x 10! 1.8707 x 107!
: —1 _ +0.07 +0.07
Ho:_moa. (warmabs) _omAm\@mm cms™ ) [1—2.5] . 1.96" o4 N _.wwwo.oa N
absorption Np/cm™ <4.9x10 2.0+£0.3x 10 2.1%93 x 10
log(& Jergems™!) [1-2.5] 1317993 1.29+0.04
. Norm < 0.047 2.6794 % 107* 25703 % 107*
Tonised 2.1 1.9
emission | (Photemis) Ny/em™2 [< 5% 107 <5x10?! [< 5% 10%]
log(& Jergems™!) [1—-2.5] 1.540.1 1.540.1
FPMA/XRT 1157909 - 1.14£0.03
FPMB/XRT 1147509 - 1.13£0.03
Cross. RGS1 order 1/PN - 1.00+0.02 1.00+0.02
S RGS?2 order 1/PN - 1.01+£0.02 1.01+£0.02
calibration
constant RGS1 order 2/PN - 0.99 4+0.04 0.99 +0.04
RGS?2 order 2/PN - 0.9740.04 0.97+0.04
0.03 0.02
FPMB/PN - 1.13700 1137503
%2 (bins) 990 (884) 2262 (2202)

x%/d.of.

974.7/866 = 1.13

2238/2180 =1.03

3252/3056 = 1.06
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Ricci et al., 2017; Vasudevan et al., 2010), although the coronal temperature may change with
time. This is corroborated by the low cut-off not being present in the XMM-Newton/NuSTAR
observation, which is detected only up to 35 keV, below the far side of the Compton hump.
Forcing the cut-off to be at least 100 keV results in a significantly worse fit (Ay> = 18.5 for
one degree of freedom). The low cut-off value may be due to curvature from the high-energy
side of the Compton hump being accounted for by an artificially low cut-off energy. A high
column density component (Nyg = 1.2f8:%3 % 10%° cm™2) is then required to produce the
low-energy side of the Compton hump.

The large absorbing column density also implies a high unabsorbed luminosity: Ly 5_jokev =
7.5 x 10® erg s~! for the Swift/NuSTAR observation. This is not compatible with the bolo-
metric luminosity of 10* ergs~! found by SED fitting (Vasudevan et al., 2010) which must

also include significant intrinsic disc emission.

Hybrid models

Further to the extreme scenarios in which only reflection or only absorption are responsible for
the spectrum of Mrk 766, we consider a model which includes both of these effects. We use
a model of the form TBnew * zpcfabs(1l) * (warmabs(1l) * warmabs(2) * relxill
+ photemis). Due to the potential for strong degeneracy between the two possible causes
(relativistic emission and partial covering absorption) for the spectral shape, we use Monte-
Carlo methods to sample the parameter space. We use the XSPEC_EMCEE code!. We
use 600 walkers and take probability densities from 10000 iterations after the chain has
converged. Results are shown in table 4.6 and Fig. 4.9.

Note that we have shown the y? value from direct minimisation for comparison with
other models; the parameters from the two methods are consistent.

The reflection parameters found are largely consistent with those found for the pure
reflection case, with less strict confidence limits. The iron abundance is somewhat lower,
being slightly closer to Solar, and the reflection fraction of the XMM-Newton/NuSTAR
observation is closer to unity. The constraint on the spin is significantly weaker. The
parameters of the absorption are much less extreme than the pure partial covering model.
We now find solutions with column densities Ny ~ 10%2-23 ¢m—2, which is more reasonable
given the lack of a strong narrow iron line, which would be expected with the higher columns
required for the pure partial covering model. In general, the hybrid model requires less

extreme parameters than either reflection or partial covering alone.

"'Written by Jeremy Sanders, based on the EMCEE package (Foreman-Mackey et al., 2013).
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Fig. 4.8 Plot of models found for joint fit. Upper Left panels: reflection models; Upper Right
panels: partial covering models; Lower panels: hybrid models. Top panels: Swift/NuSTAR
observation; Bottom panels: XMM-Newton/NuSTAR observation. Black: total model; Orange:
unabsorbed model; Blue: photoionised emission; Reflection/hybrid models: Green: powerlaw
continuum; Red: reflected component. Partial covering models: Green: two partial covering
components without ionised absorption; Red: one partial covering component.
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Fig. 4.9 Corner plots of MCMC parameter estimation for a hybrid model with reflection and
partial covering. Parameters shown in each panel are: top left: Swift/NuSTAR observation; top
right: XMM-Newton/NuSTAR observation; bottom left: parameters tied between observations;
bottom right: warm absorption/emission. Column densities have units of cm™~2; £ has units
of ergcm s~!. Contours indicate 1,2, and 30 intervals.
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Table 4.6 Parameters of fits to all data from each observation with model including partial cov-
ering and reflection TBnew * zpcfabs(1l) * (warmabs(1l) * warmabs(2) * relxill
+ photemis). Parameters given are the median of the posterior distribution; errors corre-
spond to the central 90% of the MCMC posterior distribution. The ¥ value refers to the
value found by y2-minimisation. Unconstrained parameters are allowed to vary within the
ranges: 1 < log(& /ergems™!) < 2.5; and Ny/cm™2 < 5 x 10?2, indicated in the table by
square brackets.

Component Model Parameter Joint
Swift/INuSTAR XMM/NuSTAR
Norm 1.30+£0.04 x 107%  1.027008 x 107
iy 0.4 1.7
Emissivity Index 2.2f0_6 5.57 10
a > 04
+6
Relativistic . 0 47700
reflection (relxillp 2.24+0.06 2.224+0.03
— 0.4 +0.8
log(& Jergems™) 1.67707% . 1.575
Are 1.870¢
Ecut > 490 > 350
0.4 0.4
R 125703 1470
Partial (zpcfabd w/cm 2 <2.3x10% 57390 % 1022
covering P Cov <0.75 0.07*%06
absorption Np/em ™2 2.1708 x 1021
. . .
Tonised (warmabsl?g(g /?rg cms™ ) 1 .9§ it 0.09
absorption Ny/cm ™2 1.870:5 x 10!
log(& Jergems™!) 1.35+0.07
Tonised Norm 12702 x 1073
o (photemi¥}/cm 2 [< 5 x 107
emission _q 105
log(& /ergems ™) 16215
x* (bins) 979 (884) 2267 (2202)

x%/d.of.

3246/3052 = 1.06
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Fig. 4.10 The fractional excess variance for Mrk 766 computed using the entire light curve of
the longer observation in time bins of 400 s. The variability drops in the iron K and Compton
hump regions. This can be explained by a variable continuum and a constant reflection
component (grey; binned to data resolution in red).

4.3.4 Variability

To characterize the rapid variability in this source, we compute the fractional excess variance
in the NuSTAR spectrum, binned to 400 s, using the prescription in Edelson et al. (2002)
with errors from the formula in Vaughan et al. (2003a). We use the fractional variability
rather than Fourier methods owing to the former’s insensitivity to the orbital gaps in NuSTAR
observations (e.g. Nandra et al., 1997a). The shorter XMM-Newton/NuSTAR observation only
has enough signal to produce two energy bins, which are broadly consistent with the results
from the longer observation, so we only present detailed results from the longer observation
here (Fig. 4.10).

The variability appears reduced in the 6 — 7 keV band, the rest energy of iron K, and

above 10 keV, where the Compton reflection hump provides significant flux in the mean
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spectrum. Overall, the decrease in variability on short timescales appears to follow the profile
of the relativistic reflection features, which suggests that the reflection component does
not vary as much as the continuum emission in Mrk 766. This is reminiscent of previous
spectral-timing results of MCG—6-30-15 that also showed that the continuum varies more
than the ionised reflection (Fabian and Vaughan, 2003; Marinucci et al., 2014; Vaughan et al.,
2003b). The increase in variability in the 7 — 8 keV bin may be due to variable blueshifted
absorption (Parker et al., 2017a; Risaliti et al., 2011).

We can test whether this Fy,, spectrum is compatible with a variable continuum and less
variable reflection by considering the extreme case in which the reflection is constant, so only
the power law varies. Denoting the mean reflected flux as fr(E), the mean continuum as
fc(E) and the variance as o? fé (i.e. the variability is a constant multiple of the continuum

flux), the fractional variability is simply

fc(E)

FoelE) = 0y ¥ R (E)

Thus, higher «a leads to higher Fy, while the shape of Fyy; is set by the shape of the reflected
spectrum, which we take from the fit to the mean spectrum. We may then substitute for the
mean fluxes found in our fits to the mean spectrum and fit the observed Fy,:(E) values (by
x%-minimisation) to find o. This gives an acceptable fit, x2/d.o.f. = 16/9, p = 0.07.

In the partial covering scenario, the > 20 keV bin shows intrinsic continuum variability
(since there is little absorption at these energies) while the greater variability at lower energies
is due to variable absorption strength or continuum pivoting. We do not attempt to fit this as
covariance between different variability mechanisms rapidly introduces more free parameters

than can be constrained by the available data.

4.4 Discussion

4.4.1 The reflection model

We note that the presence of distant cold reflection is not required in either observation. This
may be due to the relativistic reflection already including a significant component of weakly
blurred reflection from a low emissivity index (2.4 0.2 in the Swift/NuSTAR observation).
The lack of a distinct distant component could also be due to absorption reducing the X-ray
flux to distant regions of the disc and to the torus, weakening the cold reflection. Since the
warm absorber in our line of sight (~ 50° from the disc plane) has only a small effect on

the transmitted flux, this mechanism would require more absorption in the line of sight of
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the outer disc and torus. Such absorption would also reduce the correlation between X-ray
emission and reprocessing from the disc, consistent with the non-detection of correlated
UV/X-ray lags in Buisson et al. (2017). The warm absorption also complicates the spectrum,
increasing the uncertainty on the amount of cold reflection and so reducing the significance
of any detection.

The lower limit on the cut-off of the primary continuum is higher than is typically found
in AGN (Fabian et al., 2015; Lubinski et al., 2016). However, the limit presented here is far
outside the NuSTAR bandpass so is strongly affected by the shape of the reflected part of the
spectrum rather than being a direct measurement of the cut-off (Garcia et al., 2015). Due to
the complex absorption in Mrk 766, these features are harder to accurately isolate and so the
cut-off may be significantly lower than the statistical limit presented here. The difference in
curvature below the cut-off energy between a cut-off powerlaw and a true Comptonisation
spectrum may also allow for a lower coronal temperature (Fiirst et al., 2016b).

4.4.2 Comparison with a similar source, MCG-6-30-15

MCG-6-30-15 is a very well studied AGN with similar spectral appearance to Mrk 766 (and
similar Principal Components of variability, Parker et al. 2015a); we therefore compare our
interpretations with those found for MCG—6-30-15. Marinucci et al. (2014) study spectral
variability in the available NuSTAR data, considering both reflection and partial covering
models. The higher count rate of MCG—-6-30-15 allows the observation to be cut into 11
sections. In the reflection interpretation, a = 0.91f8:8g, i = 33 43°, similar to values found
here and in previous works for Mrk 766 (e.g. Branduardi-Raymont et al., 2001).

A detailed analysis of grating spectra of MCG-6-30-15 from RGS by Sako et al. (2003);
Turner et al. (2004) and from Chandra by Holczer et al. (2010) shows two intrinsic absorp-
tion systems with distinct velocities, outflowing at 100450 and 1900+ 150 kms~!. The
absorption considered in our model is comparable to the lower speed component (in our
case with fixed outflow velocity of 350kms~! based on archival line positions) while the
fast component in MCG—6-30-15 is too highly ionised (log(& /ergems™!) =3.8240.03) to
have a noticeable effect in the short RGS exposure studied here.

The slow component in MCG—6-30-15 has an ionisation parameter ranging from log(& /ergecms™!) =
—1.5tolog(& Jergems™!) = 3.5, while the two ionisations we consider have log(& /ergems™!) ~
1.3 and 1.9. Holczer et al. (2010) also find little gas with 0.5 < log(& /ergems™!) < 1.5
so our component with log(& /ergems™!) ~ 1.3 may reflect a mixture of more and less
ionised gas. This is plausible since the CCD spectra of MCG-6-30-15 may be described
with a two-state warm absorber with ionisation parameters of log(& /ergecms™!) ~ 2 and
log(& Jergems™!) = 1.15 — 1.65 (Marinucci et al., 2014).
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Emmanoulopoulos et al. (2011) find soft lags in the X-ray light curves of both Mrk 766
and MCG-6-30-15 (as do Kara et al. 2014b), which are interpreted as arising from the
delay of reflected emission. Parker et al. (2014a) study the variability of MCG—6-30-15
with Principal Component Analysis (PCA), finding that the variability is consistent with that
expected from an intrinsically variable X-ray source with less variable relativistic reflection.
This is corroborated by Miniutti et al. (2007), who calculate the RMS (fractional variability)
spectrum of a Suzaku observation of MCG—6-30-15, which has a similar shape to the short
timescale Fy,, spectrum found here. This could arise from a vertically extended or two
component corona, in which, due to strong light bending, the lower portion principally
illuminates the disc while the upper region is responsible for the majority of the direct
emission. This would also decorrelate the observed X-ray emission from any UV variability
which is driven by disc heating, agreeing with the lack of correlation seen in these two
sources (Buisson et al., 2017). In the observations presented here, Mrk 766 remains in a high

state, so it is hard to find evidence of coronal extension from variability.

4.4.3 Distinguishing absorption from reflection

While variable partial covering absorption and reflection both provide acceptable fits to the
data, the reflection model is favoured for the following reasons:

* the partial covering model gives a high unabsorbed luminosity (Lo 5_jokev = 7 X
10%3 erg s~1), which is incompatible with previous directly integrated measurements

of the bolometric luminosity (Vasudevan et al., 2010).

* the high-energy continuum cut-off of 221“; keV is very low in the partial covering
model of the Swift/NuSTAR observation (although some recent NuSTAR observations
have found low cut-offs in other sources, e.g. 53:1;1 keV, Tortosa et al. 2017; 42 +=3 keV,
Kara et al. 2017);

* the PCA analysis in Parker et al. (2015a) shows that Mrk 766 varies in the same way
as MCG-6-30-15, showing the behaviour of a source whose variability is explained

well by relativistic reflection from a vertically extended corona;

* the fractional variability spectrum shows a clear dip in the shape of the iron line, as

would be produced by a variable continuum and less variable reflection.
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4.5 Conclusions

We have presented two new observations of Mrk 766 taken by NuSTAR, providing a detailed
view of its hard X-ray spectrum. With simultaneous coverage in soft X-rays by XMM-Newton
or Swift, we are able to exploit the high spectral resolution of XMM-Newton-RGS to take
account of warm absorption and so produce better constraints on the broadband spectrum.

We can model the spectrum with reflection or partial covering to generate the iron K
feature and Compton hump. In the reflection model, the system has a high spin black
hole (a > 0.92) viewed at intermediate inclination (i = 4650). The best-fitting partial
covering model is questionable as it requires a very low cut-off energy and the intrinsic
X-ray luminosity is high compared to the bolometric luminosity. A hybrid model including
reflection and partial covering allows less extreme conditions for each component of the
model.
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Coronal temperatures of the AGN
ESO 103-035 and IGR 2124.7+5058
from NuSTAR observations






Abstract

We present measurements of the coronae of two AGN from hard X-ray observations made
with NuSTAR: ESO 103-035, a moderately to highly obscured source with significant
reflection; and IGR 2124.7+5058, a radio-loud source with a very hard spectrum. Using
an exponentially cut-off powerlaw model for the coronal emission spectrum gives a high-
energy cut-off of 100*30 keV for ESO 103-035 and 80™g' keV for IGR 2124.7+5058, within
the typical range for AGN. Fitting with physical Comptonisation models shows that these
correspond to a temperature of 22fé9 and 203 keV respectively. These values are consistent

with pair production limiting the coronal temperature.

5.1 Introduction

Active Galactic Nuclei (AGN) are powered by accretion onto a supermassive black hole
(SMBH), converting gravitational potential energy to radiation across the electromagnetic
spectrum. Due to the shape of the gravitational potential well, the majority of the energy is
released in the innermost few gravitational radii (r, = GMgn/ ¢?). Localised to this region is
the X-ray emitting corona, which Compton scatters incident optical and UV photons to X-ray
energies (e.g. Haardt and Maraschi, 1991) and is typically regarded as a region of electron
pair plasma.

The X-ray spectrum of emission from the corona may be approximated by a powerlaw
up to some cut-off energy where emission quickly rolls over (Rybicki and Lightman, 1979).
The index of this powerlaw and the energy at which the cut-off occurs are then the primary
observable characteristics from which conditions in the corona may be inferred.

Since the high-energy cut-off occurs when the electrons are no longer able to add energy
to the photons in an interaction, its value is governed by the electron temperature (if the
particles in the corona have a roughly thermal spectrum). If the cut-off is modelled as an
exponential suppression of the emission (N(E) o< E~Te™F /Ecu), the value inferred is around
2-3 times the temperature (Petrucci et al. 2001, where energy and temperature are expressed
in the same units by E = kgT).
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Table 5.1 List of observations of ESO 103-035 and IGR 2124.7+5058. Exposure is the mean
good exposure per FPM, as used for spectral fitting.

ESO 103-035
. NuSTAR Swift
Campaign
OBSID Start date Exposure  Swift OBSIDs Exposure
EGS 60061288002 2013-02-25 27.3 00080219001 6.7
Cycle 3 60301004002 2017-10-15 42.5 00088112001 1.9
IGR 2124.7+5058
Campaign NuSTAR Swift
OBSID Start date Exposure  Swift OBSIDs Exposure
EGS 60061305002 2014-12-13 23.9 00080273001/2 6.8
Cycle 3 60301005002 2018-01-02 40.2 00088113001/2/3 4.0

The hard X-ray surveys performed by INTEGRAL (Malizia et al., 2014) and Swift-BAT
(Ricci et al., 2017; Vasudevan et al., 2013) have shown that this cut-off is typically around a
few hundred keV: Malizia et al. (2014) find a median of 128 keV and a standard devation of
46 keV; Ricci et al. (2017) find a median of 200 + 29 keV. The cut-off energy also seems to
decrease with Eddington rate (Ricci et al., 2018).

The mechanism by which the coronal temperature is regulated is, however, still an open
question. One possibility is (electron) pair production in photon-photon collisions, the rate
of which increases rapidly above a certain temperature. This provides many more particles
to share the energy and so makes further temperature increase difficult (Bisnovatyi-Kogan
et al., 1971; Guilbert et al., 1983; Svensson, 1982, 1984). This temperature then acts as an
effective upper limit for the electron temperature. This possibility was explored in Fabian
et al. (2015) and found to be reasonable: sources were seen to have temperatures close to the
limit imposed by pair production.

Observations from NuSTAR (Harrison et al., 2013) are able to refine this picture: owing to
its ability to focus hard (up to 78 keV) X-rays, NuSTAR allows more precise measurements to
be made of dimmer sources with shorter observations. This increased signal also allows the
effect of degeneracy between curvature due to the cut-off and due to reflection to be reduced.

Here, we present new studies of the coronae of two AGN, ESO 103-035 and IGR 2124.7+5058,

from recent NuSTAR observations.

5.1.1 ESO 103-035

ESO 103-035 (z = 0.013) is an optical Seyfert 2 galaxy (Véron-Cetty and Véron, 2006)
initially detected in X-rays with HEAO-A2 (Marshall et al., 1979; Phillips et al., 1979).
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EXOSAT observations showed absorption with variability by almost a factor of 2 in column
density over 90 days, from 1.7 to 1.0 x 10>* cm~? (Warwick et al., 1988). ESO 103-035
was also observed with BeppoSAX, in October of 1996 and 1997 (Akylas et al., 2001; Wilkes
et al., 2001), again finding significant absorption (Ng = 1.79 £ 0.09 x 10?3 cm™?2) and also
an iron-K emission line. Wilkes et al. (2001) additionally find an iron absorption edge and a
low cut-off (29 £10keV).

Furthermore, the galaxy contains a nuclear maser source (Bennert et al., 2004) and the
black hole mass has been estimated as Mgy = 107-1%0-6 Mg (Czerny et al., 2001).

The Galactic absorption column is modest, Ny Ga1 = 4.56 — 6.81 X 1020 (Kalberla et al.,
2005), 6.42 —7.86 x 10%° cm~2 (Dickey and Lockman, 1990).

5.1.2 IGR 2124.7+5058 (4C 50.55)

IGR J21247+5058 (4C 50.55, z = 0.02, Masetti et al. 2004) is a bright radio loud Seyfert 1
galaxy. Optical studies of this source have been challenging due to its alignment with a
Galactic star (Masetti et al., 2004).

Several X-ray missions have observed IGR 2124.7+5058. Molina et al. (2007) analyse
XMM-Newton data, finding significant absorption (up to 10?3 cm~?) and weak reflection.
Combining the XMM-Newton data with INTEGRAL data constrains the high-energy cut-off
to Ecy = 10073 keV. The addition of Swift-BAT data refines this to 79132 keV.

Tazaki et al. (2010) apply Comptonisation models to Suzaku observations, finding 7. ~ 3
and kT¢ ~ 30keV. Their modelling of the Fe K-¢ line finds an inner disc radius Rj, ~ 7007,
which they explain by the inner disc being either truncated or covered by the corona. The
flux is stable throughout most of the 170 ks observation but increases by 30 % below 10keV
in the last 20 keV.

IGR 2124.745058 is a radio-loud source, so it is possible that the X-ray spectrum includes
a contribution from a jet. Tazaki et al. (2010) calculate the likely contribution based on the
radio to gamma-ray SED and conclude that any contribution is between 10~* and 107! of
the X-ray power in observations of similar flux to those analysed here.

The Galactic absorption to IGR 2124.7+5058 is significant, being measured at Ny Ga1 =
0.855 — 1.16 x 10%? (Kalberla et al., 2005), 1.02 — 1.39 x 10?> cm~? (Dickey and Lockman,
1990). Since the total absorption to IGR 2124.7+5058 is higher still and the redshift is low,
differences in Galactic emission are degenerate with intrinsic absorption, so we fix Galactic

absorption to 10?2 cm 2.
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5.2 Observations and Data Reduction

There are two NuSTAR observations of each source, separated by several years; each obser-
vation has a simultaneous Swift snapshot (see Table 6.1). For each source, one observation
was made as part of the NuSTAR Extragalactic Survey (EGS) and one as a Cycle 3 Guest
Observer target; we therefore refer to the observations as ‘EGS’ and ‘Cycle 3°.

We reduced the NuSTAR data with NUSTARDAS version 1.8.0 and CALDB version
20171002. We produced clean event files using NUPIPELINE, choosing filtering options
for the SAA based on the online background reports. In each case the option which gave
the greatest exposure while removing periods of elevated background was SAACALC=2
SAAMODE=0OPTIMIZED TENTACLE=YES. Spectra and associated response files were pro-
duced using the NUPRODUCTS command, with a 60 arcsec radius circular source region and
a 90 arcsec radius circular background region from a source free area of the same chip (the
largest such region available).

The Swift-XRT data were reduced using the online Swift-XRT products generator', as
described in Evans et al. (2009). We extracted the mean spectrum of the Swift observation(s)
associated with each NuSTAR observation (see Table 6.1).

For ESO 103-035, the high absorption column means that the XRT data provide little
signal below 3 keV (only one bin with the grouping used) and the greater effective area of
NuSTAR means this data dominates above 3 keV, so we do not use XRT data in spectral fits
of ESO 103-035.

We also compare with the Swift-BAT data of the sources. We use the spectra from the
105 month catalogue? (Oh et al., 2018) and light curves from the transient monitor® (Krimm
et al., 2013).

Spectra from all instruments (apart from Swift-BAT) were grouped to a signal to noise
level of 6. Fits were made in ISIS Version 1.6.2-42 (Houck and Denicola, 2000); errors are
given at the 90% level. We use the elemental abundances of Wilms et al. (2000) with cross

sections from Verner et al. (1996).

5.3 Results

We begin by producing a light curve and hardness ratio for each source (Fig. 5.1). While
both sources have changed in flux between their two observations, the light curves show
little variability within an observation for IGR 2124.7+5058 and moderate slow variability

1WWW.swift.ac.uk/uselr_obj ects
Zswift.gsfc.nasa.gov/results/bs105mon/
3swift.gsfc.nasa.gov/results/transients/
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Fig. 5.2 Swift-BAT light curves of ESO 103-035 (left) and IGR 2124.7+5058 (right), binned
to 20 days, with times of NuSTAR observations shown as vertical lines.
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for ESO 103-035. Additionally, there is little change in hardness within any observation:
each observation is consistent with constant hardness (x2/d.o.f = 84 /99 and 147/157 for
ESO 103-035; 89/86 and 121/144 for IGR 2124.7+5058). Therefore, we extract mean
spectra from the whole of each observation of each source.

We show the spectra unfolded against a constant model (I' = 2 powerlaw) in Fig. 5.3.
Each source shows a hard spectrum with significant absorption. ESO 103—-035 matches the
long-term Swift-BAT spectrum well but IGR 2124.7+5058 exceeds the BAT flux by almost a
factor of 2 at high energies (within the NuSTAR band). This higher flux is consistent with the
variability in the long-term BAT light curve (Figure 5.2).

To show spectral features more clearly, we also plot the ratio of each spectrum to an
absorbed powerlaw. Since this ratio is primarily for display, we fix the absorption to match
the best-fit from detailed modelling performed later and fit for the power law normalisation
and slope. Both sources show a drop in flux relative to the simple power law at high energies.
ESO 103-035 shows a strong iron Ko line and Compton hump indicative of reflected
emission, while IGR 2124.7+5058 shows these features only more weakly.

5.3.1 Spectral fitting

We begin with a model with components to account for all of the spectral features mentioned.
We use (Z)TBABS (Wilms et al., 2000) for Galactic (z = 0) and intrinsic (matched to source
redshift) absorption. We do not include the Galactic component for ESO 103-035 since
this is insignificant compared to the intrinsic absorption. We initially use PEXMON to
model the direct and reflected emission. This allows for a cut-off in direct coronal emission
(modelled by an exponential cut-off) and reflection from neutral material with an iron-Ko
line, calculated self-consistently for a given metallicity. We allow the coronal parameters
(I" and Ecy), reflection fraction and iron abundance to vary but freeze the inclination to the
default value (6 = 60°).

This provides reasonable fits to each dataset (Tables 5.2,5.3). The iron abundance for
IGR 2124.74+5058 is high (> 12 times Solar), although such high abundances have been
found in other AGN (e.g. Fabian et al., 2009; Ponti et al., 2010). This could occur if there is
significant enrichment of the nuclear gas for example by supernovae from earlier generations
of stars.

The cut-off energies, 1307¢>° and 100*39 keV for ESO 103-035 and 78115 and 80! keV
for IGR 2124.7+5058, are consistent between observations for both sources and in agree-
ment with at least some previous observations (ESO 103-035: 571“%3 keV, Ricci et al. 2017;
IGR 2124.7+5058: 79123 keV, Molina et al. 2007).
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Fig. 5.3 Unfolded spectra of ESO 103—-035 (top) and IGR 2124.7+5058 (bottom). Both
sources have hard, absorbed spectra. ESO 103-035 shows similar hard-energy emission
to the long-term average from Swift-BAT; IGR 2124.7+5058 is brighter and harder in the
NuSTAR observations than the average. Swift-XRT (< 10keV) is shown in black (EGS) and

red (Cycle 3); NuSTAR (3 —78keV) in blue (EGS) and yellow (Cycle 3); and Swift-BAT
(15 —-200keV) in purple.
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Fig. 5.4 Ratio of spectra of ESO 103-035 (top) and IGR 2124.7+5058 (bottom) to an absorbed
powerlaw. For each source, the absorption is fixed to the best fit value from fits presented
later and powerlaw parameters are fit to each observation separately. Both sources show a
roll-over at high energies, while reflection features are stronger in ESO 103-035.
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Fig. 5.5 Data and residuals of best fitting broadband models for ESO 103-035 (top) and
IGR 2124.7+5058 (bottom). Top: data; lower: residuals to models: EGS in blue/black, Cycle
3 in red/yellow. From top to bottom: PEXMON, XILLVER, XILLVERCP, RELXILLCP.
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Dataset EGS
Model PEXMON  XILLVER XILLVERCP RELXILLCP
Ng/102ecm~2 171715 17.071% 173718 17.0719
0.19 0.24 0.79 0.13
I 1.82J_r0.16 1.79f0.16 1.84f0.10 1.86f0.16
Ecu/keV 130150 11073 - -
kT./keV - - > 17 > 20
Afe/AFe. o.stgé‘ 1.1jé.2 1.5fé;§ < 70 i
6/° - - - <17
0.018 0.018 0.018 0.018
Cremp/rpma 10670015 1.067001g  1.065001s 1067001
2dof 634/645 635/645 636/645 638/642
x-/d.olL 0.98 0.98 0.99 0.99
Dataset Cycle 3
Model PEXMON  XILLVER XILLVERCP RELXILLCP
Nu/10%ecm™2 156713 15713 16.47 05 16717
0.15 0.22 0.16 0.07
r 1.71J_F0'13 1.73‘_L0.15 1.821“0.08 1.76’:008
Ecu/keV 10073 1007180 - -
kT./keV - - 27300 2219
Are/AFe o o.8j§§ 0.9j§;§ 1.of§;§ 2.0%‘;
6/° - - - <19
Cepmp/rema 1067001 1.03700;3 10370613 1.03704;3
1-03—0—0.015
~0.015
2dof 768/778 7751778 759/778 743/775
x-/d.o.L 0.98 1.00 0.98 0.96

Table 5.2 Parameters of fits to ESO 103-035. Models are labelled by their primary com-
ponent; each model also contains intrinsic absorption (with column density Ny) and a
cross-calibration constant between detectors (Cgpymp /FPMaA)-
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Dataset EGS
Model PEXMON XILLVER  XILLVERCP
N /10%2cm 2 1.451(8);(}5 1.45;6}({)% 1.8180;%1
r 1537093 1.527003 1727561
Ecu/keV 78715 7318 -
kT./keV - - 1913
AFe/AFe,(D > 12 >6.5 >7.9
RRefl 0.06f§:§% 0.065t§;§1§§ o.osigégég
2dof 1007/961  1010/961 1067/961
x716.0.L. 1.05 1.05 1.11
Dataset Cycle 3
Model PEXMON XILLVER  XILLVERCP
Nu/10%cm™2 1 .2;%%] 1 .2;?63%2 1 .8%%:%1
r 159700, 1.597087 176700
Ecu/keV 80+, 82+ -
kT./keV - - 2013
Are/AFe o > 12 1019 > 8.3
RRef o.25j§;§$ 0.07i§;§§ 0.06i§;§$
Crowprrun 102500 102500 102200
CXRT FPMA 0.83_0:04 0.83_0:04 0.86_0:04
2dof 1290/1189 1291/1189  1340/1189
x1d.0.L. 1.09 1.09 1.13

Table 5.3 Parameters of fits to IGR 2124.7+5058. Models are labelled by their primary
emission component; each model also contains Galactic absorption (with Ny = 1022 cm™2)
intrinsic absorption (with column density Ny) and cross-calibration constants between detec-

tors (CppmB /FPMA> CxRrT / FPMA)-
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The powerlaw indices are all relatively hard. IGR 2124.7+5058 in particular has a
very hard spectrum (I' = 1.53 £0.03 and 1.52 £ 0.03) but not harder than has been found
previously for this source (I"'= 1.5, Molina et al., 2007).

The sources differ markedly in their reflection fractions. While ESO 103-035 has
a reflection fraction around 1, as expected from illumination of a disc by an isotropic
source away from strong relativistic effects, IGR 2124.74+5058 has much weaker reflection
(Rren = 0.06£0.02 and 0.25700%). Since IGR 2124.7+5058 has a jet, this would fit with
a scenario in which coronal material in IGR 2124.7+5058 is the outflowing base of this
jet and hence beamed away from the disc. Such a model has been proposed to explain
the variability of Mrk 335 (Wilkins and Gallo, 2015) and the relationship between radio
Eddington luminosity and X-ray reflection fraction (King et al., 2017).

The cross-calibration between NuSTAR and Swift-XRT is slightly below that expected
from IACHEC calibration observations (Madsen et al., 2017) but not unreasonable when
allowing for source variability.

There is inevitably some degeneracy between curvature due to the high-energy cut-
off and due to reflection. To quantify this, we calculate confidence contours in the cut-
off/reflection fraction plane (Figure 5.6). This shows (particularly for ESO 103—035) the
expected degeneracy, in that the fit has either a lower cut-off energy or a higher reflection
fraction. However, in each case both parameters are still constrained (though only weakly for
the shallowest, ESO 103-035 EGS, observation).

To test the effect of different models, we perform a similar fit with the XILLVER model
(Garcia et al., 2013), which has a more detailed model for the reflected spectrum. We fit
for the same parameters as the PEXMON model and fix the additional ionisation parameter
log(& /ergems™!) = 0 to best match the neutral PEXMON reflection. This recovers very
similar parameters (Tables 5.2 and 5.3).

Comptonisation models

Having determined the shape of the high-energy roll-over phenomenologically, we now fit
with physical Comptonisation models to obtain a direct constraint on the electron temperature.
We use the XILLVERCP model so that the reflected component is calculated self-consistently
with the illuminating Comptonised continuum, which is generated with the NTHCOMP model
(Zdziarski et al., 1996; Zycki et al., 1999). We again allow equivalent parameters to our
previous models to be free. Fits to this model are given in Tables 5.2,5.3. Most parameters
are similar to those found for the previous models, but the fits to IGR 2124.7+5058 have a
significantly softer photon index (I' = 1.72 £0.01 rather than 1.52 +0.03).
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Fig. 5.6 Contour plots of cut-off energy against reflection fraction for ESO 103-035 (left) and
IGR 2124.7+5058 (right). The best fit is indicated by a cross, contours are shown at 1o, 90%
and 30 confidence. Loci for EGS data are shown in blue, Cycle 3 in yellow. Despite some
degeneracy between reflection strength and cut-off energy, both parameters are constrained.
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The electron temperatures for ESO 103-035 are consistent with the expectation of a
factor of 2 — 3 lower than the cut-off energy (Petrucci et al., 2001). For IGR 2124.7+5058,
this difference is slightly larger (around a factor of 4, though we note that the fit quality for
IGR 2124.7+5058 is not perfect). This could be due to the difference in shape of the reflected
component (but this would be expected to have a larger effect in ESO 103—-035, which has
stronger reflection) or because the difference between Ecy and k7, becomes larger at high

optical depth, which corresponds to a harder spectrum (Petrucci et al., 2001).

Alternative models

While the fit for ESO 103-035 is formally acceptable, residuals are apparent around the iron
line. Therefore, we also test a model with relativistically blurred reflection, using RELXILLCP
(Dauser et al., 2010; Garcia et al., 2014). For the Cycle 3 observation, this gives a somewhat
better fit, sz = 15 and shows only weak blurring (Rj, > 7 Risco). For the EGS observation,
there is minimal improvement and parameters are consistent with the least blurring available
to the model. Parameters of the Comptonised continuum are consistent with the unblurred
model. For completeness, we also fit this model to the observations of IGR 2124.7+5058 but
this does not provide a significant improvement.

We also consider a jet component in IGR 2124.745058: while Tazaki et al. (2010)
estimate the contribution of a jet component to be subdominant, it is possible that even a
small contribution has an effect on the more sensitive NuSTAR spectra presented here or
that the jet emission has increased to a more significant level. Therefore, we also consider a
model including a jet component approximated by a hard (I' < 1.5) power law. This reduces
the best-fit value of the coronal temperature, as the high-energy coronal emission is replaced
by the jet; the exact value depends on the index assumed for the jet component. If allowing
any value of jet power, our coronal temperature measurement could then be seen as an upper
limit. However, a strong jet component requires a > 78 keV flux far above the Swift-BAT
value so would require a highly variable jet. We therefore note this possible effect of jet

emission but do not pursue the quantitative effect further.

5.3.2 Comparison to other sources

We compare the temperature and compactness of the coronae of ESO 103-035 and IGR 2124.7+5058
with that found for other sources by Fabian et al. (2015). Using the formulae in Fabian et al.
(2015), we calculate compactness, ¢, and electron temperature, k7 for each observation. We
take the required values of coronal luminosity and high-energy cut-off from the PEXMON
fit, since this is the most commonly used model in fits to the other sources in the sample.
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Fig. 5.7 Plot of coronal compactness (¢) against temperature (7). Sources from Fabian
et al. (2015) are shown by grey circles, IGR 2124.7+5058 by triangles and ESO 103-035 by
squares. For ESO 103—-035 and IGR 2124.7+5058, EGS data is shown in blue and Cycle 3
in yellow. The limits due to pair production in various geometries are shown by the lines
described in the legend; details on their calculation can be found in Fabian et al. (2015).

Using values from the other models gives similar results. Since we have no strong constraint
on the coronal size, we follow Fabian et al. (2015) in using a fiducial value of 10r,. For
ESO 103-035 we use the mass estimate of Czerny et al. (2001), Mg = 1()7'1i0'6M@, and
Mgy = 107>*15 M, This constraint in the £ — T plane is shown in Figure 5.7. Both sources
have temperatures below the limit imposed by the pair thermostat and within the typical
range of other sources of similar compactness. The upper limits for IGR 2124.7+5058 are
significantly below the pair thermostat limit; this may indicate that some of the electrons in
the corona have a non-thermal energy distribution (Fabian et al., 2017), as might the better

description by an exponential roll-over than a thermal Comptonisation model.
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5.4 Discussion

We have presented new hard X-ray spectra of two AGN made by NuSTAR and compared the
coronal parameters found with the predictions of the pair thermostat for coronal temperature
regulation.

Both sources have features which differ from the simplest typical AGN, which often
formed the basis for the first round of NuSTAR observations. ESO 103-035 has strong
and variable obscuration (~ 1.7 £0.2 x 2023 ¢cm~2 here, previously 1.0 — 1.7 x 103 ¢cm~2,
Warwick et al. 1988) and IGR 2124.7+5058 has both a very hard spectrum (I' ~ 1.5) and
significant radio emission (Combi et al., 2005; Ribo et al., 2004). The strong obscuration
makes measuring other spectral properties harder as their effects must be separated from
features of obscuration. Since NuSTAR has good sensitivity up to high energies, we can still
constrain features including the high-energy cut-off (which principally affects the spectrum
at higher energies than obscuration) although to a lesser extent than might be possible
with similarly deep observations of unobscured sources. Despite their idiosyncrasies, both
sources show coronal temperatures within the typical range for AGN (see Figure 5.7). This
could indicate a controlled means of temperature regulation independent of the wider AGN
environment, such as the pair thermostat discussed here. The apparent normality of sources
which are in other ways unusual also provides a wider pool of AGN of which to take future
coronal measurements.

Significant results on coronal properties have been based on large samples of low signal-
to-noise spectra made with non-focussing instruments such as INTEGRAL and Swift-BAT.
The more sensitive NuSTAR spectra now available present an opportunity to cross-check
results from previous instruments. The coronal temperature of ESO 103-035 agrees with
that found from Swift-BAT (Ricci et al., 2017) and that of IGR 2124.7+5058 agrees with
INTEGRAL (Malizia et al., 2014). This is promising for the robustness of results such as the
decrease of cut-off energy with increasing Eddington rate (Ricci et al., 2018) derived from
such spectra.

We have also considered possible means of temperature regulation and found that both
sources lie in the region of the £ — T plane allowed by the pair thermostat. The position
relative to the annihilation limit is consistent with pair annihilation being an important means
of regulation of the coronal temperature. Furthermore, IGR 2124.7+5058 has a temperature
significantly below that implied by the pair thermostat. This could be due to the electron
population including a non-thermal component, which tends to lower the limiting temperature
(Fabian et al., 2017).

It is also possible that the compactness presented here is an under-estimate. Firstly, the
10rg size is a relatively high value: AGN coronae have often been found to be significantly
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smaller (e.g. Parker et al., 2014b), although this is usually accompanied by strong relativistic
reflection. Secondly, the corona may have a highly inhomogeneous flux-density: it may
composed of many much smaller regions of higher compactness within the overall ~ 10rg
extent. Both these effects would move the points upwards, closer to the pair-production limit.



Chapter 6

An increase in variability frequency but
a stable reflection spectrum: implications
for the inner disc in black hole binaries






Abstract

MAXI J1820+070 (optical counterpart ASASSN-18ey) is a stellar mass black hole candidate
discovered through its recent very bright outburst. The low extinction column and long
duration at high flux allow detailed measurements of the accretion process to be made. In
this work, we compare the evolution of X-ray spectral and timing properties through the
initial hard state of the outburst. We show that the inner accretion disc, as measured by
relativistic reflection, remains steady throughout this period of the outburst. Nevertheless,
subtle spectral variability is observed, which is well explained by a change in coronal
geometry. However, characteristic features of the temporal variability — low-frequency roll-
over and QPO frequency — increase drastically in frequency, as the outburst proceeds. This
suggests that the variability timescales are governed by coronal conditions rather than solely
by the inner disc radius. We also find a strong correlation between X-ray luminosity and
coronal temperature. This can be explained by electron pair production with a changing

effective radius and a non-thermal electron fraction of ~ 20%.

6.1 Introduction

Accretion of matter produces variability on all timescales. This variability shows interesting
features lasting as long as the complete accretion of the matter and as short as the shortest
light-crossing times associated with the system. In black hole binaries (BHBs), accretion
occurs onto a particularly compact object, so timescales are correspondingly short and
accretion episodes can evolve quickly (compared to, for example, active galactic nuclei,
AGN). BHBs are therefore ideal laboratories for observations of processes which would
occur on unreasonably long timescales in other accreting sources.

X-ray emission from BHBs occurs principally in two accretion states (along with some
additional transitional states), commonly referred to as soft and hard (e.g. review by Remillard
and McClintock, 2006). In the soft state, emission is dominated by pseudo-blackbody thermal
emission from the disc (Novikov and Thorne, 1973; Shakura and Sunyaev, 1973), which
extends to the innermost stable circular orbit (ISCO, Gierlinski and Done, 2004; Steiner et al.,
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2010). Contrastingly, hard state emission is dominated by coronal emission produced by
inverse-Compton scattering in a cloud of hot electrons (Sunyaev and Truemper, 1979; Thorne
and Price, 1975), which has a spectrum approximated by a powerlaw with a high-energy
cut-off.

A complete understanding of the physical changes between these two states is not yet
well known: in particular, the nature of the inner disc during the hard state is still not agreed
upon. In some models, the disc is truncated and the accreting material forms a hot inner
flow with high ionisation, which produces the Comptonised spectrum (Done et al., 2007;
Esin et al., 1997; Gilfanov, 2010). However, this is sometimes at odds with the inner radius
measured spectrally, which is often small (Park et al., 2004; Parker et al., 2015b; Reis et al.,
2013). In this case, the central part of the disc is cool and dense enough to reflect but only
emits a small fraction of the energy released by accretion thermally (Reis et al., 2010), as
energy is extracted magnetically to power a corona positioned above the disc, possibly as the
base of a jet (e.g. Fabian et al., 2012; Markoff et al., 2005).

X-ray emission from BHBs also shows fast variability on many timescales. Often, specific
frequencies show stronger variability, known as Quasi Periodic Oscillations (QPOs; e.g. van
der Klis 2006). These QPOs give characteristic timescales to the system’s variability, so
can be used to infer physical properties when combined with theoretical models for their
production.

QPOs can be divided into various classes; the primary distinction being between high-
frequency (HF, ~ 10 — 10° Hz) and low-frequency (LF, ~ 1072 — 10Hz) QPOs. Low-
frequency QPOs are further divided into subtypes depending on their coherence and the
strength of different harmonics (Homan et al., 2001; Remillard et al., 2002; Wijnands et al.,
1999). Unfortunately, there is not yet an accepted explanation for the production of any of
the classes of QPOs. In the hot inner flow model, the boundary between the disc and the hot
inner flow provides a possible source of QPOs. The inner flow can undergo Lense-Thirring
precession, with frequencies similar to those seen in low-frequency QPOs (Ingram and Done,
2011; Ingram et al., 2009; Stella et al., 1999).

New observations of bright sources with the new generation of telescopes have the
potential to resolve these questions.

6.1.1 MAXI J1820+070

MAXI J1820+070 is a recently discovered transient source, which is likely to be a black hole
binary system. The optical counterpart to MAXI J1820+070, ASASSN-18ey, was detected
by the All-Sky Automated Search for SuperNovae (Shappee et al., 2014) on 2018 March 3,
several days before the announcement of the X-ray source (Kawamuro et al., 2018) and their
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Fig. 6.1 Light curve of MAXI J1820+070 from Swift-BAT (green) with times of NuSTAR ob-
servations shown as vertical bars. Observations analysed here are in colour; later observations

are in black

association was proposed (Denisenko, 2018) on 2018 March 11. The low extinction column
and long outburst have allowed a wealth of data to be collected in many wavebands.

The X-ray outburst began with an initial fast rise (to MJD 58200) and slow decay (till
around MJD 58290) across the full X-ray band; once the flux reached roughly one quarter
of the peak, the source re-brightened substantially before the hard X-ray flux dropped
dramatically (around MJD 58305) as the source transitioned into the soft state. After over
2 months in the soft state, the hard X-ray flux increased (from around MJD 58380) as
the source re-entered the hard state before fading into quiescence. Figure 6.1 shows the
hard (15 — 50 keV) X-ray light curve from the Neil Gehrels Swift Observatory Burst Alert
Telescope (Swift-BAT) transient monitor (Gehrels et al., 2004; Krimm et al., 2013). Figure 6.2
shows a hardness-intensity diagram of the outburst from Neutron star Interior Composition

ExploreR (NICER; Gendreau et al., 2016) data.
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Fig. 6.2 Hardness-intensity diagram of MAXI J1820+070 from NICER data (grey). The
day coincident with each NuSTAR observation is shown in the colour matching Figure 6.1.
For comparison, the NICER observations analysed in Kara et al. (2019) are shown as brown
triangles.
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International Gamma Ray Astrophysics Laboratory (INTEGRAL; Winkler et al., 2003)
observations show differences in the spectra between the rise and decay and a hard tail above
the Compton cut-off, which may be from a jet (Roques and Jourdain, 2018). Combining
Monitor of All-sky X-ray Image (MAXI; Matsuoka et al., 2009) with Swift-BAT data shows a
typical photon index of I ~ 1.5 and an electron temperature of k7. ~ 50keV (Shidatsu et al.,
2018).

The start of the optical outburst preceded the X-ray by around 7 days; lightcurves
and spectra show broad double peaked emission lines and variability in the outburst and
pre-outburst emission, typical of low mass X-ray binaries (Tucker et al., 2018).

QPOs have been observed in the emission from MAXI J1820+070 in many wavebands,
from optical (Fiori et al., 2018; Yu et al., 2018a,b; Zampieri et al., 2018) to hard X-ray
(Mereminskiy et al., 2018). The frequency of these QPOs increases with time (Homan et al.,
2018) during the first part of the outburst and, over the initial few Nuclear Spectroscopic
Telescope Array (NuSTAR, Harrison et al., 2013) hard X-ray observations, this increase was
suggested to be exponential with time (Buisson et al., 2018). Reverberation lags, differences
in arrival time between direct coronal and reflected emission, have also been detected in the
X-ray variability; these lags shorten as the variability frequencies increase, suggesting that
the corona becomes more compact (Kara et al., 2019).

The distance to MAXI J1820+070 is still moderately uncertain. Among the first set of
XRB distances to be derived directly from optical astrometry (rather than indirect photometric
and spectroscopic methods), Gaia measurements of the system in quiescence give a parallax
of 0.31 +0.11 milliarcsec, which corresponds to a distance of 3.5‘:% kpc (Gandhi et al.,
2018). This should be improved in the next Gaia data release, especially considering the
long interval over which the source remained bright.

NuSTAR is the first X-ray telescope to focus hard (2 10keV) X-rays. It uses CdZnTe
detectors with a triggered readout, allowing observations of bright sources to be free of pile-
up which degrades conventionally read CCDs. These capabilities have allowed NuSTAR to
perform several observations of MAXI J1820+070; the times of these are shown in Figure 6.1
as coloured vertical bands (these colours are used to indicate the same epoch throughout this
work), showing that NuSTAR observations occurred during all of these stages of the outburst.

The accumulated dataset is vast and a full analysis is beyond the scope of a single
work. Here, we focus on a comparison between the evolution of the spectral and timing
properties during the initial hard state of the outburst. We summarise the data used in
Section 6.2; present an overview of the outburst properties in Section 6.3.1 and describe
details of power spectra in Section 6.3.2. We comment on possible interpretations of our

findings in Section 6.4 and summarise in Section 6.5.



Table 6.1 List of NuSTAR observations of MAXI J1820+070. The observation length is significantly longer than the effective exposure
due to deadtime, orbital and other gaps. Since pairs of observations are sometimes closely spaced, we divide the datasets into several
Epochs for analysis purposes. Only epochs before the transition to the soft state are considered here.
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OBSID Start time ObservationCount rate ~ Live Epoch State
length/ks  (incident fraction
cts/s)
90401309002 2018-03-14T20:26:09 43.0 157 0.62 1 Hard
90401309004 2018-03-21T00:31:09 14.2 664  0.28 2 Hard
90401309006 2018-03-21T07:06:09 31.7 679  0.28 2 Hard
90401309008 2018-03-24T12:31:09 20.7 701 0.27 3 Hard
90401309010 2018-03-24T20:26:09 14.9 703 0.27 3 Hard
90401309012 2018-04-04T04:31:09 84.4 624  0.29 4 Hard
90401309013 2018-04-16T22:21:09 8.4 602 03 5 Hard
90401309014 2018-04-17T06:31:09 55.5 609 03 5 Hard
90401309016 2018-05-03T18:51:09 60.5 512 0.34 6 Hard
90401309018 2018-05-17T03:36:09 13.1 407  0.37 7 Hard
90401309019 2018-05-17T14:26:09 43.9 440  0.37 7 Hard
90401309021 2018-06-28T03:56:09 77.7 265 0.5 8 Hard
90401309023 2018-07-07T08:36:09 38.1 461  0.33 9 Soft
90401309025 2018-07-15T17:51:09 43.7 321 0.39 10 Soft
90401309027 2018-07-28T01:11:09 83.3 237 045 11 Soft
90401309029 2018-08-13T14:26:09 26.5 158 0.54 12 Soft
90401309031 2018-08-19T07:26:09 58.7 131  0.58 13 Soft
90401309033 2018-09-27T21:51:09 67.0 108  0.68 14 Hard
90401309035 2018-10-06T07:11:09 38.1 46 0.81 15 Hard
90401309037 2018-10-13T22:46:09 82.4 12 09 16 Hard
90401309039 2018-10-29T01:11:09 96.1 3 093 17 Hard
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6.2 Observations and Data Reduction

We analyse data from all NuSTAR observations of MAXI J1820+070 before the transition
to the soft state, as shown in Table 6.1. For data transfer reasons, some pseudo-continuous
observation periods were divided into separate OBSIDs; we reduce these sections separately
but treat them as a single observation for later analysis. We refer to different observations as
epochs, numbered as in Table 6.1.

The data were reduced with the NUSTARDAS pipeline, version 1.8.0 and CALDB version
20171002. When filtering for passages through the South Atlantic Anomaly, "saamode"
was set to "strict" and "tentacle" to "yes". Following the recommendations of the
NuSTAR team, we used the status expression "STATUS==b0000xxx00xxxx000" to avoid
source photons being spuriously flagged as ‘TEST’ events due to the bright source. The
source region was a circle of 60 arcsec radius centroided to the peak brightness. We also
extracted a background from a circle of 60 arcsec radius from the area of the same chip with
the lowest apparent source contamination. However, this background flux is negligible and
source-dominated across the whole bandpass (for the observations analysed here). We group
the FPMA data to a minimum signal to noise ratio of at least 50, which allows the use of xz
statistics, and group FPMB to the same energy bins to facilitate straightforward comparison
of detectors.

To properly account for the loss of exposure due to dead-time and ensure all other instru-
mental effects are properly accounted for, we produce light curves using the NUPRODUCTS
software, which includes the NULCCORR process. To fully account for dead-time, this
requires that the light curve bin size is at least 1 s. When studying higher frequencies than
this allows (> 0.5 Hz), we correct for dead-time using the HENDRICS package (Bachetti,
2015; Bachetti et al., 2015; Bachetti and Huppenkothen, 2018).

To indicate the magnitude of dead-time effects, mean incident count-rates and live

fractions for each observation are also given in Table 6.1.

6.3 Results

6.3.1 Spectral analysis
Qualitative comparison

The spectrum from each epoch considered here is shown unfolded to a constant model in
Figure 6.3. Apart from changes in hardness, this shows little evolution in spectral shape
throughout the hard state. The spectra soften gradually till the second increase in flux (the
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Fig. 6.3 Spectra of each NuSTAR observation, produced by unfolding the data to a constant
model. FPMA and B have been combined for display purposes. The colour of each observa-
tion matches that in Figure 6.1. The source has almost constant spectral shape during the

hard state, softening slowly through the initial outburst and re-hardening during the second
rise.
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Energy (keV)

Fig. 6.4 Ratio of the mean spectrum of each epoch in the hard state to the best-fitting
powerlaw. Time runs from top to bottom in the upper panel; successive epochs are offset by
0.25, as indicated by the dashed lines. All epochs are shown superimposed in the lower panel.
The colour of each observation matches that in Figure 6.1. The vertical dashed line indicates
the rest energy (6.4 keV) of the iron Ko line. The narrow core to the iron line weakens and
(apart from the first epoch) the relative high-energy flux increases throughout the outburst.
Features at ~ 12 and 28 keV are calibration residuals.
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last epoch in the hard state, Epoch 8, shown in purple), when a slight hardening is seen. To
show spectral features more clearly, we also show the hard state spectra as a ratio to the
best-fitting power law in Figure 6.4. This shows a broad (several keV wide) iron Ko emission
line peaking around 6.5 keV and a Compton hump at 20 — 50 keV, indicating the presence of
relativistic reflection, as would be expected from an accretion disc extending close to a black
hole (e.g. Fabian et al., 2000; Reynolds and Nowak, 2003). There is also a clear narrow core
to the iron emission (although this is broadened by the 0.4 keV FWHM NuSTAR resolution).
The broad component of the iron line appears remarkably stable throughout the outburst,
while the relative strength of the narrow core reduces with time; this behaviour is also seen
in observations by NICER (Kara et al., 2019). Additionally, the relative high energy flux
increases during the outburst, possibly indicating an increase in coronal temperature. The
relative high energy flux is also significantly greater during increases in broad band flux (the
first and last hard-state spectra) than decreases.

Quantitative modelling

We model the hard X-ray emission as originating from a Comptonising corona illuminating
a disc around a black hole. Owing to the availability of models, we make the standard
geometrical approximation of a razor-thin (zero thickness), Keplerian disc. From the change
in iron line profile, we deduce that the illumination of the outer disc (forming the narrow
core) is changing, while the illumination of the inner disc (forming the broad component)
varies less. Therefore, we require an extended, changing corona. We model this simply
as two point sources on the spin axis at different heights above the disc (two instances of
RELXILLLPCP, Dauser et al. 2010; Garcia et al. 2014) with the upper point source inducing
the majority of the narrow component of the reflection and the lower point source dominating
the broad component. This is unlikely to be the true physical scenario (the true extension
is likely continuous, especially once averaged over many dynamical times) but provides
a representation with sufficient variable parameters to model the observed changes to the
spectra while remaining computationally tractable.

The increase in flux at low energies relative to a simple powerlaw (see Figure 6.4) is
greater than is present in the reflection in the RELXILLLPCP model (which uses XILLVER,
Garcia et al. 2013). This may be due to the disc having higher density than is used in (this

version of) XILLVER, which has a proton density of n = 10> cm™3

as appropriate for typical
AGN (Garcia et al., 2016). The higher density causes the reprocessed thermal continuum to
move into the X-ray band (Garcia et al., 2016; Jiang et al., 2019; Tomsick et al., 2018). A

detailed analysis of this effect requires data at softer energies than are provided by NuSTAR
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Fig. 6.5 Plot of ratio residuals to best-fit models for each spectrum. Successive spectra are
offset by 0.1. The colour of each epoch matches that in Figure 6.1. Grey bands denote energy
ranges which were ignored for fitting due to instrumental features.
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Fig. 6.6 Plot of best-fit models to Epochs 1, 4 and 8 (left to right). The colour of each epoch
matches that in Figure 6.1. The upper line in each epoch is the total model; the contributions
from the upper and lower corona are shown dashed and dotted respectively, each separated
into their continuum and reflected components. The relative contribution from the narrow
reflection component reduces in successive observations.

and will be considered in future work (Fabian et al. in prep.); here, we represent the additional
soft flux with a DISKBB component.

We fit the data in 1SIS (Houck and Denicola, 2000) version 1.6.2-41 across the full
NuSTAR band, 3 — 78 keV, excluding 11 — 12 and 23 — 28 keV due to sharp features which
differ between FPMA and B, which we ascribe to instrumental effects (these energies
correspond to more variable regions of the empirical correction factor, Madsen et al., 2015,
figure 5). We give parameters in Table 6.3. Errorbars are given at the 90% level for 1
parameter of interest. Residuals are shown in Figure 6.5 and examples of the best-fitting
models themselves are shown in Figure 6.6. The evolution of the parameters is shown in
Figure 6.7.

Due to slight calibration differences between FPMA and FPMB, we allow different
DISKBB parameters and photon indices (I') between modules. We find that the typical
difference in photon index is similar to the uncertainty in the fit, with FPMB always requiring
a slightly harder model, though the difference is less than the stated calibration level (Madsen
et al., 2015). Similarly, FPMA always has a slightly hotter DISKBB component.

For self-consistency, we tie black hole parameters and disc parameters that cannot
change quickly between the two RELXILLLPCP components. We also use the self-consistent
reflection fraction (the reflection strength is calculated based on the coronal height, Dauser
et al. 2016), so include the continuum contribution from both components. However, as
well as the height, we allow the disc ionisation to differ between the two components. This

can be justified in several ways. The different heights in the different components mean
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Fig. 6.7 Plot of key system parameters against time. Dashed horizontal lines indicate the
weighted mean across epochs.



=
S
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= Errors represent 90% confidence intervals.
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Fig. 6.8 Plot of constraint on inner disc radius, Rj,, in terms of change in fit statistic, A)(z,
for each epoch.

that they mostly illuminate different regions of the disc (the lower component principally
illuminates the inner disc). Alternatively, the variability in the system could be such that the
flux from different coronal regions is dominant at different times: the disc ionisation could
also change with this such that the ionisation when the upper corona is dominant differs from
that when the lower dominates. The resulting ionisation values often differ from the naive
expectation that the lower corona should illuminate a more ionised inner disc. For this to be
taken as physical, either some variability allows the disc to be less ionised when emission
from the lower corona is dominant or a density gradient allows the more strongly illuminated
inner region to have lower ionisation. Alternatively, the relative ionisation values could be
a modelling artefact; in this case, we can check the reliability of other parameters by tying
both ionisation values together. Testing this on Epoch 4 data (which has the strongest signal)
retrieves parameters which are similar to (and in particular the inner radius is consistent at
the 90% level with) the values from the fits in Table 6.3.
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Owing to the strong degeneracy between black hole spin and disc truncation, we fit
for inner radius, Rj,, in a maximally spinning (dimensionless spin parameter a = 0.998)
space-time. The resulting values show little spread around their weighted mean, R;, ~ 5.3 7
(re = GMgy/ c?), see Figure 6.8. If this radius is Rygco, it implies a low spin black hole. A
full estimate of the black hole spin, including low-energy data from NICER, will be presented
in a forthcoming paper (Fabian et al., in prep.).

The iron abundance of the disc is found to be significantly higher than solar (Ap, ~
5AFe,»). This is not necessarily unexpected, since stars vary in metallicity, but the value
found is likely to be an overestimate, particularly given the ubiquity of apparent super-solar
iron abundances (Garcia et al., 2018). The over-estimate could be due to a higher density
disc (as predicted for stellar mass black holes, Garcia et al. 2016; Svensson and Zdziarski
1994) which would show stronger iron lines at a given metallicity (Garcia et al., 2016; Jiang
et al., 2019; Tomsick et al., 2018). Additionally, high metallicity could occur if the supernova
which formed the black hole polluted the surface of the companion with metal-rich material,
which is now being accreted.

Many of these fits are formally poor, in the sense of having low null hypothesis prob-
abilities. However, the statistical errors in the spectrum are comparable to the calibration
precision of NuSTAR due to the extremely high signal in the datasets used here, so calibration
differences between the detectors may lead to inflated x> values. To give a guide to how

significant this effect is, we also show the value:

(DA —My) — (D — Mp)

\/E% +E3 x d.o.f.

where D;, M;, E; are the data, model and error values respectively for detector i and d.o.f. is

the number of degrees of freedom, i.e. the number of bins minus the 6 variables in our model
which can differ between detectors (4 from two instances of DISKBB; the normalisation
difference; and the difference in I'). This is essentially a reduced y? value testing that FPMA
matches FPMB. All values are similar to the reduced 2 found for the respective source
model, which justifies the fit quality of the source models.

Another way of determining the effects of calibration uncertainties is to add a systematic
error to the measurement uncertainties; here, a systematic error of around 0.5% brings the
reduced x? to unity.

Various parameters (e.g. coronal temperature) change significantly between Epochs. How
these changes are related, to each other and to properties of the rapid variability, is considered
further in Section 6.3.3.
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6.3.2 Variability analysis: power spectra

The timescales on which a source varies may be quantified with the Power Spectral Distribu-
tion (PSD, e.g. Priestley 1981)

where A(f) is the Fourier transform of the flux at frequency f.

Initially, we produce periodograms from the full calibrated NuSTAR band (3 — 78 keV),
using lightcurve segments of 1024 s with 0.0625s = 1/16s bins. We then produce PSDs
from the average of all periodograms in an epoch, binning frequencies if necessary to ensure
that each PSD data point is produced from at least 20 periodogram values (so that the error
on the PSD value is approximately Gaussian). We estimate the size of the error of each PSD
point from the variance of the periodogram values which produce it.

These PSDs are shown for each epoch in Figure 6.9. The low-frequency cut-off in power
increases in break frequency as the outburst progresses. Additionally, a QPO is present close
to the break frequency in each observation (although its detection is very marginal in the
first); a further peak is present close to double the primary QPO frequency. These QPO
frequencies also (with the exception of the final observation) increase with time.

We also test for changes in variability properties with energy by splitting each light
curve into 5 energy bands (3-5, 5-6, 6-9, 9-13 and 13-78 keV) with approximately equal
counts. This shows a similar PSD shape in each band and only a slight change in variability
amplitude. Therefore, we consider only the full band PSDs here (a detailed analysis of the

changes with energy will be presented as part of a future work).

Fitting

Power spectra of accreting black holes can typically be fit with the sum of several Lorentzians
(Belloni et al., 2002; Olive et al., 1998). We fit such a model, typically using 5 Lorentzians
(apart from Epochs 1 where only 3 are necessary, 4 where 6 are necessary and 7 where 4 are
necessary), and including an additional constant (independent of frequency) component for
the Poisson noise. We fit the two FPMs as separate datasets with the same source model but
independent Poisson noise components.

We then use Markov-Chain Monte-Carlo methods to fit each of the PSDs, utilising the
XSPEC_EMCEE implementation!. We use 150 walkers for 5000 steps after a burn in
period of 1000 steps. For each parameter, we apply a simple uniform prior across a range

determined by eye to encompass all reasonable values.

"Written by Jeremy Sanders, based on the EMCEE package (Foreman-Mackey et al., 2013).
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Fig. 6.9 PSDs of NuSTAR data, with the RMS normalisation. Successive PSDs are offset by
a factor of 5. Poisson noise has been subtracted based on the best-fitting values and each
PSD has been rebinned to a geometric progression of at least 1.05 for clarity. Frequencies
of features in the PSD (QPO and low-frequency break) increase over the first section of the
outburst. During the latter stages of the outburst, the variability decreases.
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We then extract characteristic time scales to compare with spectral properties. We extract
the QPO peak frequency (Vpeak = ,/vg + 02) by finding the narrow Lorentzian with the
highest normalisation close to the visible QPO peak frequency (where the allowed range
is determined by eye to exclude adjacent peaks). We define a Lorentzian as narrow based
on the standard threshold, Q > 2, where Q = 6/2vj is the quality factor. We note that the
low-frequency break follows the change in QPO frequency; due to the similar changes in
each characteristic frequency and the complication in reliably extracting the low-frequency
break from the multiple Lorenztian model, we do not consider the low-frequency break

quantitatively.

6.3.3 Comparison of parameter evolution

We compare how key parameters evolve with respect to each other in Figure 6.10. This shows
that the parameters are generally not simply related (in the sense of having a monotonic
correlation) to each other. Parameters that do show simple correlations include: the upper
and lower coronal heights; and the break and QPO frequencies. Since each of these pairs
measure closely related properties, this provides little insight into how spectral and timing
properties are linked so more detailed consideration is required.

Often, the first observation (red) does not agree with trends which are present in the
rest of the data. This could be because the source was increasing in flux and accretion rate;
therefore processes are being driven in a way which no longer occurs once the source has
equilibrated and started to fade. The last observation also occurs during an increase in flux
but can still follow trends since it is at the opposite end of any evolution.

Various models associate the inner disc radius with the characteristic scale which produces
QPOs. We plot our measurements of QPO frequency and inner radius along with some
models in Figure 6.11 (similarly to Fiirst et al., 2016a). Firstly, relativistic effects introduce
various precession frequencies. Of these, Lense-Thirring (nodal) precession is most likely to
lie in the frequency range of LFQPOs (Stella and Vietri, 1998; Stella et al., 1999). Following
Ingram et al. (2009), we plot the frequencies of a single particle and a hot flow extending
to Risco (we do not show a hot flow with the inner radius set by bending waves as this
radius is always larger than our measurements). For illustration, we take a black hole mass
Mgy = 100Mg, (a high mass is required to have low enough frequencies); a radial surface
density profile (X o ) having ¢ = 0 to match simulations (Fragile et al., 2007); and
choose a = 0.3 to give similar frequencies to those observed while not having the measured
Rin < Risco. Another possibility is an oscillation mode of the disc, such as the global
normal disc oscillation discussed in Titarchuk and Osherovich (2000): an oscillation of the

whole disc in the direction normal to the disc plane. We also plot this in Figure 6.11, again
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Fig. 6.10 Plot comparing evolution of different parameters. the colour of each epoch matches
previous figures. Correlations are present between various parameters — see text for details.
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QPO frequency (Hz)

Inner radius (r,)

Fig. 6.11 Comparison of relation between inner radius and QPO frequency with various
models. Solid: Lense-Thirring frequency of particle at R;,. Dotted: solid-body precession
of hot flow extending from Rysco to Rj,. Dashed: Global Normal Disk Oscillation (see text
for details of each model). To reproduce the observed range of QPO frequencies, all these
models require a significantly greater change in inner disc radius than is measured.
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Fig. 6.12 Coronal compactness compared with coronal temperature at each epoch. Theoretical
curves of constant non-thermal fraction(grey lines) are taken from Fabian et al. (2017); these
have, from right to left, ¢, /¢, = 0,0.01,0.09,0.17,0.23,0.29,0.33. Data from each epoch
have the same colours as other figures. Errors in ¢}, are dominated by the choice of coronal
radius so error bars are not shown; instead, different choices are given in the different panels.
The left hand panel uses a coronal radius decreasing linearly from 10rg to 5rg; the centre
panel uses a constant coronal radius of 10r,; and the right hand panel uses a coronal radius

which increases from 5 to 157 (see text).
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taking Mgy = 100M, and choosing the outer disc radius, roy = 1041’g to give reasonable
frequencies. All of these models require a much greater change in inner radius than is
measured to explain the range of QPO frequencies. Therefore, either some other process
governs the frequency of QPOs or the inner radius of the reflecting material does not match
the edge of the oscillating material.

The coronal temperature is higher at low flux. This could happen because pair production
from photon collisions is regulating the temperature (Fabian et al., 2015; Svensson, 1984;
Zdziarski, 1985): at higher fluxes, there are more photons, which allows sufficient pairs
to be produced at lower temperatures. The presence of a non-thermal tail to the particle
distribution also changes the critical temperature: a stronger non-thermal component further
reduces the critical temperature (Fabian et al., 2017). We consider this in more detail by
comparing the corona’s radiative compactness with its electron temperature. We take electron
temperatures from our fits and calculate the coronal compactness following the methodology
of Fabian et al. (2015). We take the luminosity from the total direct flux of our best-fit models
at a distance of 3.5 kpc. Calculation of the compactness also requires a radius; the coronal
prescription used here (including contributions from two points) does not readily convert to
an equivalent spherical size so we try several prescriptions. Firstly, we consider a fiducial
10r, size for all observations. We also consider the effect of a shrinking radius, as could be
implied by the reduction in illumination of the outer disc with time. We reduce the radius
linearly by epoch from 10r; to 5rg, guided by the fractional change in the lag amplitudes
from Kara et al. (2019) (since the lags are driven by the location of the majority of flux).
We plot these measurements in Figure 6.12. The constant coronal size prescription gives a
smooth trend but does not align with an obvious physical locus (such as constant non-thermal
fraction, £y /¢h). The shrinking corona has an approximately constant compactness for all
epochs after the peak (i.e. not the first epoch). With these size prescriptions, the non-thermal
fraction is higher at high flux. We could instead assume consistent physical conditions
within the corona, manifesting as a constant non-thermal fraction, and use this to infer a
trend in effective coronal radius: increasing rcorona from 5 to 15r; gives a roughly constant
non-thermal fraction of around 20%. This would imply an anti-correlation between the
vertical coronal extent and the effective coronal radius, so that the corona had changed shape
from prolate or cylindrical to oblate. If this is the case and the QPO frequency is associated
with coronal size, then the observed trend in QPO frequency would imply that the vertical,
rather than horizontal, extent is the relevant dimension. We stress that these relations depend
strongly on the assumed prescription for any change in coronal radius, so must be treated
with caution.
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The coronal temperature also correlates with QPO frequency. This could be explained by
the QPO being associated with propagation of a wave across the corona, which travels faster
in hotter plasma. However, this cannot be a complete explanation of the variability properties,
since the first observation, where the QPO is not clearly detected, has a high temperature but

low characteristic frequencies, such as the low-frequency break.

6.4 Further Discussion

We have described the evolution of the hard X-ray emission from the initial hard state of
MAXI J1820+070. This is a powerful probe of the inner accretion system and our analysis
shows a reflecting inner disc extending close to the ISCO of the central black hole throughout
the hard state of the outburst. This is in stark contrast to the large change in variability
timescale, which increases by a factor of around 30.

One important issue which is not yet fully resolved is when during an outburst the disc
is truncated. Here, we have shown several observations in the hard state without strong
disc truncation. To be consistent with observations of truncated discs at low accretion rate
(Tomsick et al., 2009) this implies that the disc fills during the initial rise: most of the
observations used here are at or after the peak of the outburst. This would imply that discs do
eventually reach close to the ISCO regardless of hard/soft state, in this case showing bright
hard state emission with a reflecting disc at or close to the ISCO; some emission can also
occur early in the outburst before the disc has filled down to the ISCO.

QPOs are often found in the power spectra of X-ray binaries, though their origin is not
yet fully understood. The luminosity changes are associated with the coronal powerlaw
emission (Casella et al., 2004; Rodriguez et al., 2002) but most explanations invoke some
link to the disc, as the disc possesses more accessible characteristic timescales, particularly
those associated with the inner edge.

Our results show a change in QPO frequency without a significant change in disc inner
radius (see also Fiirst et al., 2016a; Xu et al., 2017), which is a challenge for models which
rely on geometric (orbital or precession) timescales related to the inner edge of the disc.
Since QPOs appear to have different observed properties depending on inclination (van den
Eijnden et al., 2017), some geometric effects are likely; these could still occur but be linked
to the frequency differently, such as jet precession, or indirectly, such as a coronal oscillation
which is directed parallel to the plane of the disc.

There are other possible models for QPO production: it has also been suggested that
feedback between coronal heating of the disc and increased seed photon rates could have

resonant frequencies which manifest as QPOs.
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Alternatively, the QPO could be generated directly by oscillations in the corona, such as
a resonant mode of the constituent plasma. A simple prescription to describe this could be a

sound wave passing across the corona. The frequency then scales as

1/2
Cs T
VveAS a0 g

2d d

where cq is the sound speed, T = 109T9 K is the temperature, d = 100d;r; is the distance
across the corona and A is a constant factor. This would fit with the change in coronal extent
and temperature implied by the spectral fitting — in the smaller, hotter corona, oscillations
would have a higher frequency. More quantitatively, during the outburst the coronal height
reduces by around a factor of 10 and the temperature increases by a factor of at least 4.
This would increase the associated frequency by a factor of ~ 20, similar to the observed
increase in QPO frequency. The average value of A for v to match vopo is then ~ 1/30
(taking My = 10M,)). This factor could include contributions from the turnaround time
at each end of the corona or from other physical processes. MHD calculations (Edwin and
Roberts, 1983) show that magnetic fields affect the frequency of various modes of oscillation.
Detailed calculations of expected values of A are beyond the scope of this work.

Any model for QPO production must also be able to explain the observed differences
in the spectrum at different QPO phases (e.g. Ingram and van der Klis, 2015; Ingram et al.,
2017, 2016). In particular, the energy of the centroid of the iron Ko line has been observed
to oscillate twice per QPO cycle (Ingram et al., 2016). This can be qualitatively explained in
the oscillating corona model if the putative wave travels up and down through a vertically
extended corona, causing the coronal emission to occur, on average, from closer to and
further from the disc. When very close to the disc, the corona will principally illuminate
the innermost regions, which are strongly gravitationally redshifted so the centroid line
energy will be low. At intermediate heights, the illumination will include the regions of the
disc which are most strongly blueshifted so the centroid line energy will be high. At the
highest heights, the illumination will include more of the distant disc where the line energy
is less affected by Doppler boosting or gravitational redshift and the centroid line energy will
reduce.

In this case, the peak values of the observed line energy would be similar, while one
trough would be redshifted and one would be close to the rest energy. Additionally, the
flux should be highest close to the line energy trough at rest energy, when there is least
light bending of the coronal emission away from the observer (Miniutti and Fabian, 2004).
Furthermore, the reflection fraction should be highest when the centroid line energy is lowest.

We note that these features are also found in the reflection tomography of H 1743-322
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presented in Ingram et al. (2017) for a precessing flow model of the QPO. Whether these
modulations in line energy are also present in MAXI J1820+070 and whether such a coronal
oscillation explains them quantitatively is beyond the scope of this work but should certainly
be investigated in the future.

Remillard and McClintock (2006, figure 10) show that QPO frequency correlates with
disc flux in hard/steep powerlaw intermediate states. The observations presented here have
a weaker disc component which is not unambiguously detected but may be clearer at soft
energies, so this could be investigated for example with NICER.

While the QPO is most dominant at high energies, it is also strongly detected in the
3-10keV band, which is also covered by NICER. Owing to the more frequent coverage of
MAXI J1820+070 by NICER, a more detailed analysis of the QPO progression can be made
with this data.

The corona also shows changes in its mean properties: the temperature anti-correlates
with flux. This has been observed in other individual XRBs (Joinet et al., 2008; Motta et al.,
2009) and AGN (Lubinski et al., 2010). The coronal temperatures observed here are allowed
by the pair thermostat, being below the pair-production limit which is observed to limit
accreting sources as a population (Fabian et al., 2015). The lower temperatures than the pair
limit can be explained by a deviation from a pure thermal distribution, which is expected
as the cooling timescale is less than the collision timescale (Fabian et al., 2017). These
considerations do not take sub-structure in the corona into account; this remains a potential
caveat when estimating the coronal compactness from its total luminosity and size.

This paper covers only a small part of the data available on this outburst: further work on
this and similar outbursts with the new generation of facilities now available will surely help

to resolve these outstanding questions.

6.5 Conclusions

We have described the evolution of X-ray spectral and timing properties of the recent outburst
of MAXI J1820+070 during the hard state. In particular:

* characteristic frequencies of the variability, QPO frequency and low-frequency cut-off,

increase by a factor of ~ 30 during this outburst state;

* spectral features change subtly: the broad component of the iron line remains almost

constant while the narrow core reduces with time;

* reflection modelling implies a small inner radius in all observations, consistent with
the ISCO of a low to moderate spin black hole (~ 5.3r,);
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* the change in the iron Ko line shape can be explained by coronal emission being more
concentrated close to the black hole in later observations;

* the coronal temperature is higher at lower flux. It can be explained by pair-production
if the effective radius of the corona grows with time and the non-thermal electron
fraction is ~ 20%;

* and the change in QPO frequency with stable R;, 1s hard to reconcile with hot inner
disc precession models for QPOs. It is probably related to the temporal development
of the corona.



Chapter 7
Conclusions

We have given various results concerning the structure of matter accreting onto black holes.
In AGN, we have shown that variability in UV emission is often, but not always, caused by
variations in flux from the central source.

We have demonstrated that the coronal temperature may be measured with NuSTAR even
in sources with complications from other spectral components (e.g. strong absorption) and
shown that these sources are consistent with the temperature being governed by the pair
thermostat.

We have shown a constant, small inner radius in several observations of an X-ray binary
in a bright hard state. This shows that a reflecting disc can exist close to the ISCO in the
hard state. Additionally, we have shown a large change in QPO frequency during the same

observations. Therefore, QPO frequency cannot be determined solely by disc inner radius.

7.1 Outlook

These findings may have demonstrated some relations between the disc and corona more
clearly than previous work, but in doing so have opened further questions. Fortunately, there
are many current and upcoming advances in technology which will allow for progress in
understanding these additional complications.

It is becoming increasingly clear that not all AGN show the same relation between X-ray
and UV variability. The long monitoring campaigns required mean that progress cannot be
fast, but steady advances are being made. In particular, campaigns including spectroscopic
UV measurements (Cackett et al., 2017) have now shown the importance of atomic processes
in the length of UV lags. The archive of Swift monitoring programmes is now significantly
larger than was available by the cut-off date for Chapter 2. This will allow the X-ray/UV
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correlation strengths to be measured and compared for different types of sources, which
should give further insight into why some sources do not show these correlations.

The origin of QPOs in X-ray binaries is another question which has been open for some
time. New missions have the potential to resolve it: the recently-launched NICER instrument
provides far greater throughput at CCD resolution (R ~ 40 at the iron K& line) than has
previously been available. This will allow studies of timing properties to separate different
spectral components. Already, interesting results have been published, e.g. Kara et al. (2019).
The large data archive which is accumulating will also allow comparison of different sources
and different outbursts or stages of outbursts, which should further reduce the parameter

space of possible solutions.

7.1.1 Future missions

The X-ray Imaging and Spectroscopy Mission (XRISM), due to be launched in 2021, will
use a calorimeter (named Resolve) to provide higher spectral resolution around the iron
line than has previously been available for a sustained mission. After various failures on
previous missions, the calorimeter onboard Hitomi demonstrated their capabilities (Hitomi
Collaboration et al., 2018, e.g.) but a spacecraft failure prevented collection of more than
a brief interval of data. This will provide unprecedented spectral resolution with good
collecting area at high energies (up to ~ 10keV) which will allow clean separation of distant
and blurred reflection and detailed measurements of high energy absorption lines from winds.

From the early 2030s, Athena will provide a vastly greater collecting area than current
instruments. This will allow detailed measurements to be made of AGN at cosmological
distances, showing how they change with the age of the universe.

Various other missions are currently planned or in a competitive selection process,
including: STROBE-X; Lynx; HEX-P; and AXIS. Together, these cover all aspects and energy
bands of X-ray astronomy so at least some areas are likely to be provided with even more
advances in data quality.
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Appendix A

Ultraviolet and X-ray variability of

active galactic nuclei with Swift — further
figures

A.1 Lightcurves

Lightcurves for each source in our sample in each band. Rates are given in cts s~!; X-rays
are measured over 0.3-10keV
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A.2 Broadband Variability Spectra
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