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X-ray observations of accreting black holes reveal X-ray reverberation [1],28

which is an effective approach to infer the geometrical arrangement of the29

disc-corona system [2] and the dynamics of the inner accretion flow [3].30

A promising scenario to explain rapid X-ray variations is that they are31

a consequence of both accretion rate and coronal height changes [4, 5].32

While supermassive black holes (SMBHs) [e.g. 6–9] mostly, and a handful33

of stellar mass black holes (sBHs) [e.g. 10–13] show reverberation, it is34

not often seen in the intermediate-mass black hole (IMBH) regime due35

to the low count rate from the inner disc, except for a few low mass36

objects, MBH < 3× 106 M⊙, showing soft X-ray lags [14]. Here we examine37

the closest prototypical IMBH, NGC4395, which has high X-ray flux38

variability, allowing it to be treated as an ideal proxy, in which iron-K39

reverberation lag is detected. We undertake two independent approaches40

in NGC4395: X-ray reverberation and reflection spectroscopy [15] –41

which relies on the full treatment of general relativistic (GR) ray-tracing42

calculations. The combined result of these approaches reveals an evolving43

corona that changes height from 1.65+1.86
−0.75 Rg ( = GMBH/c

2) to 26.66+2.71
−4.77 Rg44

with increasing luminosity. GR transfer function modelling of the rever-45

berating iron-K line allows us to place constraints on the black hole mass46

of (3.0+3.7
−2.8 × 105 M⊙) concurrently with the spin (0.98+0.01

−0.02) and coronal47

height without inherent degeneracy. Furthermore, results for NGC439548

fit well with the scaled black hole mass versus iron-K lag [9], and with the49

hypothesis that today’s SMBHs are formed from rapidly spinning small50

mass black holes [16–18]51

52

.53

Astrophysical black holes in the mass range ∼ 102–106 M⊙, commonly referred to54

as IMBHs [19], represent the link in the black hole mass between stellar-mass and55

SMBHs. They are of fundamental importance because they may be relics of the pri-56

mordial seeds that grew into today’s SMBHs [20, 21]. IMBHs are expected to reside57

in dwarf galaxies or dense stellar systems [22], but remain elusive due to the difficulty58

of direct detection. Their gravitational sphere of influence is generally too small to59

be spatially resolved with current instruments, precluding dynamical mass measure-60

ments. Reverberation mapping provides a powerful alternative, but in practice it is61

challenging for IMBHs because their variability signals are often extremely weak.62

63

The two known prototypical IMBHs to date are in the late-type spiral galaxy64

NGC4395 [23] and in the dwarf elliptical galaxy POX52 [24]. However, by virtue of65

the closest proximity (4.3 Mpc), NGC4395, hosting one of the least luminous Seyfert66

1 nucleus, has the strongest observational evidence, making it the most confirmed67

IMBH to date. Over the past two decades, diverse methods, including optical rever-68

beration mapping and gas dynamical modeling, consistently point to a black hole mass69

of MBH ∼ 104 to a few ×105M⊙ in NGC4395 [25–29]. Observations show that the70

source is one of the few variable targets in this low mass regime in the sky, exhibiting71

exceptional X-ray variability on a typical timescale of hours to minutes [30, 31]. The72
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power density spectrum has a clear break at a frequency (0.3− 3)× 10−3 Hz [30, 31],73

which appears to be the highest characteristic frequency obtained for a typical Seyfert74

galaxy [31]. The power density break timescale was found to be the shortest observed75

among radio-quiet AGNs [32]. The time-averaged flux spectrum produced from the76

ASCA observation resolved a relativistically broadened iron line at ∼ 6.4 keV with an77

equivalent width of 310+70
−90 eV [30]. Previous monitoring campaigns have confirmed78

the X-ray reprocessing scenario in NGC4395, showing a reverberation delay between79

the variability of X-ray/UV/optical [33–35]. In addition, an X-ray lag was seen in the80

soft excess [36, 37]. NGC4395 was observed by XMM-Newton [38] in four consecutive81

epochs (epoch 1-3: 13, 19 and 31 December 2018; epoch 4: 2 January 2019), each for82

an exposure of ∼ 116− 117 ks, totaling ∼ 460 ks (see Extended Data Table 1). Also,83

simultaneous observations of ∼ 25 ks of XMM-Newton and ∼ 50 ks of NuSTAR [39]84

observations were obtained in six different flux epochs during December 10 to 30,85

2022, totaling ∼ 130 ks of XMM-Newton and ∼ 300 ks of NuSTAR observations.86

87

The iron-K line profile has been used as a key ingredient in inferring the geometry88

of the corona [40] and the innermost disc [41]. The irradiation profile of the corona89

generated on the inner disc is sensitive to the geometry of the illuminating source90

itself, imprinting information onto the shape of the iron-K emission line [42]. A91

strong iron-K line results from the high fluorescence yield, where the impact of92

intrinsic absorption is often low. This enables a clean estimate of the black hole spin93

a (= Jc/GMBH, where G is the gravitational constant, c the light velocity and J94

is the angular momentum) [43]. Reverberation and reflection modelling of the iron95

line give complementary measures of the black hole spin and coronal height h. While96

modelling such lines has been undertaken in SMBHs [2, 44–47], IMBHs are still left,97

as robust lag detection in them remains difficult due to relatively lower X-ray count98

rates. Until now, however, signs of reverberation have been found in only a few AGNs99

with MBH < 3× 106 M⊙ [14].100

101

The light curves of NGC4395 show significant variability with sufficient photons102

(see Extended Data Figure 1), and in epochs 2 and 3 the source went into a low103

flux state, making it an excellent testbed to look for relativistic reverberation. We104

measure a reverberation delay in the iron-K emission band using the ∼ 116 − 117 ks105

XMM-Newton observations from 2018-2019. Individual observations (epochs 2 and106

3), obtained during the low flux states, provide a high signal-to-noise measurement107

of the X-ray time lags, resulting in an iron-K lag amplitude of 23.40 ± 16.01 secs in108

epoch 2 and 23.4 ± 7.2 secs in epoch 3 (see Figure 2). It is furthermore apparent109

from the lag spectra that the iron-K lag peaks more prominently in the lowest flux110

observation obtained in epoch 3, whereas the other bands seem to be tending toward111

zero or negative lags. In contrast, high flux observations (epochs 1 and 4) do not112

provide high signal-to-noise detections of Fourier lags, as the detections are likely113

to be hampered by the low variability signal-to-noise ratio [see e.g. 48]. These two114

observations are, therefore, combined with the other two observations (epochs 2 and115

3), which allows us to isolate the iron-K emission feature with a lag amplitude of116

24.8± 10.0 secs (see Extended Data Figure 2).117

118
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We perform modelling of the Fourier lags using the GR transfer function code KYN-119

REVERB [49], which computes the response of the disc to coronal X-ray flare and120

describes all relativistic effects around the black hole [2, 45]. The model is applied121

simultaneously to the lag spectra obtained from epochs 2, 3, and to the combina-122

tion of four epochs (1–4). The underlying model assumes that a small X-ray source123

(r << h) at height h on the rotation axis of the black hole illuminates the disc. We124

set some of the parameters to the values obtained from the time-integrated reflection125

spectra (see Methods for detailed modelling), which include iron abundance Afe and126

the 2–10 keV luminosity L2−10 keV. During the fit, we leave spin a, height h, black127

hole mass MBH and inclination i to vary freely, but are tied between the observations128

except h which is determined in each observation separately.129

130

The modelling allows us to place significant constraints on the key physical parame-131

ters. We constrain the black spin at high value, a = 0.98+0.01
−0.02 and the disc inclination132

at i = 31.50+2.77
−3.90

◦
, the values are consistent with our findings from the time-integrated133

reflection spectra. The coronal height h has been constrained to 1.65+1.86
−0.75 Rg in the134

lowest flux observation and 22.67+1.83
−4.61 Rg in the combined observations posses the135

highest flux. We estimate the black hole mass of MBH = 3.0+3.7
−2.8× 105 M⊙, the uncer-136

tainties of which agree with the previous measurement of MBH = (2.5− 4)× 105 M⊙137

obtained using other methods: optical reverberation technique [25], gas dynamical138

modelling [26], and optical/near-IR integral field spectroscopy [27]. Note that simulta-139

neous modelling of the lag spectra helps break the degeneracy between the black hole140

mass and the coronal height. The best-fit modelled spectra are shown in Extended141

Data Figure 3, and the parameters obtained from the modelling and their posterior142

distributions are shown in Extended Data Figures 4, 5, and 6.143

144

We scale the black hole mass versus iron-K lag of NGC4395 with those obtained145

for SMBHs based on previous lag measurements. It has been shown that normal146

Seyfert 1 galaxies show a linear dependency of the iron-K emission lag amplitude τ147

on the black hole mass MBH [1, 9]. Our measured mass of MBH = 3.0+3.7
−2.8 × 105 M⊙148

and the Iron-K lag amplitude of 24.8 ± 10.0 secs (from the combination of the four149

epochs) fit well with this trend at the low mass end (Figure 3), suggesting that the150

linear lag dependency still holds after including IMBH in the sample (see Methods).151

152

Understanding the nature of the X-ray corona also became practicable since the153

NuSTAR era [4, 50], the hard X-ray focusing telescope extending high sensitivity and154

spectral resolution far beyond 10 keV. The potential application of X-ray reflection155

spectroscopy has been extended having obtained high-quality spectra, constraining156

the coronal extent alongside the black hole spin [43]. The study of these innermost157

regions is realised using the relxill analysis package [51, 52], which is fully based on158

the general relativistic ray-tracing simulation in vacuum, with their internal spectral159

resolution allowing them to be fully applied to the NuSTAR instrumental responses160

[53, 54].161

162
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Reflection spectroscopy for NGC4395 is employed using the six sets of observations,163

simultaneously covered by NuSTAR and XMM-Newton in 2022. Spectra from both164

instruments are jointly modelled, providing a solid constraint on the height h of the165

corona in each observing flux epoch. We observe that the height h increases from166

6.51+1.11
−1.04 Rg in the lowest flux state to 26.66+2.71

−4.77 Rg in the highest flux state. The167

change in the observed height is simply the distance that varies between the disc168

reprocessing region and the X-ray source illuminating the disc. Additionally, fits of169

the broadband spectra allow us to constrain the high-energy cutoff Ecut, which occurs170

at a minimum value of 54.65+9.13
−5.63 keV, manifesting itself as a low temperature corona.171

In the conventional scenario, when the temperature is low (kTe < 100 keV), the X-ray172

source is compact in a radiative sense [50], which would imply that there are intense173

interactions between photons and photons as well as particles – leading to electron-174

positron pair production [e.g. 55]. The determining ingredient of the nature of such a175

corona is the dimensionless compactness parameter l = LσT /Rme c
3 [56]; where L176

is the luminosity, R the radius of the illuminating X-ray source, σT is the Thomson177

cross-section, and me is the electron mass. Comparing L with the Eddington limit178

LEdd and exchanging R with Rg (Eq.2 in Ref.[50]), l for NGC4395 appears to be ∼ 1,179

considering L = 1.2 × 1040 erg s−1 [57]. If we place NGC4395 in the compactness-180

temperature diagram (l −Θ; where Θ = kTe/mc2 [50]) it fits well therein, consistent181

with the pair production process which acts as a l-dependent thermostat [58, 59].182

183

The dynamics of the black hole corona is now being revealed in some detail [60].184

Flux-resolved spectroscopy showed a decrease in the coronal height as the source flux185

decreased on a short timescale (∼hours) [4], which appeared with a variation only186

between ∼ 2.3 Rg and ∼ 5.1 Rg. Geometrical changes in the X-ray corona were also187

observed over the course of long-term flux changes, attained by averaging observations188

over decades [5]. However, timing-based results provided a better dynamic picture189

in response to inner accretion flow around an SMBH, showing a rapidly changing190

coronal height [61]. The reverberation modelling carried out for the IMBH source191

NGC4395 appears significant, revealing changes in the coronal height by a factor of192

∼ 14 on a timescale of a few days. Reflection spectroscopy of the 2022 observations,193

which were taken in an interval of 3/4 days, shows that coronal height varies consid-194

erably (roughly by a factor of ∼ 4). The maximum height to which the corona moves195

is 26.66+2.71
−4.77 Rg which combined with the timing results shows a far more significant196

variation where the minimum height to which the corona moves down is 1.65+1.86
−0.75 Rg.197

Combined spectral-timing results further suggest that the X-ray corona moves much198

closer to the black hole, when the source is in low flux state, and successively moves199

further away when the bright state is regained (see Figure 1).200

201

Black hole spin measurements are important diagnostics of the growth and formation202

of black holes [62]. It has been realized from the X-ray reflection method that SMBHs203

refer to two families; one with a mass range below 30 million solar masses, which204

appears to stay close to maximal rotation (a ≳ 0.9), and the other is more massive205

black holes having a moderate range of spin (a ∼ 0.4−0.7) [43]. The hypothesis being206

that high-mass and low-spin SMBHs of the present age were formed from merger207
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of smaller black holes or through the process of more isotropic chaotic accretion208

[16–18, 62]. The rapidly spinning low mass black hole (a ∼ 0.98) in NGC4395 is209

interesting and supports this notion. We plot the black hole spin against the mass of210

SMBHs based on previous measurements (produced from Ref.[63]) and include results211

for NGC4395, which fits in the extreme low mass end where the spin is high (shown212

in Figure 4). Detailed discussion of it, however, is beyond the scope of this work.213

214

In summary, we have employed two powerful approaches simultaneously: X-ray215

reverberation modelling and reflection spectroscopy; both can concurrently provide216

crucial insights into the innermost region, black hole properties, and the geometrical217

arrangement of the disk-corona system. While these two techniques have been used218

to understand the physical processes around SMBHs in normal Seyfert 1 galaxies219

[5, 61, 64] and stellar mass black holes in XRBs [65, 66], applying both techniques220

simultaneously to a black hole mass of the IMBH regime gives complete details of the221

inner accretion flow and disc-corona system, which we present here for the first time222

in the closest prototype IMBH in NGC4395. While this dynamic corona has been seen223

before in SMBHs and stellar-mass black holes, our study is the first to reveal the same224

phenomena in an IMBH. Reverberation modelling alone places a strong constraint on225

the height of the corona in this source. This is well reconciled with the reflection spec-226

troscopy; combining results from broadband spectral analysis with response modelling227

we observe that the source is rapidly evolving, where the height of the illuminating X-228

ray source changes remarkably owing to dynamics of the accretion flow. Modelling of229

the iron-K reverberating line puts strong constraints on the key parameters; the black230

hole spin, mass, and coronal height, where no inherent degeneracy appears between231

them, enabled by simultaneous modelling. We find that NGC4395 fits well in the232

scaled iron-K lag versus black hole mass relation, also supporting the concept that233

rapidly spinning black holes of small mass grew to form SMBHs.234
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Figure 1. Left: Schematic geometrical arrangement of the X-ray reverberation model.
A compact X-ray source (a.k.a. X-ray corona) at height h isotropically emits X-rays,
which are concentrated by the strong gravity onto the geometrically thin and optically
thick accretion disc where they are back-scattered. The gravitational light bending
effect causes much of the emission to strike the disc near the ISCO when the X-ray
source is close to the black hole. The intrinsic X-ray continuum from the corona and
the reprocessed emission from the disc reach the rest frame observer with a certain
path length difference between them; the light crossing time to cover this distance
is the X-ray reverberation delay. The X-ray source moves closer to and further away
from the black hole as a consequence of the general relativistic effect. Right: 2–10 keV
X-ray luminosity versus height of the X-ray corona obtained from combined spectral
and timing methods. The plot shows that the source appears brighter as the height
increases due to the light bending effect reducing. Height measured from the relativis-
tic transfer function modelling of the lag spectra (red circles) is combined with the
measurement from the reflection spectroscopy of the time-averaged flux spectra (black
diamonds). The data points and 1σ error bars are fitted with a linear regression line
(blue line), and the 99% confidence interval is plotted, shown by the shaded region.
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Figure 2. Fourier time lags versus X-ray energies for NGC4395. Observed lags are
computed between the narrow energy bands (each of width 1 keV, from 2 to 10 keV
energy range) and the 2–10 keV reference band, excluding the bands of interest. The
lags are calculated from the cross-spectrum, averaging over frequency bins from 0.3 to
6.5×10−4 Hz for observation 0824610201 (epoch 2, left) and from 1.5 to 22×10−4 Hz
for observation 0824610301 (epoch 3, right). Positive lags indicate that the bands of
interest lag behind the reference band by the corresponding value on the Y-axis. The
spectra show that the lag peaks at the 6–7 keV energy band (reflection-dominated
band inclusive of the iron-K emission line), which responds later than the intrinsic
continuum from the corona (powerlaw-dominated bands) with an average time delay
of ∼ 23.4 secs (for both the observations shown), suggesting reverberation from the
inner accretion disc.
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Figure 3. Iron-K lag amplitude as a function of black hole mass. Lags for normal
Seyfert 1 galaxies harboring SMBHs are obtained from the previous reverberation
mapping results (shown in blue). Most of the lags are reproduced from Ref.[9] with
the addition of iron-K lag in IZw1 [64]. Lag measured for NGC4395 from the combi-
nation of four XMM-Newton observations (0824610[101-401]) is overplotted (shown in
Magenta) against the black hole mass of 3.0×105 M⊙ obtained from the reverberation
modelling. The plot shows that lag increases with the black hole mass, suggesting a
linear dependency of the iron-K lag on the black hole mass, wherein the lag observed
in NGC4395 well fits at the low mass end. Black diagonal lines represent the lags at
1 Rg and 9 Rg. A linear model is used on the log-log plot, indicated by the orange
line, which gives a lag-mass relation, τ ∝ 0.69 MBH. The Spearman correlation test
provides a rank correlation coefficient rs = 0.64 with probability p = 0.006.
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Figure 4. Mass of supermassive black holes versus spin from the published results,
over which results obtained for NGC4395 (MBH = 3.0+3.7

−2.8 × 105M⊙, a = 0.98+0.01
−0.02)

are plotted (shown in blue). The plot is reproduced from [63] and updated with the
results of other AGNs from [64, 67–69]. Following the conventions in the primary
literature, error bars on all masses are quoted at 1σ confidence, and error bars on
spins are quoted at 90% confidence.
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Methods235

Observation and data reduction236

XMM-Newton237

NGC 4395 has been observed multiple times by XMM-Newton in several different238

flux states. Longer observations were obtained in 2018-2019 in four different epochs239

(0824610101, 0824610201, 0824610301, 0824610401) for exposures of 116-117 ks, a240

total dration of ∼ 460 ks was obtained. Six other observations were obtained in 2022241

at different flux states, each with 25 ks, and for a total duration of 130 ks. The XMM-242

Newton datasets are presented in Extended Data Table 1. The short exposures from243

2022 have low signal-to-noise and are not useful for X-ray reverberation lag analysis,244

and therefore their use is limited to spectral analysis. However, the long observations245

of 2018-2019 can be of particular use in the search for reverberation lags. Epoch 1 of246

these observations captured a flare during which the source flux level increased 3.5247

times the average. The flux declined in epoch 2, with its light curve providing a mean248

count rate of 0.37 c/s. During epoch 3, the source was observed to enter into the249

lowest flux state, where the mean count rate was estimated to be 0.2 c/s. After this,250

the flux level increased again as the source entered the flaring state again in epoch 4.251

The mean count rate in this state is estimated to be 0.67 c/s.252

253

The XMM-Newton data reduction process was completed using the Science Analysis254

System (sas v.20.0.0). The large effective area and unprecedented sensitivity of the255

EPIC camera on board XMM-Newton are of particular use to implement X-ray timing256

analysis. We used epproc task to generate event files, which were screened and cleaned257

for the high particle flaring background by applying the standard filtering criteria258

“(pattern <= 4)&&(flag == 0)” for EPIC PN. The cleaned events are generally259

used to extract the source and background counts. We obtained source counts from260

a circular extraction region of 40 arc seconds, while another source-free region of261

50 arc seconds was used to obtain background counts. This selection criterion was262

imposed to maximize the signal-to-noise ratio (S/N). Following the evselect task for263

extraction, the background-subtracted light curves were obtained using the sas task264

epiclccorr. We performed two other sas tasks rmfgen and arfgen to produce265

instrumental responses, including RMF (response matrix files) and ARF (auxiliary266

response files) which are required to oversample instrumental resolution. Finally, the267

source and background spectra were grouped using the command specgroup under268

the condition that each spectral bin contains at least 20 counts.269

NuSTAR270

XMM-Newton observations from 2022 of NGC4395 were coordinated with NuSTAR,271

each for a 50 ks exposure, for a duration of 300 ks in total. The details of the272

datasets are provided in Extended Data Table 1. Six observations were obtained by273

NuSTAR (Observation IDs: 60802027002, 60802027004, 60802027006, 60802027008,274

60802027010, 60802027012) at different flux epochs, which are of particular importance275
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for obtaining different flux spectra to be used for flux-resolved spectral analysis. The276

standard NuSTAR pipeline nupipeline script was run in the initial data reduction277

stage, providing Level-1 data products. The data were screened for high-background278

flaring events and calibrated by applying the standard filtering criteria. The pipeline279

processing was succeeded by the use of NuSTAR data analysis software nustardas280

(v.1.10) with the calibration database (caldb; version 20250415). From the clean281

event files obtained for the two NuSTAR focal plane arrays FPMA and FPMB, we282

extracted counts from a circular region of 49 arc seconds centered on the source, while283

the background counts were extracted from a larger source-free region of 65 arc sec-284

onds. We used the nuproducts task to produce the final data products, including285

the source spectra and the background spectra. The spectra were then grouped using286

the grppha tool so that at least 50 counts per spectral bin are contained.287

Fourier lag spectra288

To apply the Fourier implementation of the timing analysis, we follow the procedure289

detailed in Nowak et al. [70] and further presented in Uttley et al. [1]. We generate290

light curves in narrow energy bands with a time binsize of 10 s, each of width 1291

keV, across the 2–10 keV range. Lags are computed between the narrow bands and292

a reference band. The reference band is taken across the 2–10 keV, while subtracting293

the current narrow energy band of interest. The choice of a broad reference band is to294

maximize the signal-to-noise ratio and to avoid correlated noise between the narrow295

energy bands. We take the Fourier transform of each light curve and multiply one296

by the complex conjugate of the other. This product constructs a cross spectrum,297

encoding the phase information, typically the phase difference between the two light298

curve bands. The cross-spectrum is then averaged over some pre-defined frequency299

bins in logarithmic space. Generally, phase lag ϕ(f) is converted into time lag τ(f) =300

ϕ(f)/2πf , where f is the center of defined frequency bins in the logarithmic space.301

X-ray Reverberation lag302

The high signal-to-noise ratio observations obtained for a longer duration (∼ 460 ks)303

in 2018-2019 offer us the opportunity to undertake the X-ray reverberation approach.304

The variability of the light curves of NGC4395 is evident in each epoch of the obser-305

vations (shown in Extended Data Figure 1), with the flux decaying from the first to306

the third observation and then increasing again in the fourth observation. We perform307

the Fourier analysis by first computing the lag-energy spectrum. The sign convention308

adopted here is that positive lag means that the band of interest lags the reference309

band. Figure 2 shows the lags versus energies computed from epochs 2 and 3 of the310

observations obtained in the low flux state. The whole lag spectra are observed to311

shift down to zero lags, while leaving only the iron-K emission peaking band 6–7 keV.312

The iron-K lag amplitude is measured to be 23.40 ± 16.01 secs in epoch 2 with the313

highest signal-to-noise ratio, which is obtained by averaging the cross-spectrum over314

the Fourier frequency range from 0.3 to 6.5 × 10−4 Hz. Similarly, the lag spectrum315

computed from the lowest flux observation in epoch 3 shows the iron-K emission316

feature, which appears more prominently with a lag amplitude of 23.4 ± 7.2 secs,317

12



provided by the cross-spectrum over frequency range 1.5 to 22 × 10−4 Hz. Low flux318

observation has been found to be particularly relevant in producing the reverberating319

line, which was observed in the Seyfert galaxy NGC4151 with a first detection of Fe320

K lag [7]. The frequencies used in calculating the lag spectra correspond to a short321

timescale variability (∼hours or less). A broad range of frequencies are taken, over322

which the cross-spectrum is averaged to optimize the signal-to-noise. The quoted323

frequency ranges also match closely with the break frequencies in the power density324

spectrum, 3× 10−4 Hz [30] and (0.5− 3)× 10−3 Hz [31], representing the character-325

istic timescales proportional to the innermost disc-size that is scaled with the black326

hole mass ∼ 104 − 105 M⊙. It was also found that the frequencies at which X-ray lags327

emerge are different during different flux states [71], where higher flux intervals pro-328

duce lags at lower frequencies compared to low flux intervals. The case for NGC4395329

is although different, where both epochs 2 and 3 were obtained in a low flux state,330

the observed flux in epoch 2 is still higher than in epoch 3, resulting in lags at rela-331

tively lower frequencies. The first and fourth epochs of the observations (0824610101,332

0824610401) obtained during high flux periods do not provide a high signal-to-noise333

measurement of the time lags. However, both observations can be combined with the334

low flux observations (0824610201, 0824610301) to maximize the signal-to-noise and335

place a better constraint on the lag spectra. The lag-energy spectrum produced from336

the combined observations is presented in the left panel of Extended data Figure 2,337

which shows the iron-K line feature with a clear delayed response. The lag spectrum338

picks out the 6–7 keV delay of 24.8 ± 10.0 secs, calculated from the cross-spectrum339

averaging over frequency range 0.3 to 6.5 × 10−4 Hz. It should also be noted that340

the observed lag amplitudes are small and are most unlikely to arise from a dis-341

tant reflector, which is responsible for producing the narrow line at ∼ 6.4 keV seen342

in the photon spectrum [32]. Relativistic reverberation of the Fe K line has been343

observed in the source in which the spectral feature is not relativistically broadened344

(e,g, NGC4151 [7]). Alternately, if the lag is associated with the narrow line, then345

significant line flux changes would have been seen in the X-ray spectra. However,346

over the six simultaneous epochs with the XMM-Newton/NuSTAR campaigns, the347

line flux here is noticeably constant. Further, shorter lags can be associated with a348

distant reflector (a few ∼ 100 to 1000 Rg) if the reflecting medium is erratic [72]. But349

difficulties arise in such cases because the lag has an oscillatory behaviour which will350

prompt the lag measurement over a wide frequency range, resulting in the average lag351

value becoming zero. The arguments on the presence of high frequency lags within352

this framework can be found in Ref.[73].353

354

Despite long exposure, in addition to a high count rate and extreme variability, which355

qualifies the observation for a lag detection to be statistically significant, the appear-356

ance of the reverberation lag is not seen in all circumstances. Although another high357

signal-to-noise ratio observation of NGC4395 was obtained in 2003 for ∼ 113 ks, no358

iron-K lag detection has been made in previous work [9]. This observation is therefore359

no longer used to compute the lag spectra here. Different variability processes could360

be involved with being responsible for the non-detection of the reverberation lags. In361

general, lag detection is feasible when the directly observed continuum has intrinsic362
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variability, which also needs to be correlated with the disc-reflected emissions. But it363

is unlikely that a weak variability signal, the intrinsic continuum, will result in any lag364

detection. The variability is also attributed to the geometrical change in the height or365

spatial extent of the X-ray emitting source, which does not give rise to any correlated366

variability in disc emissions, precluding lag detection. This has been interpreted to367

be the underlying variability mechanism involved in NLS1 MCG-6-30-15 as a result368

the most expected iron-K lag did not appear [see 74], and could also explain the non-369

detection with the 2003 observation of NGC4395. It has also been noticed that the370

prominent iron-K reverberation lag detected in earlier observations disappears again371

in later epochs (e.g. NGC4151 [75] and NGC5506 [76]). The variability caused by372

geometrical height changes of the corona imprints on the powerlaw emission when373

gravitational light bending [77] is at play – causing most X-ray emissions to focus on374

the innermost disc. This generally occurs in a low flux state when the X-ray source375

is closest to the black hole, making the reverberation lag more apparent – as seen in376

the iron-K lag detection in NGC4151 [7] and in epochs 2 and 3 of NGC4395 in this377

work. In the high flux state the corona will be at a higher height where most power-378

law emissions will be directed toward the observer, undermining correlated variability379

in the disc-reflected emissions, which perhaps prevents direct lag measurement in the380

individual epochs 1 and 4 of NGC4395 despite good signal-to-noise ratio. However,381

more observations in the future for longer exposures will provide further insight into382

this scenario.383

GR impulse response modelling384

We turn now to the impulse response modelling of the observed lag-energy spectra.385

This is important to account for the lag dilution effect, where the impulse response386

takes into account the full treatment of the general relativistic (GR) effect around387

a spinning black hole [2]. The GR ray-tracing simulation of the reverberation lags388

was performed in Ref.[78] considering the emission of the directly observed powerlaw389

continuum from the corona and the disc-reflected emission, towards inferring the sce-390

nario in which the X-ray corona extend radially as well as vertically. The light curve391

band of interest and the reference bands taken in our analysis are generally referred392

to as the intrinsic continuum associated with the X-ray source and the disc-reflected393

fluorescence line emission. Both components have a fraction contributed by the other,394

which diminishes the observed lag amplitude. X-ray observations with the current395

detectors as yet do not allow one to simultaneously trigger at different rapid cadence,396

unable to provide high-cadence light curve for the powerlaw and the reflected bands.397

While this is the case for optical reverberation mapping, light curves from low and398

high-cadence observations can be used to separate out the reprocessing timescale.399

The potential of GR transfer function modelling has emerged as a useful means to400

simultaneously describe the lags contributed by both components [see 1].401

402

We fit the lag-energy spectra in xspec (v.12.14.1) [79] using the transfer function403

model kynreverb. The model encrypts the full treatment of the general relativis-404

tic ray tracing calculations in vacuum and can account for the lag dilution effect.405
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Reflections occurring at each radius of the ionized disc are self-consistently calculated406

using the reflection table xillver [52, 80]. We carry out simultaneous fitting of the407

lag spectra comprising the iron-K reverberating line obtained from XMM-Newton408

epoch 2, epoch 3, and the four combined epochs (1–4) of the 2018-2019 observations.409

Some of the parameters are fixed to the values obtained from the time-averaged flux410

spectra, including the iron abundance Afe and the 2–10 keV luminosity L2−10 keV411

for each observation similar to [61]. Additionally, we fix the outer radius Rout of412

the disc at 400Rg. The inner radius takes its value down to a limit of ∼ 1Rg when413

initially free, then left frozen at the corresponding value. We allow the height of the414

corona h, the black hole mass MBH, spin a, and disc inclination i to vary freely. These415

parameters are tied between the observations, except for height h, which is allowed416

to vary independently between observations. During the fit, we used a multiplying417

constant, which is fixed at 1 for one spectrum and left free for the other two spectra.418

The height of the corona, h, and the luminosity observed in the 2–10 keV band,419

L2−10 keV, are listed in Extended Data Table 2. We plot h versus L2−10 keV for the420

data obtained from response modelling and the reflection spectra together, shown in421

Figure 1. We perform a linear regression fit to the data using a model of the form422

h = a × L2−10 keV + b, where a is the slope and b the intercept. The fit for h and423

L2−10 keV provides us with a slope of a = 4.11± 0.39 and an intercept b = −13± 2.8.424

425

The best-fit modeling yields good statistics, yielding a reduced χ2
ν/d.o.f. = 35/36.426

The errors estimated for the free parameters are obtained at 68% confidence interval.427

For error estimation, we perform the mcmc analysis using the xspec emcee code in428

xspec. xspec emcee script is a pure Python implementation of Goodman & Weare’s429

Affine Invariant Markov Chain Monte Carlo (mcmc) Ensemble sampler. We take 50430

walkers and run the mcmc chain for 10,000 iterations, followed by burning the first431

1000. We generate the corner plots for the key physical parameters and derive their432

posterior distributions from the mcmc analysis at the 1σ, 2σ, and 3σ levels (shown433

in Extended Data Figures 4, 5 and 6). As seen in the plots, there appears no strong434

degeneracy between the parameters a,MBH, h and the inclination i. Further examining435

the degeneracy between the black hole mass MBH and coronal height h, they are found436

to be well constrained, and simultaneous modelling breaks the inherent degeneracy437

between them.438

X-ray spectral modelling439

The timing analysis discussed in previous sections has demonstrated how X-ray lags440

evolve with energy and frequencies. We perform modelling on broadband X-ray spec-441

tra over the energy range 2–50 KeV covered by XMM-Newton and NuSTAR. The442

XMM-Newton observations obtained in 2022 provide limited photon counts. However,443

combining these with contemporaneous NuSTAR observations from the two detectors,444

FPMA/FPMB optimizes both photon counts and spectral resolution. The model is445

applied first to the 2–10 keV XMM-Newton spectra, followed by simultaneously to446

the 3–50 keV NuSTAR spectra. We use a constant to compensate for normalization447

of the spectra provided by three different instruments due to their cross-calibration448
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uncertainties.449

450

We perform a spectral analysis using reflection modelling. Reflection spectroscopy is451

another powerful tool that can be applied to understand the geometry of the black452

hole corona and to probe the accretion disc within a few gravitational radii of the453

black hole where most X-ray emission releases. The atomic features encoded in the454

X-ray spectrum can be fully characterized to have information on the accretion state455

and the driving mechanism, where different flux X-ray spectra can provide insight456

into the evolution of the X-ray source. Reflection spectroscopy is the key for spin457

measurement using the broad iron line profile within the scenario in which X-ray458

emissions arise from the close vicinity of the black hole. The emissions from around459

ISCO imprints in the reflection spectrum, with a more prominent feature being that460

the iron-K line profile peaks at centroid energy ∼ 6.4 keV, dictated by the ionization461

state. The line becomes relativistically broad as we get closer to the black hole. It is462

also said that the location and structure of the X-ray source are the key settings of463

reflection spectroscopy [43].464

465

NGC4395 shows the iron-K line emission feature in its spectrum, shown in Extended466

Data Figure 2 (right panel), which is the rebinned version of the ratio of the XMM-467

Newton X-ray spectrum to a simple powerlaw model. The NuSTAR spectrum also468

presents reflection features, including a Compton hump above 10 keV as shown in469

Extended Data Figure 7 (right panel). The presence of reflection features suggests470

that X-rays emerge from the inner part of the disc as a result of irradiation from a471

compact X-ray source at a height h from the central black hole (see Figure. 1, left472

panel). The broadband spectrum, therefore, requires fitting for the X-ray continuum473

emission by the powerlaw with a high-energy cutoff parameter, Ecut that deter-474

mines the coronal temperature and simultaneously the reflection spectrum. We use475

relxilllp variant of the relativistic reflection code relxill [51, 52] to model the476

observed spectra which self-consistently constrain the location of the X-ray source477

(height h of the corona ). The state of the art of this model posits that the X-ray478

spectrum is resulting from the reflection from the disc being due to continuous irradi-479

ation by the X-ray source described by xillver [80, 81], which is convolved with the480

relativistic ray-tracing code relline [81] to take into account the extreme relativistic481

effects around the black hole, including the gravitational redshift and Doppler shift.482

In addition, we use a partially covering absorber component (zxipcf [82]), while the483

galactic absorption column is fixed at 1.85× 1020 cm−2 [25] using Tbabs [83].484

485

The X-ray spectrum of NGC4395 below ∼ 2 keV appears to be highly complex,486

with the contributions of multiple absorption components that are warm absorptions,487

neutral absorption, and an emission feature at ∼ 0.6 keV [32, 84]. Typically, these488

components have a substantial impact on the X-ray spectrum, leading to an inade-489

quate determination of the spectral behavior. In general, the underlying features are490

not seen to appear beyond ∼ 2 keV. In particular, the iron-K emission line, which491

peaks at 6–7 keV, is observed to be a clean part of the spectrum. Furthermore,492

reprocessed X-ray emission in an ionized disc that dominates at < 1 keV depending493
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on the density and structure of the disc [65, 85]. While this cannot be accounted for494

by using the relxilllp model, spectral fitting over the 2–50 keV band can place a495

robust constraint on the reflection X-ray spectra, including the iron-K feature and496

reflection hump.497

498

Reflection spectroscopy with relxilllp provides a good description of the spectra499

over the 2–50 keV bandpass. Representative spectra of joint modelling from two500

different flux states are displayed in Extended Data Figure 7 (left panel). The joint501

spectral fitting of the XMM-Newton and NuSTAR spectra enables us to constrain502

the height h of the X-ray source. We observe that the coronal height increases as the503

source becomes more X-ray luminous, with h = 6.51+1.11
−1.04 Rg in the lowest luminosity504

state to h = 26.66+2.71
−4.77 Rg in the highest luminosity state (indicated by black error505

bars in Figure 1; right panel). The black hole is found to be rapidly spinning (a ≥ 0.98)506

at an inclination angle i ≥ 30◦. Broadband X-ray spectra also allow us to constrain507

the high-energy cutoff parameter Ecut to be low, the minimum value of which has508

been obtained at 54.65+9.13
−5.63 keV, suggesting that the X-ray source is radiatively509

compact [50]. During spectral fit, some parameters are tied between XMM-Newton510

and NuSTAR observations, including iron abundance Afe (=3.01), inclination i and511

spin a; these should also not vary over the course of the observations. We fix the512

outer radius Rout to 400 Rg and the inner radius Rin to the value of ISCO (innermost513

stable circular orbit). We note further that inclusion of a narrow feature does not514

improve our spectral fit; rather relativistic reflection modelling is adequate to provide515

a satisfactory fit to the joint XMM-Newton and NuSTAR spectra across 2–50 keV.516

517

The key parameters obtained from the best-fit spectra are quoted in Extended Data518

Table 3. We perform the spectral fit in xspec employing the regular χ2 method. We519

estimate the errors in the parameter space by performing the mcmc analysis using520

the xspec emcee code. Here we again use 50 walkers and run 10,000 iterations, then521

burn the first 1000. The errors quoted are estimated at a 68% confidence interval.522

Iron-K lag versus black hole mass523

Previous lag measurements showed a linear dependency of the iron-K band lag on524

black hole mass for normal type 1 Seyfert galaxies [1, 9]. This has been interpreted525

in a scenario where high-frequency iron-K lag originates as a result of relativistic526

reverberation in the close vicinity of the black hole. In this work, the lag versus black527

hole mass relation is reproduced from the published results (listed in Ref.[9]), with528

an additional result for NLS1 IZw1 [64]. In the same plot, the observed 6–7 keV lag529

amplitude of 24.8 ± 10.0 secs for NGC4395 (obtained from four combined epochs)530

is overplotted against the measured black hole mass of 3.0 × 105 M⊙ obtained from531

reverberation modelling. The resulting plot is produced in Figure 3, showing that the532

linear mass dependency of the lag remains, where the iron-K lag increases with the533

black hole mass. It is seen that by extrapolating the lag versus mass relation for534

normal Seyfert 1s, the black hole mass of NGC4395 can be obtained well below the535

low mass end of the SMBHs. We use a linear model of the form y = a + b× x to fit536
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the lags in the logarithmic space (indicated by the orange line). This derives a scaling537

relation of lag τ and black hole mass MBH as τ ∝ 0.69MBH — consistent with Ref.[9],538

who similarly scaled the lags as a function of the SMBH mass, τ ∝ 0.7MBH. We also539

perform Spearman’s rank correlation test between lags and black hole mass, which540

provides a rank correlation coefficient rs of 0.64 at a probability p = 0.006, which541

agrees well with the SMBHs [9]. The lags at 1rg and 9rg are calculated for all black542

hole sources, which are shown by the black diagonal lines. Overall, the linear trend543

remains after including IMBH in the sample.544
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Extended Data Table 1. Observations from XMM-Newton and NuSTAR used
for timing and spectral analysis. The count rates are obtained from the 2–10 keV
spectra from XMM-Newton and 3–50 keV spectra from NuSTAR.

Observation ID Date of observation Duration Count rate
(yyyy-mm-dd) (ks) (c/s)

XMM-Newton 0824610101 2018-12-13 117.00 0.342
0824610201 2018-12-19 116.80 0.243
0824610301 2018-12-31 117.19 0.128
0824610401 2019-01-02 116.00 0.439
0913601001 2022-12-10 11.10 0.169
0913600101 2022-12-10 33.00 0.169
0913600501 2022-12-14 30.00 0.013
0913600601 2022-12-19 38.80 0.073
0913600701 2022-12-22 28.00 0.115
0913600801 2022-12-26 28.00 0.081
0913600901 2022-12-30 28.00 0.107

NuSTAR 60802027002 2022-12-10 48.64 0.076
60802027004 2022-12-14 46.06 0.138
60802027006 2022-12-18 50.97 0.070
60802027008 2022-12-22 52.00 0.090
60802027010 2022-12-26 45.64 0.053
60802027012 2022-12-30 55.39 0.071
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Extended Data Figure 1. XMM-Newton light curves of NGC4395 produced from
four epochs of the 2018-2019 observations. The light curves are produced using a time
bin size of 200 secs for visual representation.

21



Extended Data Figure 2. Left: Lag versus energy spectrum produced from all four
epochs (1–4) of the ∼ 116−117 ks XMM-Newton observations (0824610[101-401]). The
observations are combined to compute the Fourier time lags from the cross-spectrum,
averaging over frequency bins from 0.3 to 6.5×10−4 Hz. The lags are obtained between
the bands of interest (narrow energy bands, each of width 1 keV) and the 2–10 keV
reference band, excluding the bands of interest. The lag spectrum shows a peak lag in
the iron-K emission band, with a lag amplitude of 24.80 ± 10 secs. Right: Resolving
the iron-K profile in the X-ray spectrum. Shown is the representative of the XMM-

Newton observations from epoch 2, which has a higher signal-to-noise ratio. The data
is rebinned for visual clarity.
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Extended Data Figure 3. Simultaneous fitting of lag-energy spectra of NGC4395
using the relativistic transfer function model. The best-fit modelled spectra are pro-
duced for XMM-Newton observations 0824610201 (orange), 0824610301 (black), and
the combination of all observations (0824610[101-401]) (blue). The zero lag as a func-
tion of energy is shown by the horizontal line (green). The lag-energy spectra are fitted
using the relativistic transfer function model kynreverb [49]. For model fitting, the
number of energy bins is increased to twice the number of energy bins used to observe
the iron-K lag (as shown in Figure 2) at the same frequencies, where the average lag
amplitude of the 6–7 keV band remains the same. The height h of the corona is allowed
to vary freely between the observations, while spin a, black hole mass MBH, inclination
i, and disc density nd are tied between the observations but allowed to vary freely.
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Extended Data Figure 4. mcmc parameters from the relativistic transfer function
modelling of the lag-energy spectrum from XMM-Newton observation 0824610301.
Shown are the corners and posterior distributions of spin a, inclination i, black hole
mass MBH, and coronal height h derived at 1σ, 2σ, and 3σ confidence. The plot shows
that there appears to be no strong degeneracy between the black hole mass and the
coronal height.
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Extended Data Figure 5. mcmc results from the XMM-Newton observation
0824610201. The parameters are obtained from the fit of the lag-energy spectrum with
the relativistic transfer function model. Corners and posterior distributions are pre-
sented for parameters, spin a, inclination i, black hole mass MBH, and coronal height
h derived at 1σ, 2σ, and 3σ confidence levels. No strong inherent degeneracy appears
between the parameters.
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Extended Data Figure 6. mcmc results from the reverberation modelling of the
combination of all four XMM-Newton observations 0824610[101-401]. Corners and
posterior distributions are presented for parameters, spin a, inclination i, black hole
mass MBH, and coronal height h derived at 1σ, 2σ, and 3σ confidence levels. No strong
degeneracy appears between the parameters.
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Extended Data Table 2. Parameters from the joint transfer function modelling of the lag-energy spectra,
computed from all four epochs [1–4] and epochs 2 and 3 of the 2018-2019 XMM-Newton observations. The spectra
are fitted using the relativistic reflection code KYNREVERB. Parameters from left to right are sequentially
2–10 keV luminosity (L2−10 keV), coronal height (h), mass of the black hole (MBH), photon index (Γ), disc
inclination (i), black hole spin (a), density of the accretion disc (nd), and reduced χ2

ν per degrees-of-freedom
(d.o.f.). Luminosity L2−10 keV of all four epochs is estimated from their average. The error bars quoted are at a
1σ confidence.

Obs. ID L2−10 keV h MBH Γ i a nd χ2
ν/d.o.f.

XMM-Newton 1039 erg s−1 Rg(GMBH/c
2) 105 M⊙ degree(◦) Jc/GMBH 1015 cm−3

0824610[101-401] 9.03 22.67+1.83
−4.61 3.0+3.7

−2.8 1.10+0.40
−0.03 31.50+2.77

−3.90 0.98+0.01
−0.02 2.99+3.60

−0.72 35/36
0824610201 8.02 21.15+2.56

−3.59 – > 1.05 – – –
0824610301 4.26 1.65+1.86

−0.75 – 2.79+0.01
−0.98 – – –
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Extended Data Figure 7. Left: XMM-Newton and NuSTAR spectra of NGC4395.
Best-fit spectra from two different flux epochs are shown as representative of the 2022
observations. The broadband spectra comprising the 2–10 keV XMM-Newton band
and 3–50 keV NuSTAR band are jointly fitted using the relativistic reflection model
relxilllp. The model concurrently accounts for the observed spectra being due to
intrinsic continuum from the corona (described by the powerlaw) and reflection from
the disc. Right: ratio of NuSTAR X-ray spectrum to the best-fitting simple powerlaw
model, showing residuals above 10 keV. The curvature-shaped residuals indicate the
presence of a Compton hump, arising as a result of reflection from the Compton-thick
material.
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Extended Data Table 3. Best-fit parameters from the joint spectral modelling of the time-averaged energy spectra from
XMM-Newton and NuSTAR observations obtained in 2022. The spectra are fitted using the relativistic reflection model
relxilllp in combination with the partially covering absorber component zxipcf. Parameters from left to right are
sequentially column density (NH) of the partially covering absorber, log ionization parameter (ξ) of the partially covering
absorber, coronal height (h), high-energy cutoff (Ecut), photon index (Γ), reflection fraction (R), log ionization parameter
(ξ) of the reflection component, 2–10 keV luminosity (L2−10 keV), and reduced χ2

ν per degrees-of-freedom (d.o.f.). In the
analysis, disc inclination is constrained at ≥ 30◦, and the covering fraction of the partially ionized material is found to be
< 1. The galactic absorption is fixed at a column density of NH = 1.85 × 1020 cm−2 [25]. The quoted error bars are at a
1σ confidence.

Observation ID Np
H logξp h Ecut Γ R logξr L2−10 keV χ2

ν/d.o.f.

XMM-Newton/NuSTAR 1022 cm−2 erg cm s−1 Rg keV erg cm s−1 1039 erg s−1

0913601001/60802027002 8.34+0.49
−0.36 0.13+0.05

−0.12 15.55+1.52
−2.08 60.68+8.66

−8.04 1.45+0.16
−0.03 1.77+0.16

−0.13 1.98+0.05
−0.13 6.56 257/220

0913600101/60802027002 – – – – – – – – –

0913600501/60802027004 9.14+1.08
−0.70 0.12+0.09

−0.10 26.66+2.71
−4.77 54.65+9.13

−5.63 1.50+0.07
−0.03 1.10+0.38

−0.33 1.98+0.12
−0.50 10.16 269/245

0913600601/60802027006 7.87+1.44
−0.20 −0.07+0.70

−0.24 12.50+2.66
−2.32 59.68+8.27

−14.9 1.47+0.12
−0.11 1.63+0.35

−0.39 2.0+0.18
−0.50 6.03 243/173

0913600701/60802027008 9.17+2.31
−0.95 0.85+0.20

−0.80 19.96+7.65
−4.03 67.68+20.18

−3.29 1.40+0.20
−0.02 0.76+0.23

−0.15 1.60+0.53
−0.54 7.99 247/210

0913600801/60802027010 8.38+4.53
−1.00 0.15+0.46

−0.32 6.51+1.11
−1.04 64.37+0.84

−13.6 1.50+0.08
−0.07 1.50+0.46

−0.35 < 1.97 4.98 126/129

0913600901/60802027012 8.36+2.20
−0.20 0.27+0.28

−0.14 12.36+4.46
−0.74 65.22+30.0

−7.03 1.46+0.15
−0.05 1.44+0.26

−0.35 1.70+0.40
−0.27 6.81 175/163

Superscripts p and r represent the corresponding parameters from the partial covering

absorber and reflection component, respectively.
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L.č., Rakshit, S., Schramm, M., Shatsky, N.I., Spencer, M., Sung, E.-C., Sung,836

H.-i., Tatarnikov, A.M., Vince, O.: Variability and the Size-Luminosity Rela-837

tion of the Intermediate-mass AGN in NGC 4395. 892(2), 93 (2020) https:838

//doi.org/10.3847/1538-4357/ab7a98 arXiv:2002.08028 [astro-ph.GA]839

[58] Svensson, R.: Steady mildly relativistic thermal plasmas - Processes and proper-840

ties. 209, 175–208 (1984) https://doi.org/10.1093/mnras/209.2.175841

[59] Zdziarski, A.A.: Power-law X-ray and gamma-ray emission from relativistic842

thermal plasmas. 289, 514–525 (1985) https://doi.org/10.1086/162912843

[60] Gallo, L.: X-ray perspective of Narrow-line Seyfert 1 galaxies. In: Revisiting844

Narrow-Line Seyfert 1 Galaxies and Their Place in the Universe, p. 34 (2018).845

https://doi.org/10.22323/1.328.0034846

[61] Alston, W.N., Fabian, A.C., Kara, E., Parker, M.L., Dovciak, M., Pinto, C., Jiang,847

J., Middleton, M.J., Miniutti, G., Walton, D.J., Wilkins, D.R., Buisson, D.J.K.,848

Caballero-Garcia, M.D., Cackett, E.M., De Marco, B., Gallo, L.C., Lohfink, A.M.,849

Reynolds, C.S., Uttley, P., Young, A.J., Zogbhi, A.: A dynamic black hole corona850

in an active galaxy through X-ray reverberation mapping. Nature Astronomy851

4, 597–602 (2020) https://doi.org/10.1038/s41550-019-1002-x arXiv:2001.06454852

[astro-ph.HE]853

[62] Reynolds, C.S.: Observing black holes spin. Nature Astronomy 3, 41–47 (2019)854

https://doi.org/10.1038/s41550-018-0665-z arXiv:1903.11704 [astro-ph.HE]855

[63] Vasudevan, R.V., Fabian, A.C., Reynolds, C.S., Aird, J., Dauser, T., Gallo, L.C.:856

A selection effect boosting the contribution from rapidly spinning black holes857

to the cosmic X-ray background. 458(2), 2012–2023 (2016) https://doi.org/10.858

1093/mnras/stw363 arXiv:1506.01027 [astro-ph.HE]859

[64] Wilkins, D.R., Gallo, L.C., Costantini, E., Brandt, W.N., Blandford, R.D.: Light860

bending and X-ray echoes from behind a supermassive black hole. 595(7869),861

657–660 (2021) https://doi.org/10.1038/s41586-021-03667-0 arXiv:2107.13555862

[astro-ph.HE]863
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